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Abstract

The complex nucleoprotein landscape of the eukaryotic cell nucleus is rich in dynamic
proteins that lack a stable three-dimensional structure. Many of these intrinsically dis-
ordered proteins operate directly on the first fundamental level of genome compaction:
the nucleosome. Here we give an overview of how disordered interactions with and
within nucleosomes shape the dynamics, architecture, and epigenetic regulation of
the genetic material, controlling cellular transcription patterns. We highlight experimen-
tal and computational challenges in the study of protein disorder and illustrate how
integrative approaches are increasingly unveiling the fine details of nuclear interaction
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networks. We finally dissect sequence properties encoded in disordered regions and
assess common features of disordered nucleosome-binding proteins. As drivers of
many critical biological processes, disordered proteins are integral to a comprehensive
molecular view of the dynamic nuclear milieu.

Abbreviations
BD Brownian dynamics

CG coarse-grained

DBD DNA binding domain

FRET F€orster resonance energy transfer

IDP intrinsically disordered protein

IDR intrinsically disordered region

MC Monte Carlo

MD molecular dynamics

NCP nucleosome core particle

NMR nuclear magnetic resonance

NRL nucleosome repeat length

PTM post-translational modification

TAD transactivation domain

TF transcription factor

1. Introduction

As organisms become increasingly complex, so too must they evolve a

more sophisticated molecular alphabet. The recent discovery of proteins that

can adopt multiple structural states is one way of addressing this complexity

and it has dramatically changed our view of the protein structure-function

paradigm.1,2 Intrinsically disordered proteins (IDPs) either do not contain

any well-defined secondary structure element or have long unstructured

regions (IDRs), and they fluctuate between a multitude of isoenergetic

structural states. These proteins, which comprise an estimated third of the

human proteome,3 are particularly prominent in the nucleus where as much

as 70% have been shown or predicted to be IDPs.4 The cell nucleus, which

encompasses the genetic material, is a complex and moldable nucleoprotein

landscape, shaped by frequent epigenetic changes that regulate the pattern of

gene expression, and ultimately the organismal phenotype. It is thus unsur-

prising that a multivalent and dynamic nuclear proteome is needed to steer

such a diverse environment. The conformational plasticity mediated by

intrinsic disorder has been suggested to provide additional levels of function-

ality to complex cellular regulatory mechanisms.

In this chapter, we highlight protein disorder in the nucleus and empha-

size the interplay between IDPs and the nucleosomal landscape that leads to a

2 Sveinn Bjarnason et al.

ARTICLE IN PRESS



functional output. We first define the general components of the nuclear

environment, before discussing the challenges and recent advances in under-

standing structural disorder within the context of transcription. We then

compile and dissect a subset of important molecular systems in the nucleus

that involve disordered interactions, including the effects of chemical mod-

ifications, and overview the resulting biological consequences. We exclu-

sively review the interactions of structural disorder within nucleosomes

and chromatin, but for reviews on IDP interactions with nucleic acids, we

refer to excellent work on those topics.5–7 Deciphering the complexity of

molecular disorder in the chromatin landscape is an exceedingly challenging

task. Yet, recent work has begun to map the functions of many constituent

proteins of the nucleus by using innovative biophysical strategies, moving us

ever closer to a comprehensive molecular view of the cell nucleus.

2. Protein intrinsic disorder on a nucleosomal landscape

2.1 Components of the nuclear environment
The importance of IDPs and IDRs in cell biology is now well established,

and their prevalence in signaling and regulatory pathways has been clearly

demonstrated.6 It is their unique conformational properties that make them

ideally suited for their roles. High structural heterogeneity, a consequence of

their low complexity and biased amino-acid sequences,8 imparts IDPs with

multivalency in many cases, allowing them to interact with more than one

biomolecular partner.9 Even though the presence of disordered proteins in

the nucleus has been recognized for decades, it is only relatively recently that

their functions have surfaced. IDPs, which have sometimes been called con-

stituents of the dark proteome,10 are now increasingly being illuminated as

key players in the nucleus of eukaryotes.

To appreciate the many roles played by IDPs and IDRs in the nucleus,

we first need to clearly define the nuclear architecture that they operate

within (Fig. 1). The genetic material for a typical human cell is composed

of �4.6 million basepairs of DNA, which contain the instructions for gen-

erating the cell’s proteome. The DNA is substantially compacted to fit this

enormous amount into the relatively tiny nucleus, and at all stages of DNA

compaction we encounter dynamic protein disorder in one form or another.

The first level of compaction is to wrap the DNA around an octamer of the

core histones (H2A, H2B, H3, and H4) containing two copies of each,

forming the nucleosome.12 A chromatosome is then constructed by binding

of linker histone H1 (H1), which attaches to the dyad of a nucleosome

(Fig. 1).13 Both the core and linker histones contain a large amount of
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disorder regulating nucleosome structure and dynamics and ultimately

impacting global chromatin structure.14 There are many histone variants,

some cell- or tissue-specific, that can be dynamically exchanged to impart

nucleosomes with distinct structural properties.15 H1 rapidly exchanges

between nucleosomes on the second to minute timescale in vivo,16 using

largely its positively charged and disordered C-terminal tail to drive

orientational changes in linker DNA connecting adjacent nucleosomes.17

Local interactions between nucleosomes, involving the disordered histone

regions, and binding of various regulatory proteins modulate nucleoso-

mal structure and dynamics (recently reviewed in18), and subsequently
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Fig. 1 Protein disorder on a nucleosomal landscape. Intrinsic disorder is a large com-
ponent of the nucleosomal landscape, contributing to chromatin architecture, dynam-
ics and overall function. (A and B) The nucleosome core particle (NCP) is composed of an
octamer of core histones (H2A, H2B, H3, and H4), aroundwhich�147 bp of DNA (gray) is
wound in a left-handed super-helical manner.11 Within the NCP, H2A (orange), H2B
(light blue), H3 (dark blue) and H4 (magenta) homodimerize via interactions in the struc-
tured domains, while the intrinsically disordered N- and C-terminal regions extend into
the local nucleosomal space. Linker histone H1 (cyan) binds on or close to the nucleo-
somal dyad, forming the chromatosome (B) and uses its long disordered and highly
basic C-terminal domain to drive conformational changes in linker DNA, impacting
the overall structure of poly-nucleosomal arrays and ultimately chromatin fibers.
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chromatin condensation into higher-order structures. Protein disorder thus

plays an integral role in the formation, regulation, recognition, and modi-

fication of genome architecture.

2.2 Post-translational modifications fine-tune disordered
interactions

To add yet another layer of complexity, most IDPs are chemically and

reversibly modified after translation from the ribosome.19 Histones and their

variants have multiple post-translational modification (PTM) sites, mostly in

their IDRs, where the pattern and number of modifications can fine-tune

their interactions with nucleosomes and other biomolecules.20 In general,

PTMs render the proteome far more vast than the genome, with hundreds

of thousands or even up to a million chemically distinct proteins at any given

time in the cell.21 Chemical modifications can change stability, concentra-

tion, localization, conformations, and interaction patterns of proteins, pro-

viding an important form of regulation and signaling. The most common

modifications include (but are not limited by) covalent yet reversible chem-

ical additions such as phosphorylations, acetylations, methylations, hydrox-

ylations, and amidations, as well as attachments of sugar moieties or entire

proteins involving sumoylation or ubiquitinylation.19 In addition to protein

modifications, DNA can be modified, most commonly involving cytosine

methylation, and when located in CpG islands on promoters, this covalent

modification is normally associated with gene repression.22 Together,

these modifications form an almost unfathomably complex and constantly

evolving molecular surroundings that dictate the state of a cell.

Protein PTM sites are frequently located in IDRs, partly due to their

accessibility to modifying enzymes such as kinases, acetylases, and methyl-

ases.21 PTMs can induce or relieve secondary structure propensity or have

a global effect on the structural ensemble sampled by the disordered region,

potentially shifting the ensemble to a certain functional state, resembling

conformational selection. They can also affect disorder-to-order transitions,

which are a common interaction-mode for IDPs,23 or affect the degree of

disorder in fuzzy24 or fully25 disordered complexes. PTMs that affect charges

will influence intrachain electrostatic interactions, which have an important

role in determining the compactness of a disordered region.26 In general,

PTMs modulate the structural and dynamical properties of IDPs, fine-

tuning their functional repertoire. We now explore the arsenal of experi-

mental and computational approaches that can and have been used to engage

with IDPs, ranging from simple gel-based binding experiments to sophisti-

cated atomistic models.

5Intrinsic disorder in chromatin

ARTICLE IN PRESS



2.3 Challenges in studying disordered protein interactions
with nucleosomes

Quantitative measurements of structurally heterogeneous polypeptides bind-

ing to the dynamic nucleoprotein landscape is a daunting task. Nonetheless,

technological advances that enable access to various levels of molecular detail

are continuously emerging.27 As an initial characterization of protein-DNA

interactions, classical binding experiments have often involved using an

electrophoretic mobility shift assay (EMSA). EMSA is a simple and rapid

way to monitor the binding of proteins (structured or disordered) to

DNA by observing the changed migration pattern of DNA as a result of pro-

tein binding.28 The EMSA can provide information on binding affinity and

specificity but may underestimate these parameters as during the electropho-

resis the system is out of equilibrium. In addition, the EMSA does not give

direct information on actual binding sites, i.e., it does not detect the exact

base pair sequence which is recognized. Exact sequence with base-pair

resolution can be determined using footprinting assays (e.g., hydroxyl radical

footprinting29) or nuclease digestion (e.g., Micrococcal nuclease or MNase).

Isothermal titration calorimetry (ITC) and more recently microscale ther-

mophoresis, enable quantitative determination of protein-DNA binding

affinity and specificity.30 Chromatin immunoprecipitation, which relies

on chemical crosslinking of the target protein to DNA, combined with

sequencing (ChIP-Seq31) is a powerful method to find protein binding sites

in vivo. Similarly, ATAC-seq32 (Assay for Transposase-Accessible Chromatin

using sequencing) reveals genome-wide chromatin accessibility as a conse-

quence of chromatin remodeling or other processes. In this elegant method

a transposase is used to incorporate next-generation sequencing adapters into

chromatin, which after sequencing provides a map of genome-wide chro-

matin accessibility. To understand local contributions from the polypep-

tide sequence, the before mentioned approaches can be combined with

genetic and biochemical modifications of target proteins, such as introduc-

ing domain deletions/additions, charge reversal, domain swapping or local

mutations. Still, without a view intomicroscopic molecular-level details, the

underlying physical principles of protein function can be challenging to

deconvolute. Cryogenic electron microscopy (cryo-EM) and X-ray crystal-

lography enable determining atomic-resolution three-dimensional struc-

tures of macromolecules.33 X-ray crystallography determines structures

from diffraction patterns and it is the most widely used technique in struc-

tural biology.34 Modern cryo-EM is rapidly catching up through recent

advances in deep-frozen sample preparations, direct electron detection
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cameras and sophisticated image analysis,35 which take advantage of graphics

processing units (GPU) acceleration. Recent studies using these methods

have supplied us with an impressive view of large molecular assemblies,

such as a translating ribosome36 and entire chromatin fibers (Fig. 2).38–40
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Fig. 2 Methods to study chromatin and intrinsically disordered proteins. Atomic-
resolution structures can be determined from X-ray crystallography and cryo-EM while
SAXS gives lower resolution information on the overall dimensions of molecules. NMR
spectroscopy yields both atomic resolution three-dimensional models of biomolecules
and their inter- and intramolecular dynamics, as well as providing residue-specific infor-
mation on protein-protein or protein-DNA interactions. Single-molecule techniques can
be used to study heterogeneous conformational ensembles, at equilibrium, intra- and
intermolecular distance distributions, and reaction kinetics. The X-ray crystal structures
show the nucleosome core particle37 and a dinucleosome38 with bound H1 (PDB codes
1AOI and 6LAB). Cryo-EM, SAXS, and NMR data shown is reproduced from Song F, Chen P,
Sun D, et al. Cryo-EM study of the chromatin fiber reveals a double helix twisted by tetra-
nucleosomal units. Science. 2014;344:376–380, Abramov G, Velyvis A, Rennella E, Wong LE,
Kay LE. A methyl-TROSY approach for NMR studies of high-molecular-weight DNA
with application to the nucleosome core particle. Proc Natl Acad Sci U S A. 2020;117
(23):12836–12846, Yang C, Van Der Woerd MJ, Muthurajan UM, Hansen JC, Luger
K. Biophysical analysis and small-angle X-ray scattering-derived structures of MeCP2-
nucleosome complexes. Nucleic Acids Res. 2011;39:4122–4135 with permission.
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However, biomolecular processes involving extensive disordered interac-

tions lie outside the scope of current structural biology efforts and thus

require different approaches to understand their molecular underpinnings.

2.4 Integrative modeling of disordered protein interactions
Modern research on structurally heterogeneous systems such as IDPs often

combines multiple techniques to decipher their underlying physical mech-

anisms (Figs. 2 and 3). To study dynamic and disordered systems, techniques

that can resolve conformational subpopulations in bulk have proven partic-

ularly useful. Nuclear magnetic resonance (NMR) spectroscopy can be

used to obtain three-dimensional structural models of well-folded proteins,

and it has also been extensively used to study protein dynamics and

disorder,25,46,47 even in live cells.48 After assignments of chemical shifts, pro-

tein NMR gives residue-specific information on structure, stability, binding

sites, and dynamics on a wide timescale.49 Despite still being limited to rel-

atively small to medium-sized systems for structure determination, NMR

spectroscopy has revealed dynamic movements of the disordered core his-

tones and their interactions, even within entire nucleosomes (Fig. 2).50–52

Small-angle X-ray scattering (SAXS), the solution-state counterpart to

X-ray crystallography, gives information on the shapes of molecules, includ-

ing IDPs and their dynamic populations, often aided by computer simula-

tions.53,54 Especially relevant to DNA binding proteins, fluorescence

recovery after photobleaching (FRAP) probes the mobility of fluorescently

labeled proteins, inside the cell nucleus, and has been used to study the

dynamic exchange of histone H1 between nucleosomes.55 These and other

methods have over the years been extraordinarily influential in shaping our

perception of IDPs.

Techniques that probe the behavior of individual molecules, and thus

access molecular distributions, are an attractive approach to understanding

disordered interactions and have been used to complement traditional

ensemble methods. Single-molecule spectroscopy, usually in combination

with F€orster resonance energy transfer (smFRET), has emerged in recent

years as an exceedingly powerful technique to study structured and unstruc-

tured proteins, in vitro and in living cells.56–58 SmFRET enables sensitive

site-specific probing of the distance and dynamics between two or more
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Fig. 3 Chronological overview of computational approaches adopted to study intrinsic disorder in chromatin topology and dynamics.
Schematic illustration of the evolution of computational attempts used to investigate the interaction between proteins and DNA within
the context of nucleosomes, chromatosomes and chromatin fibers. Early molecular modeling and docking investigated the binding of linker
histone H1 to the nucleosome dyad and functioned as preliminary approaches to later attempts featuring molecular simulations on increas-
ingly larger systems.41,42 Coarse-grained Monte Carlo simulations were used to generate several possible topological arrangements of chro-
matin fibers with and without the linker histone H1.43,44 Brownian dynamics,45 which increases the amount of attainable sampling by
scarifying internal motions, facilitated the understanding of how linker histone H1 diffuses toward and binds to the nucleosome dyad.
Most recently, modeling and simulations featuring customized potentials, finely tuned to reproduce experimental findings, have provided
a semi-quantitative overview of the disorder-mediated interactions between linker histone H1 and fully disordered chaperones involved in
its displacement from the nucleosomal dyad.17
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fluorescent dyes, e.g., within a disordered region of a protein.56 The rate of

energy transfer between a donor and acceptor fluorophore is steeply depen-

dent on the distance between them, where the useful range is typically

on a convenient molecular scale of 1–10 nm. Importantly, smFRET can

be applied to structurally heterogeneous systems one molecule at a time,

avoiding the complication of ensemble-averaging, which can mask transient

yet important molecular events. Confocal fluorescence microscopy offers a

wide array of experiments that probe the thermodynamics and kinetics

of biomolecular interactions through timescales covering 15 orders of

magnitude,59 as well as enabling high-resolution imaging in cells through

fluorescence lifetime imaging (FLIM) and stimulated emission depletion

(STED) microscopy.60 Multi-parameter analysis of fluorescence intensity

and photon timings allows quantitative investigation into molecular pro-

cesses such as binding thermodynamics and kinetics, translational and

intrachain diffusion, complex stoichiometries, misfolding and aggregation.58

With total internal reflection fluorescence (TIRF), several surface-

immobilized molecules can be excited and detected simultaneously, offering

higher-throughput data analysis of FRET trajectories.58 The versatility of

the method has over the years provided new insights into fundamental

biological processes such as DNA maintenance and repair, signaling, trans-

lation, transcription, and molecular transport.57,61 On the flip side of the

single-molecule coin are force spectroscopy techniques, such as optical

tweezers or the atomic force microscope (AFM), that allow direct tethering

and manipulation of individual proteins or DNA. Force spectroscopy can

probe the microscopic molecular forces involved in biomolecular interac-

tions and has enabled a fresh view into the energetics and mechanisms of

protein-nucleosome interactions.62,63 Single-molecule methods hold great

promise for understanding chromatin interactions and when combined with

technologies probing ensemble biophysics64 and genome-wide approaches,

these methods can provide a comprehensive view of dynamic and disor-

dered protein-DNA interactions.27

In recent years, a plethora of computational techniques have been used

alongside experiments to study chromatin and chromatin binding proteins

(Fig. 3). By undertaking multiscale approaches, the finer molecular details

of chromatin dynamics and interactions are now better understood. Early

on, computational techniques were confined to molecular modeling and

docking studies. All-atom molecular dynamics (MD) simulations are a gold

standard technique for modeling biomolecular behavior, as they provide
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atomic-resolved information on the movements and interactions of

molecules in their given environments.65 By solving Newton’s equations

of motion for each atom, modeled as a van der Waals sphere, interatomic

forces and their corresponding energies are calculated using molecular

mechanics force fields describing both bonded and non-bonded interac-

tions, either in implicit or explicit solvent conditions. In implicit solvent

models, the solvent is treated as a structureless continuum, thereby reducing

the number of interacting particles and degrees of freedom. In contrast to

explicit descriptions, where the presence of each solvent molecule is explic-

itly accounted, implicit models do not include solute-solvent interactions.

Although all-atom simulations provide an unparalleled level of detail,

simulating nucleosomal arrays in this manner is unreasonable because of

the high computational cost leading to insufficient sampling.

Due to the high computational costs associated with simulating these

large and complex systems, an understanding of nucleosome and chromatin

organization has started from simply creating models of single nucleosomes66

or chromatosomes41 that would fit experimental constraints. In particular,

such studies focused on elucidating the binding mechanism of linker histone

H1 to nucleosomes and were able to provide an idea, resembling that

observed in electron microscopy studies,41 of how H1 and other histones

shape the conformational dynamics of single and di-nuclesomes66 as well

as nucleosomal arrays composed of up to 100 nucleosomes,42 reporting

on the polymorphic nature of chromatin.

A different approach involves the use of Monte Carlo (MC) simulations

of coarse-grained (CG) representations. By generating conformational

states according to Boltzmann probabilities, MC can be used to sample a

Boltzmann distribution of configurations. Coarse-graining offers a compu-

tationally less expensive approach. In CG models, groups of atoms are

embedded into beads, thereby reducing the degrees of freedom and

allowing efficient generation of conformations, without the explicit time

dependence of MD simulations. Consequently, larger models, such as those

encompassing entire chromatin fibers, can be simulated yet at the expense of

fine molecular details. MC simulations of CG chromatin fiber models have

revealed many aspects of chromatin compaction. In particular, studies

carried out using CG-MC found that H1 is required in the formation of

higher order chromatin structures43 and that, without H1, chromosomal

arrays adopt an open fiber conformation.44 Additionally, chromatin struc-

tures with highly variable nucleosome repeat lengths (NRL) produce more
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compact and uniform fibers,67 while fibers with a longer NRL, corres-

ponding to a more open chromatin structure, are likely to have a higher

number of binding sites for chromatin binding proteins.68

Similar to MC, Brownian Dynamics (BD) simulations, which treat the

simulated macromolecules as rigid bodies in implicit solvent, have been

used to simplify the complexity of chromatosomes or chromatin. In BD sim-

ulations, the diffusion of solutes in a continuum solvent is simulated, and

electrostatic interactions, which are particularly dominant in chromatin,

are calculated by solving the Poisson-Boltzmann equation. BD approaches

have successfully demonstrated the effects of sequence variation and PTMs

on the H1-nucleosome ensemble. Due to lowering the complexity of

the simulated system, docking simulations following the methodological

paradigm of BD simulations, allowed a large number of PTMs to be con-

sidered, due to the increased computational efficiency associated with this

technique.

Another approach to circumvent the computational constraints of

all-atom MD is to coarse-grain (CG) the system. As discussed above,

coarse-graining simplifies the system by reducing the degrees of freedom,

making it an attractive technique for studies on chromatin fibers. In a recent

study carried out by Watanabe et al., CG molecular dynamics simulations

were used to create a model of an HP1ɑ dimer bound to the histone H3

tail in a di-nucleosome complex.69 In addition, reverse mapping of the

CG structure was carried out upon the completion of the simulation to

regain some of the lost atomic details.Within the context of CGmodels sim-

ulated by means of BD or MC, empirical potentials have added a certain

level of integration with experimental data and specifically provided an

experimentally-derived picture of the conformational ensembles of nucleo-

somes. Recently, smFRET and CG molecular simulations were tightly

coupled in a complementary approach where the distance of multiple sites

across protein-DNA within a nucleosome were mapped by smFRET and

matched closely by the fine tuning of a single force field parameter describ-

ing van der Waals interactions between modeled beads. Integrative model-

ing has immense potential to deliver finer details of complex molecular

systems and has already begun to uncover the physical principles governing

IDP interactions.64,70,71 We nowmove on to describe some recent work on

disordered interactions with chromatin, highlighting new insights that bio-

physical methods have yielded on the role IDPs and IDRs in the nuclear

environment.
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3. Disordered interactions with nucleosomes

3.1 Nucleosome architectural proteins
3.1.1 Linker histone H1
Many proteins involved in generating and maintaining the overall nucleo-

somal architecture contain long disordered regions. H1 is involved in

chromatin condensation through stabilization of compact chromatin struc-

tures, and thus functions generally as a transcriptional repressor.72,73 The

polypeptide sequence is highly positively charged with two long disordered

regions (N-terminal domain, NTD; C-terminal domain, CTD) flanking a

small folded globular domain.74 The globular domain of H1 is known to

bind to the dyad axis of the nucleosome (Fig. 1), thus interacting with

the nucleosomal core and both entry- and exit DNA linkers.13,75 By binding

to the nucleosome dyad, the H1 tails are free to form non-specific electro-

static interactions with linker DNA to minimize charge repulsion, thereby

facilitating chromatin condensation. Therefore, although the binding mode

is facilitated through the structured domain of H1, function is largely con-

ferred through the disordered tails and an on-dyad binding mode may pro-

vide the freedom required for the H1 CTD to interact with one or both

linker DNA arms. However, the conformational distributions of the disor-

dered regions of H1 on the nucleosome have beenmore difficult to elucidate

because of their pronounced dynamics and seeming lack of persistent struc-

ture.76 Importantly, single point mutations on linker H1 significantly affect

chromatosome structure, indicating that small changes may alter the over-

arching chromatin structure and, consequently, transcriptional regulation.45

It has been suggested that H1 draws the two linker arms together, thereby

reducing their mobility, and introducing a strong degree of asymmetry to

the nucleosome.13 Recent integrative studies of full-length H1 in complex

with nucleosomes gave insight into the behavior of the long disordered

tails.17 The authors studied binding of human linker histone H1 to rec-

onstituted nucleosomes using confocal single molecule spectroscopy and

CG molecular simulations. Fluorescent labeling of the approximately 100

residue-long disordered CTD of H1 revealed that it becomes considerably

more compact in complex with the nucleosome. This can be explained by

screening of H1´s positive charges by the negatively charged nucleosomal

DNA, which otherwise renders H1 highly expanded due to charge repul-

sion. Labeling on the terminal end of nucleosomal linker DNA arms and
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addition of unlabeled H1, resulted in the expected closure of the linker

DNA arms in the H1-bound nucleosome (in agreement with a crystal struc-

ture of the chromatosome). Comprehensive mapping of FRET efficiencies

within the H1-nucleosome complex combined with nanosecond fluores-

cence correlation spectroscopy (nsFCS) showed that H1 lacks persistent

structure and is extremely dynamic on the nucleosome, displaying sub-μs
chain reconfiguration times. Using a simple CGmodel describing the system

in terms of non-specific short-range and electrostatic interactions, combined

with existing structural information on the nucleosome and H1´s globular

domain, the entire complex was simulated and the distances between the

corresponding FRET pair locations back-calculated. After tuning the only

free parameter in the model—the inter-bead interaction strength that was set

globally for all beads—the simulation was able to capture the dynamic con-

formations of H1 on the nucleosome with high accuracy. Simulations were

indeed in excellent agreement with the FRET-derived distances (a total of

57 FRET pairs), illustrating well how closely simulations can reconstruct

experimentally determined parameters even in very complex systems.

The presence and conservation of multiple H1 variants within cells sug-

gests that different variants may be linked to specific cellular functions.

Within each variant, the structured globular domain shows the highest

degree of conservation, while disordered tails are, expectedly, more variable.

However, when H1 tail regions from different species are compared, a high

degree of conservation is observed between orthologs. For example, human

H1.4 and its mouse ortholog, H1e, share 93.5% sequence similarity,77 indi-

cating that H1 tail regions may confer a high degree of functional selectivity

in cells.

In addition to the highly basic charge in the linker H1 CTD, recent stud-

ies suggest a direct link between CTD length and chromatin affinity. FRAP

experiments on human linker histones found that H1 variants with shorter

CTD tails, such as H1.1 and H1.2, have rapid recovery times compared to

variants with longer CTD tails, such as H1.4 and H1.5. Moreover, longer

histone H1 tails were found to have two or more cyclin-dependent kinase

(CDK)-dependent S/T-P-X-K phosphorylation motifs. Therefore, recov-

ery times may be dependent on the density of lysine residues, the CTD

length and the distribution of DNA-binding S/T-P-X-K motifs.78

Because the H1 CTD directly interacts with the linker DNA, each variant

will have a different effect on NRL. A higher degree of chromatin folding

will likely be achieved if neutralization occurs across the chromatin fiber.

Although chromatin condensation is not a direct consequence of linker

14 Sveinn Bjarnason et al.

ARTICLE IN PRESS



histone binding, it does stabilize higher order chromatin structures to an

extent that depends on the corresponding H1 variant. In general, the affinity

of H1 for chromatin increases with its compacting properties. In agreement

with this observation, H1.0, H1.4 and H1.5 have a longer CTD and were

found to stabilize higher order chromatin.

3.1.2 Post-translational modifications of linker histones
Linker histones are subject to a variety of PTMs, in both their IDRs, adding

a large degree of compositional complexity to this protein family. The pres-

ence of multiple PTM sites in the H1 IDRs enables a number of regulatory

mechanisms for H1 and finely regulates the affinity of each H1 variant for

chromatin. The most prominent PTM for H1 is certainly phosphorylation,

which occurs in a highly complex and dynamic fashion.79 Phosphorylation

mainly occurs in the CTD where S/T-P-X-K motifs (X is any amino-acid)

are recognized by CDKs.73 Although counterintuitive, H1 phosphorylation

can trigger both chromatin expansion and contraction, based on the pro-

gression of the cell cycle. Such effects are likely to be a result of conforma-

tional rearrangements within H1, arising from site-specific modifications.80

Phosphorylation levels are the lowest during the G1 phase, rise during the S

phase and peak during mitosis, followed by a sharp decrease in the telo-

phase.11 In vivo studies showed that serine residues in H1.4 are generally

modified during G1 and S phases, while threonine is phosphorylated in

mitosis,81 outlining the cell cycle dependence of phosphorylation. CDK1

and Cyclin B are primarily responsible for H1 phosphorylation during

the mitotic phase. Additionally, recent studies suggested that several kinases

phosphorylate the H1 NTD.82–84

The conversion of lysine into its methylated analogs (methyllysine,

di-methyllysine or tri-methyllysine) is another important modification that

can compete with or complement phosphorylation on a functional basis. For

instance, the methylation of lysine 26 in the H1.4 NTD recruits heterochro-

matin protein-1 (HP1), resulting in heterochromatin formation,85 and is

controlled by a phospho-switch: when H1.4 is phosphorylated at serine

17, the interaction between HP1 and methyllysine 26 is inhibited, demon-

strating the importance of crosstalk between PTMs.85 In the cell, H1 phos-

phorylation is CDK2 dependent and is required for progression through

the S-phase. Because CDK2 colocalizes with replication sites and H1 is

crucial in the formation of higher order chromatin, CDK2 recruitment to

replication foci by Cdc45 may result in H1 phosphorylation and drive

fork progression,86 linking H1 phosphorylation and active transcription.
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Methylation of the H1 NTD and CTD may elicit variant-specific cellular

responses in vivo. For instance, the two predominant human H1 variants,

H1.2 and H1.4,87 are methylated differently by the same methyltransferases.88

Interestingly, the methylation of H1.4 lysine 26, a highly conserved

PTM in vertebrates, creates HP1 binding conditions, likely because H1.4

lysine 26 is part of an “ARKS”motif85,88: a conserved motif assumed to have

a regulatory function in heterochromatin. Therefore, a link may be present

between chromatin compaction and lysine 26 methylation.

Like phosphorylation, acetylation of the NTD leads to both heterochro-

matin formation and activation of transcription. Acetylation of H1.4 lysine

26 is related to the formation of facultative heterochromatin, which forms

parts of the genome not shared across cell types and usually contains poorly

expressed genes, which are task specific and mostly associated with cellular

differentiation. Deacetylation by SIRT1, on the other hand, results in the

formation of repressive heterochromatin.89 The presence of an acetyl group

on lysine 26 prevents methylation and subsequent recruitment of HP1, pro-

viding an additional level of regulation. Interestingly, an in vivo study using

T47D cells expressing a lysine 26 to alanine H1.4 mutant, reported defects in

gene regulation and cell proliferation, compared to wild-type H1.4.90

Additionally, acetylation of H1.4 lysine 34 is also associated with transcrip-

tion activation in vivo. In this position acetylation is, however, suggested to

reduce H1-chromatin affinity and recruit TAF1; a subunit transcription

factor TFIID.91

3.1.3 Core histones
The core histones, which are the main structural support of nucleosomes,

contain relatively short yet crucial IDRs when compared to the linker

histone. Core histones form an octamer around which DNA is wrapped

in the initial stages of chromatin condensation.73 Each core histone shares

a common histone-fold domain of three helices connected by two loop

regions. To complete the octamer, each core histone homodimerizes,

followed by the formation of specific H2A-H2B and H3-H4 heterodimers

to create the “handshake” shaped core92,93 (Fig. 1). In addition to the

structured domains, each core histone has an intrinsically disordered,

solvent-exposed N-terminal tail; with only H2A having an additional

C-terminal tail.94 Like H1, these tails are enriched with highly basic residues

that form electrostatic interactions with nucleosomal DNA, linker DNA and

acidic patches on neighboring nucleosomes. Such interactions are believed

to stabilize the histone-DNA and nucleosome-nucleosome associations.
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Moreover, the dynamic nature of the tail regions makes them a target for

PTMs and subsequent recruitment of histone chaperones, architectural

binding proteins and chromatin remodelers.95 The inter- and intramolecular

contacts between the nucleosome and disordered core histone tails are

crucial in the formation of the nucleosome core particle (NCP) and for

the stabilization of higher order chromatin structures.

The intrinsically disordered tails of core histones have also been impli-

cated in the formation of higher order chromatin structures and chromatin

condensation through inter-nucleosomal interactions.96 In the first nucleo-

some crystal structure published in 1997, an inter-nucleosome interaction

between theN-terminal H4 tail and an acidic patch on the H2A/H2B dimer

interface of a neighboring nucleosomewas identified.37 As for H1, the in vivo

functions of core histones are complex and their ability to modulate tran-

scription is largely dependent on their PTMs.77 In the nucleosome, DNA

accessibility is controlled by transient unwrapping from the NCP; a process

that is modulated by each core histone to different degrees.97,98 While the

histone H3 tail suppresses nucleosome unwinding, the histone H4 tail

enhances it.99 Consequently, PTMs in the histone tails are especially impor-

tant in their role of modulating protein-nucleosome interactions and

regulating unwrapping.

Acetylation is an abundant modification in core histone tails, affecting

chromatin compaction via the neutralization of positive charges.20 Such

effects have been demonstrated in vitro, where compaction of nucleosomal

arrays required residues 14–19 in the NTD of the human histone H4100 and

the acetylation of lysine 16 prevents array compaction.101 Moreover, acet-

ylation is likely to reduce the electrostatic cross-talk between the DNA and

the histone tails, decreasing the force required to unwrap nucleosomes102

and increasing DNA accessibility to transcription factors and other modify-

ing enzymes.103 In line with this notion, histone acetylation has been shown

to be strongly associated with transcription.104 Additionally, many histone

acetyltransferases interact with tri-methylated lysine 4 on H3; a modification

associated with transcriptional activation.20 Relevantly, in vivo, inhibition of

transcription was shown to result in rapid histone deacetylation in mouse

embryonic cells, indicating that much of histone acetylation occurs as a result

of transcription.105

Phosphorylation of histones predominantly occurs in the intrinsically

disordered NTD.106 For instance, Aurora B kinase is known to phosphor-

ylate H3 serine 10107 and serine 28108 during the mitotic phase in vivo, how-

ever, there is no evidence of both modifications being present on a single
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histone tail.109 Nevertheless, phosphorylation of the histone H3 tails is likely

required for cell cycle progression. Importantly, the Aurora B kinase is over-

expressed in a number of human cancers,110 suggesting that phosphorylation

plays a significant role in nucleosome availability to transcription.

Methylation is another predominant modification in core histone tails

and for the cross-talk between different PTMs. For example, H4 arginine

3 methylation is recognized by p300; the acetyltransferase responsible for

acetylation in histone H4. Methylation in this position is indeed an impor-

tant PTM in gene transcription, as it is required for the subsequent acetyla-

tion that reduces electrostatic repulsion in the chromatin fibers.111 In

contrast, methylation of H3 arginine 8 is associated with gene repression,

outlining the importance of site specificity in PTMs.112

3.1.4 HP1 proteins
Gene expression within the context of heterochromatin is facilitated by

a series of important, conserved proteins called heterochromatin proteins

(HP). These are fundamental units of chromatin packing that can be sub-

divided into families, with HP1 being the dominant family composed of

three isoforms in humans—HP1α, HP1β and HP1γ—, all of which have

two highly conserved structured domains; the amino-terminal chromo

domain (CD) and the carboxyl chromo shadow domain (CSD). The

structured domains are separated by a disordered hinge region (HR), of

varying length across paralogs. Additionally, shorter intrinsically disordered

extensions are present at the N- and C-termini of HP1.113 HP1 is a major

component of heterochromatin and is involved in the regulation of

DNA-mediated processes including heterochromatin formation, stabiliza-

tion of telomeres and gene silencing in pericentric heterochromatin.69,114

In general terms, HPs are multivalent, structural chromatin effectors115

that cause transcriptional repression by recognizing and binding di- or

tri-methylated lysine 9 in histone H3 (H3K9me2/3) via the CD,116 while

remaining highly dynamic. Methylation of H3 provides an epigenetic mark,

suitable for the hydrophobic binding pocket created by the CD. Despite

the high degree of specificity between HP1 and H3K9me2/3, the binding

affinity spans widely depending on the paralog.117 Varying affinity is

believed to provide a dynamic range in which HP1 paralogs are able to elicit

different cellular functions. The dynamic nature of HP1α has recently been

probed using in vitro techniques. By employing a chemically defined assay,

well suited to cellular measurements, it was found that HP1α residence time

increases with H3K9me3 density, due to rapid re-binding of dissociated
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factors on neighboring sites. Moreover, dimeric HP1α exhibited accelerated
association rates; a key feature of effector multivalency, allowing fast and

efficient binding in a competitive environment.115

PTMs of HPs also play a fundamental role in regulating affinity. For

instance, HP1α phosphorylation further strengthens its multivalency, while

simultaneously reducing DNA binding, ultimately increasing HP1α resi-

dence time.118 Phosphorylation of serine residues in the disordered NTD

in mouse HP1α was found to increase CD-H3K9me2/3 affinity such that

the overall affinity close to that of mouse HP1β and HP1γ.117 Moreover,

in HP1β and HP1γ the serine residues are replaced by glutamate. Such find-

ings suggest that CD-H3K9me2/3 affinity may be partially modulated by

charge differences in distal regions. Therefore, regulating charge via phos-

phorylation of the serine residues within the NTD in HP1αmay contribute

to the protein binding to H3. In turn, this interaction may impact the activ-

ity of kinases or phosphatases, increasing or decreasing binding.

Between the HP1 paralogs, both the underlying amino acid sequence

and length of the HR are variable and such differences may control local-

ization and function.113 For instance, there are 41 and 36 residues in the

HP1ɑ and HP1β hinge regions, respectively, and both variants localize to

heterochromatic regions119,120 mediating transcriptional gene silencing.121

Comparatively, HP1γ, where the HR has only 31 residues, localizes to

euchromatin119,120 and plays a role in transcriptional elongation and

RNA processing.121 The molecular basis for functional divergence is sug-

gested to arise from the non-conserved residues in the HR, since the

positively charged domains (KRK and KKK) are conserved across all three

variants.121 These domains are crucial for the specificity of HP1-

H3K9me2/3 binding in vitro122 and for intranuclear localization in vivo.123

PTMs in the hinge regions have been shown to affect HP1 functional-

ity.113,124 Phosphorylation of serine 83 in the hinge region of HP1γ
increases its interactions with Ku70, a DNA repair protein, thereby increas-

ing its localization to euchromatin.113 Taken together, this may suggest that

modifications in the disordered HR of HP1 paralogs are able to elicit specific

cellular functions.

Recent studies show that HP1 proteins play an important role in hetero-

chromatin by interacting with histones H3 and H4 and methyltransferase

enzymes.106,125 The binding of the HP1 CD to poly-methylated H3 lysine

9 (H3K9me2/3) and H1.4K26me85 triggers a silencing mechanism,

resulting in the formation of heterochromatin.116 Moreover, this interac-

tion may be influenced by PTMs,126 especially those in the intrinsically
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disordered regions. In particular, phosphorylation of HP1α NTD poly-

serine stretch 11–14, increases chromatin binding affinity by reducing tail

flexibility in human and mouse cells.117,127 Phosphorylation changes the

conformation of the NTD, such that neighboring acidic residues (15E-

DEE-E19) are able to interact with basic residues surrounding H3K9

(8R-Kme-STGGKAPR-K18).128 Addition of the negatively charged resi-

dues formed upon phosphorylation results in repulsion, causing the HP1α
NTD to behave as an extended intrinsically disordered region, in turn

allowing the CD to dynamically bind H3K9me2/3.128 Interestingly, in

HP1β and HP1γ the residues corresponding to the poly-serine stretch of

HP1α (12E-VL-E15 and 21K-VE-E24, respectively) are partially negatively
charged.117

3.2 Intrinsically disordered proteins that interact or compete
with linker histone H1

The state of chromatin compaction is tightly linked to the presence of H1.

Therefore, the cell has evolved various regulatory mechanisms to actively

remove H1 from nucleosomes. One such mechanism is proteins that com-

pete withH1 for binding to the nucleosome or otherwise lead to its eviction.

As mentioned above, H1 is highly disordered outside of the globular

domain, a feature that is commonly shared among the diverse H1 compet-

itors outlined here.

3.2.1 Protamines
Protamines are short (25–100 residues), highly basic, and disordered nuclear
proteins129,130 suggested to have evolved from histone H1.131 Protamines

replace core histones during the last stages of male germ terminal differen-

tiation of spermiogenesis, where they are found to be the major packing

units of DNA (Fig. 4B).132 Most mammals have only one gene coding

for protamine 1 (PMR1 or P1) which is expressed in spermatids as a mature

protein133 and is responsible for chromatin condensation in sperm. However,

some mammals, including humans and mice, have a second protamine,

PMR2 or P2. Protamines from the protamine 2 family are longer compared

to P1 and are generated by proteolytic cleavage of a precursor. DNA packed

by protamines in mature sperm cells is transcriptionally inactive and forms

higher order structures vital for normal sperm function.132,134

Protamine packaging of DNA has been studied with chemical and phys-

ical studies of both natural sperm chromatin and synthetic DNA.135 Earlier

studies demonstrated that protamines can precipitate DNA from both
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assembled chromatin and native chromatin extracted from calf thymus tissue

in a concentration dependent manner. By analyzing the supernatant com-

position using gel electrophoresis after addition of protamine to a chromatin

solution, H1 was discovered to be the first histone to appear in solution.

However, the release of H1 was slower in native chromatin compared to
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Fig. 4 Disordered H1 competitors and their nucleosome binding modes. (A) Disorder
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of disorder essential to association with the nucleosomes.
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reconstituted nucleosomes although somewhat affected by sample pre-

paration, suggesting that the mechanistic picture of H1 competition and

histone-protamine transition is more intricate.136 Later work unveiled that

protamines replace histones though a complex and progressive transition

mechanism.134 After meiosis in spermiogenesis, the canonical histones are

replaced with testis-specific histones, and subsequently replaced by transi-

tion proteins that causes alteration in DNA structure. Many protamine mol-

ecules then bind and reorganize DNA into tightly packed structures. Thus,

the conversion from histone-packed to protamine-packed chromatin is a

complex interplay between different DNA-binders, regulated by PTMs

including hyperacetylation of histones, in steps that are crucial for the correct

progression of chromatin maturation and spermiogenesis.

The primary structure of protamines is characterized by a conserved

arginine-rich core functioning as a DNA anchor135 and cysteine-rich

N- and C-termini. The overall dimensions of different protamines have

been predicted by simulations to be controlled by their net charge per res-

idue, which shifts their conformational ensembles from collapsed globule to

coil-like.137 The central arginine-rich region provides a high net positive

charge that facilitates strong binding to DNA. Protamines wrap around

DNA in the major groove138 and bind with one protamine molecule per

turn of DNA helix (Fig. 4).139 Even though protamines are known to be

disordered when free in solution, it is challenging to probe conformational

changes of the individual molecules within the context of the large chro-

matin structures because of the large number of protamines associating with

chromatin. Potential disorder-to-order transitions upon DNA binding are

yet to be clearly demonstrated experimentally for protamines. However,

many cysteines partake in multiple intra- and intermolecular disulfide brid-

ges that provide rigidity, which is essential to stabilizing the structure of

sperm cell chromatin.140,141 Single-molecule studies demonstrated that

protamines can bend DNA into loops through multiple steps142 leading

to the formation of higher order structures similar to those induced by H1

DNA packing,143 which suggests a common pathway for positively charged

IDPs in chromatin condensation.

Protamines contain several conserved phosphorylation sites and have

been shown to undergo various PTMs. These include phosphorylation,

acetylation and methylation, which have been detected in protamines of

mice sperm using peptide-based tandem mass spectrometry.144 The data

indicated that methylation, acetylation and phosphorylation do not occur

at the same time on a single protamine, suggesting a complex network of

PTMs affecting the epigenetic landscape of sperm cells.144 However, the
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exact role of PTMs on the conformational ensembles of protamines and

within the context of histone eviction in sperm remains unknown.

3.2.2 HMG proteins
High-mobility group (HMG) proteins belong to a family of disordered

architectural transcription factors known to interact with nucleosomes

and, together with H1, were the first nuclear proteins known to affect

the structure of chromatin.145 They were first discovered in isolated

chromatin together with histones and named due to their unusually high

electrophoretic mobility.146 HMG proteins modulate local and global chro-

matin architecture by inducing formation of distorted DNA structures and

promoting chromatin decompaction. The decompaction in turn enhances

various DNA-dependent activities such as transcription, replication, and

repair. HMG proteins are divided into three families—HMGA, HMGB

and HMGN—, depending on their structural and functional properties,

and we discuss here the role of their intrinsic disorder in nucleosome

binding and H1 competition.145,147

The HMGN subgroup has five members; HMGN1 and HMGN2 were

the first to be discovered, whereas HMGN3-5 were identified later.

HMGNs are fully disordered (Fig. 4A) and bind the nucleosomal structure

with high specificity in pairs to form complexes containing two molecules

of either HMGN1 or HMGN2.148–150 These proteins are characterized

by a positively charged and conserved nucleosome binding domain

(NBD), a nuclear localization signal (NLS), and an acidic C-terminal chro-

matin regulatory domain (CHUD) involved in modulating acetylation of

histones.147,151 HMGN proteins recognize generic nucleosome structures

without specificity for DNA sequence or histones via the �30 amino acid-

long NBD.152 The domain contains the canonical motif RRSARLSA which

serves as an anchoring point on the nucleosome to a negatively charged patch

formed by the H2A-H2B dimer surface.153 The C-terminal domain of the

HMGN protein interacts with the DNA in the two major grooves flanking

the nucleosome dyad axis and is in close proximity to the N-terminal tail of

histone H3.149,154,155 HMGN also influences H3 phosphorylation and acet-

ylation, by inducing local structural change that alters the accessibility of

enzymes and thus the equilibrium of nucleosomal PTMs.156,157 HMGNs

are themselves modulated through phosphorylation,157 which decreases the

affinity to chromatin and allows kinases to access histone H3.156 HMGNs

also have many lysines placed in the NBD that are acetylated, which leads

to less efficient binding to nucleosomes.158
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NMR studies using paramagnetic relaxation enhancement (PRE)

experiments, which probe long-range interactions, and methyl-labeled his-

tones in assembled nucleosomes, showed that, upon addition of HMGN, an

interaction occurs between an arginine-rich region of the NBD and the

folded core of the H2A/H2B dimer.155 In addition, it was demonstrated that

the several lysine residues in the C-terminal end of the NBD have an affinity

for DNA non-specifically. The experimental data was then used as restraints

to model the binding orientation of the NBD on the nucleosome. In the

calculated structural model, the N-terminal end of the two NBDs stacked

on each side of the nucleosome are predicted to bind the H2A/H2B acidic

patch, while the lys-containing ends associate with DNA near the exit/entry

point.155 Due to the orientation of the NBD on the nucleosome, the dis-

ordered C-terminal tail was expected to be located where H1 associates with

nucleosomes. This suggests that the chromatin decompaction function of

HMGN is a result of disrupting H1 binding to DNA and the core

histone tails.

Surprisingly, native gel-shift assays and cross-linking studies showed that

HMGN1 binds nucleosomes already bound to H1, without interfering with

the specific contacts made between the H1 globular domain and the nucle-

osome.159 This observation agreed with previous MNase digestion results

on mammalian chromatin, which reported nucleosomes bound to two

HMGN proteins and H1.160 This implies that binding of HMGN proteins

to nucleosomes engenders a dynamic rearrangement of H1 interactions lead-

ing to modulation of chromatin structure. However, the molecular mech-

anism is still unclear and whether HMGN folds upon binding to the

nucleosomes or if the two bound HMGN remain fully unstructured in

the complex, is yet to be determined.

HMGB proteins (HMGB1 and HMGB2) have two structurally conserved

DNA binding domains (DBDs, Box A and B) that each fold into three heli-

ces when in complex with DNA.145 A disorder-to-order transition observed

by NMR spectroscopy on HMG domains from Sox-proteins,161 demon-

strated that HMG box domains retain a flexible structure in solution that

folds upon DNA binding. In addition, HMGB proteins contain a disordered

C-terminal region of �30 amino acids (Fig. 4A) enriched with acidic resi-

dues. The Box DBDs of HMGB bind with low affinity to single-stranded,

linear duplex, and supercoiled DNA,162,163 but have a preference for bent

and distorted DNA164–166 which is increased upon acetylation.167 Based

on structures of closely related HMG-Box-DNA structures, the box
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domains distort DNA through intercalation of bulky hydrophobic amino

acid residues into the DNAminor groove, resulting in bending the molecule

toward its major groove (reviewed in165).

The acidic C-terminal region forms a flexible extended structure which

was characterized by NMR spectroscopy and demonstrated narrow disper-

sion in 1H-15N-HSQC typical for IDPs.168 The flexible tail is involved in

dynamic intramolecular interactions, with the highest affinity for DBD Box

B. SAXS and NMR studies, including PRE measurements, suggested that

the C-terminal tail promotes a more compact conformation where the two

basic boxes get closer to each other.169 Apart from intramolecular interac-

tions of the acidic tail with the HMG-boxes, the acidic C-terminal tail of

HMGB1 is also engaged in intermolecular interactions with other proteins.

Notably the HMGB tail associates with histone H3, an interaction suggested

to modulate the biological functions of HMGB proteins.170 MNase diges-

tion data suggested that HMGB protects linker DNA on one side of the

NCP at the entry/exit of nucleosomes opposite to the linker histone H1

binding site.171 As observed for other HMG proteins, early studies using

chromatin fractionation experiments reported strongly enriched HMGB1

and 2 in H1-depleted fractions of salt-soluble chromatin.172 FRAP exper-

iments showed that HMGB also enhances H1 mobility in cells, indicating its

ability to displace H1 from chromatin.173 Studies of HMGB and H1 inter-

actions by chemical cross linking and gel filtration experiments showed

that they form a 1:1 complex. The complex persists at physiological ionic

strength, where it was reported by NMR spectroscopy that H1 binds

through its basic C-terminal domain to the acidic tail of HMGB1, disrupting

its interaction with HMG boxes. A consequence of this interaction is

enhanced DNA binding and bending by HMGB1, followed by a lowered

affinity of H1 for DNA.174 This might facilitate H1 eviction in a chromatin

context and supports the data showing increased H1 mobility in cells in

presence of HMBG.173

As outlined above, several lines of evidence support that the disordered

C-terminus of HMGB1 has a crucial role in its function, including orches-

trating many different interaction partners (review in175) and modulating

chromatin structure. HMGB function is also regulated by PTMs like acet-

ylation, phosphorylation, methylation, as well as its oxidative state as forma-

tion of a disulfide bridge in Box A leads to reduced H1 displacement from

hemicatenated DNA loops.176 Most PTMs found or predicted in HMGBs

are placed in the folded box domains, but several acetylation sites have been
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identified in disordered stretches within NLS regions. Although acetylation

within the Box domain is known to affect DNA binding affinity, more

studies point toward PTMs having a large impact on controlling the

nuclear localization and export of HMGBs. However, how PTMs affect

the conformational ensemble of the acidic disordered tail of HMGB and

its interaction with H1 has yet to be fully defined.

The third class of highly disordered HMG chromatin binders are the

HMGA proteins (previously named HMG-I(Y)). There are two genes coding

for HMGA proteins, HMGA1 (and its splicing variants HMGA1a, b and c)

and HMGA2, characterized by their very short DNA-binding AT-hook

motifs. HMGA proteins are fully disordered in solution in absence of

DNA as shown by biophysical techniques such as circular dichroism177 and

NMR spectroscopy.178 An NMR study reported that the AT-hook DBD

of HMGA transits from disordered to a well-defined crescent-shaped con-

figuration upon binding to the minor groove of short AT-rich DNA

stretches.179 The specificity for AT-rich DNA regions was also demon-

strated by a PCR-based systematic evolution of ligands by exponential

enrichment (SELEX) approach, identifying nucleotide consensus sequences

with two AT-rich stretches of 5–6 base pairs separated by four GC-rich base
pairs.180 EMSA studies show that HMGA binds isolated nucleosome parti-

cles with much higher affinity than to naked DNA.181,182 It was previously

suggested that HMGA1 also associates with core histones based on DNase

footprinting and chemical cross-linking studies,183 possibly explaining the

preference for nucleosomal DNA.

HMGA1 proteins were found to co-localize with histone H1 at AT-rich

DNA stretches called scaffold attachment regions (SARs) in mammalian

cells.184 T7 polymerase assays in combination with DNA binding assays

showed that HMGA can compete with H1 on SAR, and even redistribute

H1 onto non-SAR DNA.183 Purification of HMGA and H1 from HeLa

cell chromatin also demonstrated that HMGA is strongly enriched in

H1-depleted fractions of active chromatin.183 In a study of chromatin con-

densation in neural precursor cells of mice, it was found that HMGA pro-

teins are essential for chromatin opening in the early developmental stage.

Overexpression of either HMGA1a or HMGA2 in cells increase the sensi-

tivity to MNase digestion of chromatin from extracted nuclei, whereas

depletion of HMGA mRNA led to reduction in MNase digested DNA.

This clear effect of HMGA proteins on MNase digestion of extracted

DNA from nuclei suggests that HMGA induce chromatin opening and

accessibility.185 The chromatin was more resistant to digestion in absence

26 Sveinn Bjarnason et al.

ARTICLE IN PRESS



of HMGA, which supports the notion that chromatin becomes more acces-

sible in presence of HMGA, suggesting an inhibition of H1 driven compac-

tion. Another work observed increased H1 mobility caused by HMGA

by measuring FRAP in cells expressing GFP-H1 and microinjected with

purified HMGA into the cytoplasm.173 The apparent H1 displacement in

the different studies was due to competition for chromatin binding sites,

since HMGA mutants incapable of binding DNA did not increase H1

mobility in a similar manner nor compete with H1 for SAR binding.173,183

This strongly indicates that HMGA competes with H1 on chromatin

resulting in destabilization of higher order chromatin structure.

Like the other HMG proteins, HMGA undergoes various PTMs

which have been extensively studied. In fact, HMGA1 proteins are among

the most phosphorylated proteins in the nucleus by the action of various

kinases like cdc2, protein kinase C (PKC), and casein kinase II (CK2).157

Phosphorylation of HMGA leads to considerably lower affinity toward

DNA, in part because two of the main phosphorylation sites are near the

positively charged AT hooks and thus disrupt their binding to the negatively

charged DNA. The acidic C-terminal tail of HMGA also undergoes phos-

phorylations in vivo which can lead to a conformational change.186 NOE

measurements and 1D proton spectra of C-terminally phosphorylated

HMGA indicated a more rigid structure compared to the native and free

HMGA which is fully disordered. Pull-down assays of truncated HMGA

containing AT-hooks with the acidic C-terminal peptides showed a clear

interaction to nucleosomes driven by electrostatics as the affinity increased

with the number of phosphorylations in the C-terminal peptides. This

supports the hypothesis that the phosphorylated acidic tail folds back onto

positively charged clusters on the HMGA and through charge neutralization

impairs binding mediated by these Arg/Lys-rich regions.

To summarize, all HMG proteins compete with H1 for chromatin

binding sites (in a dose dependent fashion) although each HMG subfamily

has distinct effects on the interaction of H1 with chromatin (Fig. 4).152

HMG proteins all contain disordered regions—HMGA and HMGN being

completely disordered in absence of DNA—but they have different struc-

tural features and folded domains. This results in distinct modes of action

in their modulation of chromatin structures, although a common feature

appears to be recognition of DNA conformation. Even though the regions

where the HMG proteins bind nucleosomes is known, the sequence of

events leading to H1 eviction from nucleosomes is still not fully clear. It

has also been suggested that the different classes of HMG proteins can
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weaken H1 binding cooperatively without competing with each other,

hinting that they distinctly affect H1 binding to the nucleosome.173

Overall, the HMG proteins are part of a dynamic and elaborate interaction

network that leads to H1 displacement, where disorder plays a

fundamental role.

3.2.3 FoxA1
Forkhead box A (FoxA) transcription factor (previously called HNF-3) is

part of a group of transcription factors evolutionary conserved in eukaryotes

and is crucial in regulation of biological processes such as cell development,

signal transduction, cell differentiation, and regeneration. FoxA1 is as a

so-called pioneer transcription factor due to its ability to engage target

sites on nucleosomal DNA.187,188 FoxA1 is disordered outside of a highly

conserved winged helix DBD which is structurally similar to that of histone

H1.189 The DBD contains a helix–turn–helix (HTH) motif that makes

base-specific DNA contacts as well as two flanking loops (wings) that contact

the phosphodiester backbone of DNA. FoxA1 is known to stably bind

nucleosomes in vitro and in vivo near the nucleosome dyad190,191 and

decompact repressed chromatin compacted by H1 to make it accessible

for other DNA binding factors.192,193

In vitro sequential binding experiments with purified proteins showed

that FoxA1 displaces H1 prebound on assembled nucleosomes.190 Further

DNase footprinting of H1-compacted nucleosome arrays with and without

FoxA1 demonstrated increased hypersensitivity in the digestion patterns

and indicates that FoxA1 can open H1 compacted nucleosomes.190,192

Truncation mutants of FoxA1 missing the 174 amino acid C-terminal

domain failed to open the compacted arrays,192 underlining the importance

of the disordered regions of FoxA1. Early studies also indicated that the

N- and C-terminal regions of FoxA1 are crucial for binding specificity to

nucleosomes over free enhancer DNA.190 More recent work identified a

short region in the C-terminus of FoxA1, conserved among FoxA pioneer

factors, that interacts with core histones and contributes to chromatin open-

ing in vitro (see Fig. 7).194 A single-locus study demonstrated that FoxA1

induction caused reduction of H1 occupancy at an enhancer site during

retinoic acid-mediated differentiation of embryonic stem cells.195 In later

studies, an assessment of genome-wide occupancy of linker histone H1 in

mouse hepatocytes showed FoxA occupancy on nucleosomes correlates

with H1 displacement, whereas the FoxA deletion mutants had a striking

increase in H1 disposition. All of these results indicate that FoxA binding

28 Sveinn Bjarnason et al.

ARTICLE IN PRESS



displaces linker histones from the local chromatin, which could explain

the subsequent increase in nucleosome accessibility and stimulation of

transcription.

3.2.4 Prothymosin α
The nuclear protein prothymosin α (ProTα) is a linker histone chaperone
that modulates H1 interaction with nucleosomes. Besides affecting chro-

matin condensation196 andH1mobility in the nucleus,197 ProTα is involved
in transcriptional regulation, cell proliferation, and apoptosis.198 ProTα is

fully disordered, with a highly negatively charged glutamate-rich (net

charge �44) amino acid sequence and low hydrophobicity.199,200 Borgia

and co-workers used a combination of single-molecule FRET, NMR spec-

troscopy, and CG simulations to study the interaction between ProTα and

histone H1, and showed that they form a tight complex with picomolar

affinity yet remain highly disordered and dynamic in the bound state.25

This novel interaction mode can be explained by the large opposite net

charge of the two proteins which leads to complex formation through a

mean-field type charge interaction without the need for defined binding

sites or persistent interactions between specific individual residues. The

CG simulations, which relied on a simple model involving non-specific

short-range and electrostatic interactions, were able to reproduce the exper-

imentally measured FRET efficiencies in the complex remarkably well.

Later, Sottini et al. showed through an elegant set of kinetics experiments

that ProTα andH1 can also form higher order but weakly interacting ternary

complexes.46 Again, integrating experiments and simulations, they showed

that a second ProTα or H1 molecule can engage a preformed ProTα-H1

complex and lead to rapid exchange, keeping the system highly responsive

despite the tight binding.

What is the purpose of forming such a disordered complex in the nuclear

context? Heidarsson et al. addressed that question by studying the

H1-ProTα interaction in the presence of reconstituted nucleosomes17

(described also above, see Section “Linker histone H1”). Kinetic experi-

ments using immobilized and fluorescently labeled nucleosomes showed

that ProTα forms a ternary complex with H1 and the nucleosome, which

accelerates the dissociation of H1 by almost two orders of magnitude through

a competitive substitutionmechanism. Further CG simulations confirmed the

dramatic increase in dissociation rate as a function of ProTα binding and pro-

vided a molecular picture of how ProTα invades the complex by dynamically

and gradually sequestering theH1C-terminal IDR. The high negative charge
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in ProTα thus competes with the electrostatic interactions between the linker

DNA and the disordered regions of H1, which reduces the interaction

strength of H1 with the nucleosome and leads to an opening of the nucle-

osome linkers. These results provide clues toward resolving long-standing

issues on histone H1 including the nature of the structural ensemble of

H1 on the nucleosome and the discrepancy between in vivo (minutes)

and in vitro (hours) residence times of H1 on the nucleosome.55,201

Through integrative modeling of these challenging molecules, the authors

suggested that it is precisely the high degree of dynamic disorder on the

H1 IDRs that allows chaperones like ProTα to invade the complex and

accelerate the dissociation of H1 from the nucleosomes. For such unspecific,

charge dominated binding between dynamic and disordered proteins, the

formation of higher order complexes may commonly occur, providing addi-

tional functionality and enabling a sensitive concentration-dependent

response during signaling. Formation of higher order oligomers and the

dynamic exchange within them may be particularly important to achieve

dissociation of strongly interacting polyelectrolytes,25 and to induce forma-

tion and regulation of phase-separated condensates.5,202

3.3 Chromatin remodelers and histone-modifying enzymes
Chromatin remodelers dynamically modify chromatin architecture to

modulate access of the transcriptional machinery to DNA, and thus regulat-

ing gene expression.203 Remodeling pathways are largely dependent on

(i) various covalent modifications of histone tails driven by ATP-

independent factors203 such as deacetylase (HDAC), methyl transferase

(HMT), acetyl Transferase (HAT), (ii) ATP-dependent chromatin remo-

deling complexes204 which either slide, eject or restructure nucleosomes,

and (iii) chaperones that bind to histones and stimulate their transfer onto

DNA or other proteins.205 On the basis of their functions, chromatin

remodelers can be roughly divided into two families: ATP-dependent

enzymes that include imitation switch (ISWI), chromodomain helicase

DNA binding (CHD), switch/sucrose non-fermentable (SWI/SNF) and

INO80,204 and ATP-independent enzymes including the histone methyl/

acetyl transferases, kinases, and isomerases. Despite differences in mecha-

nisms and compositions, all ATP-dependent remodelers contain a structur-

ally similar catalytic ATPase core which converts the chemical energy of

ATP hydrolysis into conformational changes. Besides actively regulating
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gene expression, dynamic remodeling of chromatin imparts an epigenetic

role in several key biological processes, e.g., DNA replication and repair,

apoptosis, and pluripotency.206

Chromatin remodelers have an extensive range of interacting partners.

They can form multimeric complexes and interact with histones, transcrip-

tion factors, nucleic acids, and various other machinery involved in the

maintenance of chromatin structure.207 Such a diverse range of interactions

is difficult to explain with highly structured proteins. Predictions from

amino acid sequence strongly suggest that chromatin remodelers contain

substantial structural disorder,208,209 involved in forming stable complexes

and transient interactions with diverse interacting partners, potentially

playing a more direct functional role than acting as simple linkers.210,211

3.3.1 ATP-dependent chromatin remodelers
Many ATP-dependent chromatin remodeling complexes are predicted to

contain IDRs.212 These IDRs range from relatively small regions, likely

functioning as linkers, all the way to the BRG1/BRM-associated factor

(BAF) complex which is made up of subunits that are predicted to contain

long IDRs.209,213 A recent study looked at the predicted disorder in BAF

and found that 27 of the 30 subunits that were analyzed were predicted

to be highly disordered.209 The BAF complex is among the most frequently

mutated complexes in many types of cancer, many of which are located in

predicted disordered regions.214 While the function of the predicted IDRs

remains largely unknown, they are likely to assist with binding to histones,

nucleic acids, and transcription factors.

ATRX (alpha thalassemia/mental retardation syndrome X-linked)

belongs to the SWI/SNF family of chromatin remodeling proteins, and

along with Death-associated protein 6 (DAXX), forms a complex that is

necessary for H3.3 depositions into pericentric, telomeric, and ribosomal

repeat sequences.215,216 ATRX has multiple functions in the chromatin

landscape, acting both as a chromatin remodeler and a histone chaperone.217

ATRX is a large protein (2492 residues) and contains two structured

domains; anN-terminal PHD-like domain and a conserved Snf2 domain.218

The remaining �1660 residues of ATRX sequence are predicted to be

structurally disordered, with over 1300 residues in a single stretch separating

the two domains.219 The partner protein DAXX, a H3.3 histone chaperone,

contains a long disordered C-terminal domain (residues 418–740).213
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The involvement of the IDRs in ATRX and DAXX for catalyzing the

deposition and remodeling of H3.3 nucleosomes, remains unclear.

Chromatin accessibility complex (CHRAC) is an evolutionarily con-

served nucleosome remodeling complex that catalyzes histone octamer

sliding on DNA.220 Originally purified from Drosophila melanogaster, CHRAC

consists of ISWI (ATPase), ACF1 and two histone fold subunits, CHRAC-14

and CHRAC-16.221 A study looking into the function of CHRAC-14 and

CHRAC-16 found unstructured N- and C-terminal domains on both pro-

teins.222 CHRAC-14 and CHRAC-16 form a heterodimer with a fold

that resembles the geometry of histone dimer H2A-H2B,222 which is

predicted to create a surface for transient deposition of a segment of DNA

as it is stripped from the core histone octamer. The C-terminal of both pro-

teins is involved in DNA binding but with reciprocal effects; the C-terminal

on CHRAC-14 increases DNA binding while the C-terminal on

CHRAC-16 greatly decreases it but is still essential for sliding on DNA. It

seems that theCHRAC-14/CHRAC-16heterodimer enhances the catalysis

of nucleosome sliding with weak and non-specific DNA binding. These

findings were strikingly similar to the groups earlier work on the DNA

chaperone HMGB1,223 leading the authors to speculate that CHRAC-14/

CHRAC-16 heterodimer serves as a built-In DNA chaperone.

3.3.2 ATP-independent chromatin remodelers
Post-translational modifications frequently occur in IDRs, as outlined

above. Acetylation of the core histones enhances transcription by relaxing

the condensed structure of the nucleosome, whereas deacetylation will pro-

mote chromatin condensation and transcriptional repression.224,225 This

effect is due to a charge neutralization of the acetylated lysine that weakens

its interaction with the phosphate backbone of DNA. Both histone

deacetylases and histone methylases are regulated by phosphorylations in

predicted IDRs. Phosphorylations in HDACs 4,5,7 and 9 regulate shuttling

between the nuclear and cytoplasmic compartments226 and phosphory-

lations of sites flanking the nuclear localization sequence will promote

chaperone protein binding and subsequent nuclear export.227,228

Histone methylation is a dynamic PTM central to eukaryotic trans-

cription.229 These modifications regulate gene expression by recruiting tran-

scriptional cofactors that specifically recognize methylated lysine or arginine

residues.230,231 Dysregulation of histone methylation is associated with seri-

ous diseases such as cancers, developmental defects, and inflammatory bowel

disease.232,233 A recent study looked into PTMs of histone methylation
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enzymes in Saccharomyces cerevisiae, and found that phosphorylation

was strongly enriched in predicted IDRs in methyltransferases while histone

demethylases were phosphorylated within ordered regions.234 Furthermore,

the authors demonstrated that a phosphorylation cluster within an IDR

ofmethyltransferase Set2p has a major effect on levels of H3K36methylation

in vivo. This decrease in H3K36 methylation leads to increased cryptic tran-

scription, which can shorten the lifespan of cells.235

SIRT6 is an NAD+-dependent histone deacetylase and is highly site-

specific.236 While early experiments, using H3 peptides,237 demonstrated

that SIRT6 has an �1000 times slower catalytic activity then other related

sirtuins, the low turnover rate did not match with recent studies using whole

nucleosomes as substrates that found significantly higher catalytic rates.238

This is likely due to interactions between the intrinsically disordered

C-terminal region that has a high affinity to the nucleosome239; with

SIRT6 tethered to the nucleosome the reaction can take place with greatly

enhanced activity. Interestingly, while the SIRT6 interacts with nucleo-

somes in a 2:1 arrangement, only a single SIRT6 molecule can occupy

the high affinity site. This arrangement may be due to the asymmetry of

the two acidic patches, as observed with other chromatin remodelers that

have a distinct response to each acidic patch.240

3.3.3 Chromatin remodelers with chaperone activity
Facilitates chromatin transcription (FACT) is a histone chaperone that has a

dual-role as a nucleosome remodeler and chaperone.225,241 In gene regula-

tion, nucleosomes must temporarily unfold and then rapidly refold after the

regulatory process. FACT increases accessibility of RNA polymerase II

on chromatin by unfolding the nucleosome structure (Fig. 5).242 FACT

can then act as a histone chaperone that promotes nucleosome assembly

by preventing some non-productive interactions between histones and

DNA.243 Both of FACT’s two subunits, SSRP1 and SPT16, contain acidic

and disordered regions that are implicated in histone binding.241,244 Unlike

most other histone chaperones, FACT can bind both H2A-H2B and

H3-H4 dimers simultaneously,245 with both subunits being involved in

several interactions. Cryo-EM structures of FACT or SPT16 in complex

with nucleosome constructs revealed that the CTD of SPT16, that includes

an acidic IDR important for H2A/H2B binding, adopts a more ordered

conformation when in complex with parts of the nucleosome.246,247

Interestingly, the CTD appears to mimic DNA by compensating for the loss

of histone DNA contacts (Fig. 5).247 In a follow-up study using NMR
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spectroscopy, it was revealed that one of the N-terminal tails of H3 adopts a

different conformational ensemble when FACT is bound to the nucleo-

some.248 NMR analysis of H3 tail chemical shifts indicated that it is buried

in between two DNA gyres and that interaction is disrupted by the CTD of

SPT16. This leads to increased solvent exposure of the tail, rendering it

more susceptible to acetylation by HAT, indicating that FACT has a regu-

latory role in H3 acetylation. The intrinsically disordered domain (IDD) of

SSRP1 has an acidic N-terminal part (AID) and a basic C-terminal part

(BID). A recent study using NMR and CGmolecular dynamics simulations,

revealed how phosphorylation in the IDD change the intermolecular con-

tacts between the AID and BID. These contact changes tune the affinity of

SSRP1, with less phosphorylated states displaying high affinity to an intact

nucleosome and highly phosphorylated states having high affinity to a

deformed nucleosome, revealing an important mechanistic and regulatory

role for the IDD.210

+

FACT binds nucleosomes
through several interactions

Nucleosome is deformed
by HMG of SSRP1

Binding site for highly
phosphorylated FACT exposed 

DNA unpeeling by RNA polymerase II 

SPT16 SSRP1

Histone H3 tail
FACT

SPT16 ejects H3 tail  
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B C D

E

Fig. 5 Nucleosome assembly/disassembly by the histone chaperone FACT. (A) A canon-
ical nucleosome with H3 tails (for clarity only the disordered tails of histone H3 is shown)
buried in DNA gyres and the two subunits of FACT, SSRP1 and SPT16. (B) FACT binding
to the nucleosome leads to deformation by the action of the HMG domain of the less
phosphorylated (green area) state of SSRP1. (C) FACT with a highly phosphorylated
SSRP1 has high affinity for deformed nucleosomes and replaces less phosphorylated
FACT. (D) Deformation of the nucleosome exposes a binding site for the C-terminal
domain of SPT16, causing increased solvent exposure of the histone H3 tail. (E) DNA
is peeled off the nucleosome by RNA polymerase II (or other factors). Following tran-
scription by RNA polymerase II, FACT can reassemble the nucleosome (not shown).
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Another remodeler, decondensation factor 31 (Df31), is a fully disor-

dered histone chaperone and an integral component of chromatin at all

stages of Drosophila melanogaster lifecycle.249,250 Df31 is suggested to have

a role in the higher order structure of chromatin by promoting chromatin

bridging in vitro.251 Df31 binds to both histone H3 and H4 but has a higher

affinity for H3.252 Binding to H3 takes place through the intrinsically disor-

dered H3 tail,251 making PTMs to the H3 tail a likely modulator for binding.

Recently, an RNA-dependent mechanism was discovered, where Df31

tethers chromatin-associated RNA (caRNA) to chromatin, resulting in

an RNA-chromatin network which is more accessible and active.252

We have highlighted here how structural disorder is a prominent part of

chromatin remodeling complexes but for most remodelers discussed here,

detailed mechanistic insights remain hidden. FACT has, however, a well-

established molecular mechanism, which was revealed with a close integra-

tion of NMR experiments and coarse-grained simulations, exemplifying the

strength of such approaches.

3.4 Transcription through a nucleosomal barrier with
disordered proteins

3.4.1 Transcription factors
The nucleosome represents a formidable barrier to transcription as the DNA

sequence encoding a specific gene must become accessible to transcription

factors in one way or another. The transcriptional machinery is rich with

disorder and even the ribosomal assembly contains many disordered protein

subunits.253 The vast majority of transcription factors (TFs) (>85%) have

long disordered linkers and transactivation domains (TADs) that flank their

structured DBDs.23,254 They bind cognate DNA sequences using predom-

inantly their structured DBDs and may subsequently recruit other proteins

to their binding site through their disordered TADs to initiate transcription.

The TADs often contain hydrophobic residues (frequently aromatics) well

interspersed with acidic residues, a feature that has been suggested to be

important for keeping the region disordered and exposed in an active form

allowing interactions with other proteins.255 Nonetheless, the IDRs are not

exclusively involved in protein-protein interactions: simulations have

suggested that the affinity to DNA, cognate or non-specific, is tuned by dis-

ordered regions, especially those that have significant charges.256 IDRs in

TFs have also been linked to facilitating scanning for correct binding sites

through non-specific interactions,257 and to inter-strand exchange through

a monkey-bar-like mechanism.258 In fact, recent evidence points to TFs
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having multiple specificity determinants encoded in their IDR sequence,

helping them to identify their specific binding sites by interacting with much

broader DNA regions than are recognized with only their DBD cognate

sites.259 However, in the context of our nucleosomal landscape, traditional

TFs require their binding sites to be accessible for binding, i.e., within

“open” chromatin states.

3.4.2 Pioneer transcription factors can alter cell fate
A unique class of TFs, called pioneer-TFs (pTFs), can bind to condensed,

nucleosome-rich regions of the genome and open these previously inacces-

sible regions to transcription (Fig. 6).187,260 This alters the transcriptional

pattern of a cell—the main determinant of its fate260—and can initiate cell

reprogramming. Despite the ultimate change in cell fate relying on subse-

quent recruitment of other factors, the initial binding ability to condensed

chromatin is what distinguishes pTFs from other TFs. A remarkable example

of pioneer activity is the so-called Yamanaka factors; a group of four pTFs

(Oct4, Sox2, Klf4, and c-Myc) that can induce a fibroblast to revert to a

pluripotent stem cell (iPSC)261—a process that earned the discoverers the

Nobel prize in 2012. Other pTFs, such as FoxA1, Ascl1, and Pu.1, have

since been shown to play key roles for inducing direct reprogramming from

fibroblasts to hepatocytes, neurons, and macrophage-like cells, respec-

tively.187 Reprogramming cell fate has immense potential for human health,

with recent reports showing extraordinary examples in regenerative

medicine such as sight restoration inmice, in vitro disease modeling, and drug

discovery.262,263 However, to fully exploit the power of pTFs for cell repro-

gramming, a detailed and quantitative understanding of their molecular

mechanism is critically needed.187 For example, it is largely unknown

whether pTFs bind to DNA that becomes spontaneously and transiently

accessible on nucleosomes or whether they actively “open” nucleosomal

DNA. In other words, how pTFs can dynamically invade compacted chro-

matin and initiate remodeling remains unclear. Some pTFs interact with

enzymes that remodel chromatin besides recruiting other TFs, and in those

cases, it can be challenging to separate the actions of the two classes of pro-

teins: are the chromatin remodelers necessary for remodeling and do the

pTFs just invade chromatin to initiate binding, or can those pTFs also

remodel chromatin themselves? The answers to these questions remain

hidden, in part due to the highly dynamic and heterogeneous conformations

of pTFs and chromatin, which render these systems notoriously difficult to

assay by classical structural biology methods.
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Like the vast majority of TFs, pTFs are rich in disordered linkers and

TADs (Fig. 7).264 Despite their abundance in pTFs, IDRs have largely been

overlooked thus far in studies of TFs, which is especially evident considering

the vast number of TF DBDs in the Protein Data Bank and the total absence

of 3D-structures containing entire eukaryotic TFs. Instead, intense focus

has centered on the DBDs in attempts to explain pioneering activity, with

impressive high-resolution structures revealing complexes between the pTF

DBDs and nucleosomes.265,266 The DBDs themselves are often disordered

Fig. 6 Pioneer transcription factors can invade and open condensed chromatin and ini-
tiate cell-fate changes. (A) Pioneer-TFs (orange) can bind to condensed chromatin
regions and render it accessible to traditional TFs (blue) or other components of the
transcriptional machinery. (B) Pioneer-TFs can lead to cell-fate changes, either through
reprogramming with formation of induced pluripotent stem cells (iPSCs), or through
direct cell reprogramming. Panel A based on Zaret KS, Mango SE. Pioneer transcription
factors, chromatin dynamics, and cell fate control. Curr Opin Genet Dev. 2016;37:76–81.
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Fig. 7 Intrinsically disordered regions in pioneer transcription factors. (A) Disorder predictions for five pTFs based on two different predictors.
Domains are highlighted. (B) The intrinsically disordered and acidic PEST domain in the pTF Pu.1 modulates the formation of a dimer on and
off DNA. A 1:1 Pu.1-DNA complex activates transcription and dimerization negatively regulates the activity. The dimer in the absence of DNA is
furthermore thermodynamically destabilized compared to the monomer. (C) FoxA1 interacts with the core histones in a nucleosome through
a short motif in its C-terminal IDR. This interaction contributes to chromatin opening and thus its pioneering functions. The schematics of the
conformations of structured domains and IDRs in panels (B) and (C) are purely for illustrative purposes. Panel B reaction scheme is based on
Xhani S, Lee S, Kim HM, et al. Intrinsic disorder controls two functionally distinct dimers of the master transcription factor PU.1. Sci Adv. 2020;6(8):
eaay3178, Panel C based on results from Iwafuchi M, Cuesta I, Donahue G, et al. Gene network transitions in embryos depend upon interactions
between a pioneer transcription factor and core histones. Nat Genet. 2020;52(4):418–427.
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before binding to their cognate DNA sequence, followed by a disorder-to-

order transition upon complex formation.267 The DBDs are also often the

major contributors to DNA affinity and in some cases such as for Sox2,

the IDRs seemingly weaken affinity for the cognate sequence.268 A recent

computational study also implicated rotational and sliding dynamics of the

DNA on the nucleosome to be important for binding of pTFs. Using

CG models and simulations, Tan and Takada showed that Sox2 recognizes

a certain rotational phase of its binding site which induced sliding, affecting

allosterically the binding of Oct4 or another Sox2 molecule.269 Clearly, the

DBDs are critical for pTF function but what possible role do IDRs play in

chromatin opening and subsequent reprogramming pathways?

3.4.3 Roles of intrinsic disorder in pioneer transcription factors
Disordered regions are frequently involved in protein-protein interac-

tions270 and in TFs the TADs often recruit components necessary for tran-

scription. Moreover, interplay between ordered and disordered regions is

poorly understood but expected as IDRs have usually co-evolved with

ordered regions and the conformational propensities of IDRs may therefore

be modulated by folded domains and vice versa. It is possible that, after

scanning and binding recognition sites, the DBDs act as anchors to allow

the disordered regions to inflict interactions that disrupt internucleosome

contacts in chromatin, leading to opening of the chromatin fiber. In that

way, IDRs could be involved in actively opening chromatin, modulating

oligomerization regulating pioneer activity (see below for Pu.1), or involved

in recruiting chromatin remodeling enzymes, followed by opening of chro-

matin, and subsequent binding of other transcription factors to the exposed

DNA. Ultimately, IDRs may have multiple, context-dependent roles reg-

ulated by cell-type, chromatin modifications, and local sequence determi-

nants. Nevertheless, the role of IDRs has been glimpsed recently for many

pTFs, suggesting a function in chromatin opening and a large-scale impact

on gene expression networks.

Strong evidence of IDR involvement in chromatin opening comes from

recent work from the Zaret lab, which revealed a role of IDRs in the pro-

totypical pTFs FoxA1 and FoxA2 for modulating interactions with core his-

tone proteins in a nucleosome.194 Using a combination of sequence analysis,

cross-linking, and mass spectrometry, the authors discovered a conserved 9

amino-acid sequence in the disordered C-terminal, which is critical for

chromatin opening functions through an interaction with the core histones
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in a nucleosome. This short region likely forms a transient α-helix, as helix
formation could be induced by addition of helix-promoting trifluoroethanol

in a short peptide when monitored by circular dichroism spectroscopy.

When this region was deleted, the chromatin opening ability, measured

by DNase cleavage sensitivity, was severely reduced, as well as the ability

to activate certain target genes. Using mouse embryos, the authors further

went to show that deletion of the short a-helix led to a 60% reduction

in target gene activation, severely impairing embryonic development by

affecting gene expression and chromatin accessibility. Clearly, this disor-

dered region plays a crucial role in the pioneering function of FoxA1.

Beyond pioneering functions, the FoxA proteins also have heavy ties to

cancer biology through their direct interaction with both the estrogen

and androgen receptors,271 and FoxA1 is currently hailed as a very prom-

ising therapeutic target. The interaction of FoxA1 with both receptors is

influenced by PTMs in the disordered regions, including SUMOylation

that has a negative effect on transcriptional activity and on association with

the androgen receptor.272

The key Yamanaka factor Sox2 has a short N-terminal and a long,

�200-residue C-terminal IDR flanking an HMG-box DBD.273 The

Sox2 HMG-box cooperates with the Oct4 POU-domain, and this interac-

tion is critical for producing iPSC and maintaining pluripotency but the effi-

ciency of reprogramming is conferred by the extreme C-terminal IDR274

through a currently unclear mechanism. Recent studies have shown how

Sox2 and Oct4 act in concerted fashion to invoke structural changes in

the core nucleosome structure ranging from subtle local distortion to

fully removing DNA from one side, depending on the cognate binding site

location.265 However, the dynamic events of scanning and binding that

finally lead to chromatin opening are still mostly unknown. The IDR region

immediately flanking the C-terminal side of the DBD (120–160) has

recently been implicated in RNA binding, even concurrently with the

DBD being DNA-bound.273 The authors went on to show that deletion

of the RNA binding domain severely reduced the efficiency of iPSC

generation, demonstrating a clear link between the IDR and cell

reprogramming.

Pu.1 is a hematopoietic master regulator pTF that contains an

N-terminal TAD, a disordered anionic PEST domain (rich in prolines, glu-

tamic acids, serines and threonines), and a structured DBD called ETS

(Erythroblast transformation specific) domain. Xhani et al. showed that
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Pu.1 dimerizes through its DBD and gene expression is regulated by two

distinct dimeric states: a transcriptionally active 1:1 complex and an inactive

ternary complex involving two Pu.1 molecules bound to a single DNA rec-

ognition site (Fig. 7),275 forming a negative feedback mechanism that

the authors confirmed in vivo. Using NMR spectroscopy and tryptophan

fluorescence experiments, the authors showed that the intrinsically disor-

dered PEST domain reduced the binding affinity of the second Pu.1

molecule to form a ternary complex. Interestingly, however, the PEST

domain also promotes homodimerization in the absence of DNA. The

two dimeric forms were found to be non-equivalent, with an asymmetric

DNA-bound Pu.1 dimer and a symmetric homodimer in the DNA-free

state. A legion of serines in the PEST domain is phosphorylated in vivo,

which prompted the authors to introduce phosphomimetic substitutions

in that region. Indeed, the degree of negative feedback was reduced with

phosphomimetic substitutions which promoted the formation of a trans-

criptionally active 1:1 complex with DNA. It remains to be determined

whether a similar regulatory dimerization mechanism would be observed

on nucleosomes but the positively charged histone tails may provide an addi-

tional interaction interface for the negative charges in the PEST domain.

There may furthermore be other complicating factors, as binding of Pu.1

to nucleosomes has been reported to be context-specific, suggesting a

non-classical pioneering role for Pu.1.276

Yet another example of a disordered pTF is the achaete-scute homolog 1

(Ascl1), which drives the conversion of fibroblasts to neurons.277 Ascl1 is a

relatively small transcription factor that has a characteristic polyA/polyQ

region in the N-terminal and a basic helix-loop-helix DBD in the

C-terminal. In a clever, fragment-based approach, Baronti et al. were able

to use NMR spectroscopy to dissect the highly aggregation-prone Ascl1278

and found an extended and dynamic structure with transient helix formation

yet no persistent tertiary interactions—a classical characteristic of an IDP.

Little mechanistic information is available on the interactions between

Ascl1 and DNA or nucleosomes but a genome-wide analysis showed that

it is one of only a handful of TFs that binds strongly to both DNA and nucle-

osomes albeit likely as a heterodimer.279

We have highlighted a subset of pTFs that have been studied by biophys-

ical approaches but many other established pTFs are predicted to contain

long IDRs.264 Molecular biology has over the years been extraordinarily

powerful at identifying the key players in transcriptional regulation networks
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during cell development. Yet, the link between molecular properties

of pTFs, especially the role of their IDRs, and cell reprogramming is still

largely missing. Integrative modeling approaches, using available structural

information in concert with biophysical studies and simulations, might be a

potent strategy to understand the physical principles of cell-identity path-

ways, leading us closer to controlling cell fate.

4. Common sequence features of disordered
nucleosome-binding proteins

In the disordered interactions and their regulation reviewed above,

charge emerges as a recurring theme. Charge is a principal component of

chromatin and is often utilized by IDPs to elicit a specific cellular response.

While the DNA backbone is highly acidic, the linker and core histone tails

are highly basic, creating an electrostatic balance in the NCP.280 Opposite

charges in the DNA and histone tails have been implicated in a number of

inter- and intra-nucleosomal interactions, which act to either condense or

decondense chromatin. Moreover, PTMs that alter charge in the disordered

histone tails have been shown to affect nucleosome stability.281 For instance,

neutralization of positive charge by acetylation or introduction of negative

charge by phosphorylation of basic residues in the histone H3/H4 tail

regions, weakens the histone-DNA interactions by reducing electrostatic

attraction.281 Consequently, chromatin takes on an open structure, increas-

ing nucleosome accessibility to modifying enzymes. Charge has an especially

clear role for the highly disordered H1 competitors (protamines, HMG

proteins, ProTα). A common feature among these proteins may be that

the unspecific nature of charge interactions and the high fraction of charges

allows these proteins to interact in complexes beyond a basic 1:1 stoichiom-

etry, exchange rapidly in a concentration-dependent manner, and keep

regulatory systems highly responsive despite high affinity binding. Those

molecular parameters would in turn be finely regulated by PTMs that affect

charge.

In the cell, several transcription factors, chromatin remodelers and archi-

tectural proteins function in a dynamic balance, ultimately controlling gene

expression. Understanding the effects of charge in IDPs that interact with

chromatin and chromatin-binding proteins may provide insight into their

specific cellular mechanisms. To better understand charge properties, we

calculated kappa (κ) values for the IDRs of proteins discussed in this review

(Fig. 8). κ is a patterning parameter used to describe strong and weak
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Fig. 8 Overview of the charge distribution within the intrinsically disordered regions of
nucleosome-binding proteins. Understanding the role of charge in nucleosome-binding
proteins may prove important to frame the functional space of different intrinsically dis-
ordered proteins within the context of transcriptional regulation. The parameter kappa
(κ), which can take any value between 0 and 1 and has been formulated to link sequence
properties to conformational behavior of intrinsically disordered regions,26 describes
the overall charge asymmetry in an amino-acid sequence. A low κ indicates more evenly
distributed positive and negative charge, whereas κ increasingly close to 1 indicates
blocks of positive and negative charge. The need to strongly coordinate DNA may
render charge distribution an important factor to finely tune protein-DNA interactions.
While for fully disordered proteins (shown in A) κ is found to vary considerably, for intrin-
sically disordered hinge regions linking structured domains (shown in B) κ is low and
similar across all proteins. A clear difference can be noted between the κ values of
the N-terminal (C) domains of linker histones that are involved in the physiological
homeostasis of chromatin and those expressed by sperm-line cells, which are involved
in extreme chromatin compaction and that show a lower κ. While no other trend can be
clearly seen for the other proteins or for their C-terminal domains (shown in D), it is
important to acknowledge that our classification is arbitrary and founded on the current
understanding of the role that these proteins have within the nucleosomal landscape.
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polyampholytes. A low κ value is indicative of well distributed negative and
positive charges along an intrinsically disordered domain which generate

extended ensembles, where intramolecular electrostatic attractions and

repulsions are counterbalanced.26 On the contrary, a κ value close to 1.0

indicates blocks of opposite charges that strongly interact leading to

globule-like conformations with low radius of gyration.

HMG proteins compete with histone H1 to bind chromatin and thus

HMG-nucleosome interactions often result in chromatin decondensation.

For instance, HMGA1 competes with linker H1 on SARs of nucleosomal

DNA, displacing H1 to non-SAR DNA and inhibiting chromatin compac-

tion.184 Interestingly, the κ value for HMGA1 is similar to that of the CTD

of linker H1.1, H1.2 and H1.5 (0.3<κ<0.4). Linker histone H1.5 has a

long CTD tail, containing more than two S/T-P-X-K sites, resulting in a

high affinity for heterochromatin. In contrast, H1.1 and H1.2 have shorter

CTD tails, with fewer S/T-P-X-K sites, and are enriched at euchromatic

regions.78 Therefore, charge distribution, in addition to net positive charge

and disorder, may also impact affinity.

Like HMGA1/A2, HMGB1/B2 also contain an acidic tail and displace

linker H1 from the nucleosomal dyad.173 However, unlike HMGA1/A2,

HMGB1/B2 are not completely disordered, although the disordered

CTD is required for correct HMGB function.175 HMGB1 is involved in

the regulation of p53; a tumor suppressor that binds to DNA which acts

by protect cells from malignant transformation.282,283 HMGB1 has been

shown to stimulate the linear DNA-p53 interaction in vitro and, in vivo,

p53 activity is increased.284 Additionally, HMGB1 and p53 have been

shown to directly interact via the PXXPXP motif in the disordered NTD

of p53 and HMG boxes in HMGB1. Moreover, the disordered acidic tail

in HMGB1 is a direct determinant of this interaction, as it shields the positive

charge in the HMG box decreasing p53-HMGB1 affinity and linking

disorder to protein function.285 In contrast to HMGB1, the interaction

between H1.2 and p53 induces p53 repression in DNA damage response.

Moreover, this interaction is negatively regulated by acetylation in the

p53 CTD and phosphorylation in the H1.2 CTD. In both cases, PTM acts

to disrupt the p53-H1.2 interactions, directly implicating charge and disor-

der in protein functionality.286

The connection between charge and disorder is prominent when con-

sidering the interplay of HMGN1/N2 and H1T2, H1oo and HILS1 vari-

ants. HMGN1/N2 promote chromatin decompaction by interacting with
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nucleosomal DNA at the major grooves flanking the dyad and competing

with linker H1 for binding sites.155 Furthermore, HMGN1/N2 has a low

kappa value (0.1<κ<0.2), that is similar to that of the H1T2, HILS1

and H1oo CTD and characteristic of disordered proteins. Therefore,

HMGN1/N2 may use its disorder to compete with these H1 variants for

binding sites. Interestingly, while most H1 variants have few arginine resi-

dues, H1T2 and HILS1 have an almost equal fraction of lysine and arginine

residues in the CTD. Because arginine forms stronger interactions with the

DNA phosphate backbone, the testis specific variants are likely to be harder

to displace. For instance, during spermatogenesis, inactivation of the gene

for H1T2 leads to defects in DNA condensation and chromatin packing;

effects that are not favorable in cell development.287

5. Concluding remarks

The nucleus is enriched in proteins that are disordered and thus highly

dynamic. These proteins play key roles in maintaining the genome and reg-

ulating its read-out. Despite decades of active research on IDPs and their

well-recognized importance in ensuring the homeostasis of the nucleus,

we still lack an exhaustive description of the interactions between chromatin

components and IDPs, especially with respect to how they translate to bio-

logical function and regulation. New methodological paradigms are needed

to tackle intrinsic disorder in the nucleus, because of both the intrinsic

dynamic character and the physico-chemical properties of the interacting

molecular partners, which frequently feature extremely strong electrostatics.

Consequently, in recent years there has been a considerable upsurge in

methodological development, especially for single-molecule techniques which

can discriminate distinct conformational sub-populations and sequences of

molecular events. Computational approaches that directly integrate single-

molecule data and simulations, featuring customized potential energy functions

tuned on the basis of experimental findings, have provided an unprece-

dented view of the ensemble of some key disordered interactions in the

nucleus. Remarkably, simple potential energy functions that dominantly

account for electrostatic contributions to binding, have been able to exhaus-

tively reproduce experimental findings and provide a mechanistic under-

standing of protein-protein and protein-DNA interactions.17,25,288 In the

future, such simple customized potentials may evolve into more complex
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combinations of potential energy terms that might take into account,

explicitly, the effects of post-translational modifications, such as methy-

lation and acetylation, in specific sites along intrinsically disordered

domains. Additionally, the modeling and parameterization of explicit ionic

species, especially for coarse-grained simulations, would be a conside-

rable advancement for a more accurate estimation of the energetics

involved in the nucleosomal landscape, especially considering the primary

role of ions in defining the association of strong disordered polyampholyte

chains that interact with chromatin. Overall, access to integrative modeling

approaches is still a challenge, as it requires strong collaborative efforts between

different research groups. Nevertheless, creating synergy between experi-

ments and simulations is key to refining our view of the disordered

nuclear milieu.
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