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Abstract

DNA molecules with a total length of two meters contain the genetic in-
formation in every cell in our body. To control access to the genes, to
organize its spatial structure in the nucleus, and to duplicate and faithfully
separate the genetic material, the cell makes use of sophisticated physical
mechanisms. Base pair sequences multiplex various layers of information,
chromatin remodelers mobilize nucleosomes via twist defects, loop extrud-
ers create a system of nonconcatenated rings to spatially organize chromatin,
and biomolecular condensates concentrate proteins and nucleic acids in
specialized membraneless compartments. In this review, we discuss the cur-
rent state of understanding of some of these mechanisms that influence the
organization of the genetic material in space and time.
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1. INTRODUCTION

DNA molecules of eukaryotic cells are complexed into a rather dense DNA-protein complex
called chromatin. Because DNA carries genetic information, its packaging brings challenges and
opportunities.How can the genetic information be accessed? Can DNA direct its own packaging?
Is DNA packaged differently in different cell types? How can the cell disentangle identical copies
of DNAmolecules in preparation for cell division? How can the epigenetic information be passed
on to the next cell generation? This review addresses these and other questions.

Knowledge in this field has exploded in the past 20 years.When I wrote my first review on the
subject, entitled “The Physics of Chromatin,” in 2003 (1), our understanding of this subject was
rather patchy. Thanks to revolutionary experimental developments, large-scale computer simula-
tions and sophisticated theories, knowledge has reached a level that I would not have expected in
my lifetime. At the same time, there is a risk of getting lost in the abundance of information.

The format of this review is too brief to cover all the important developments in this field.
Instead, I focus on some simple basic physical mechanisms and how they might be useful for cells.
I do this for the small scales in Section 2 by discussing the nucleosome, the elementary packaging
unit of chromatin, and for the chromosome at large scales in Section 3. The nucleosome, the most
abundant DNA-protein complex (roughly three-quarters of the human genome are sequestered
by nucleosomes), is a dynamic structure with a large number of surprising properties, and large-
scale chromatin organization reveals a wide range of exotic new polymer physics, some of which
are associated with very large timescales.

2. THE NUCLEOSOME

About three-quarters of our DNA is wrapped around protein cylinders, forming DNA-protein
complexes called nucleosomes. This affects the accessibility of various proteins to the genetic
material at both a local and a global scale. In this section, I focus on the local effects. Specifi-
cally, I discuss where nucleosomes prefer to sit along DNA molecules (nucleosome positioning,
Section 2.1) and how dynamic processes give access to nucleosomal DNA (nucleosome breath-
ing, Section 2.2; nucleosomes under force, Section 2.3; the role of twist defects for nucleosome
repositioning, Section 2.4).

The core of the nucleosome consists of eight histone proteins, two copies of each type: H2A,
H2B, H3, and H4 (2). These proteins interact with each other to form heterodimers, H2A-H2B
and H3-H4. In the nucleosome, two H3-H4 dimers occur as a tetramer, interacting with each
other through a four-helix bundle. The binding of two H2A-H2B dimers to the tetramer through
a similar mechanism leads to the octamer around which 147 base pairs (bps) of DNA are wrapped.
This results in aDNA-protein complex with a twofold symmetry in which the dyad passes through
the central bp (Figure 1a).

Histone-DNA interactionmainly involves the binding between negatively chargedDNAphos-
phates and positively charged residues on the disk-like octamer. The sites are located at the
14 places where the minor groove of the DNA double helix faces the octamer. In terms of the
superhelical coordinate (2), defined by the number of DNA helical turns with respect to the cen-
tral bp, the binding sites occur at half-integer superhelical locations (SHLs) from −6.5 to +6.5.
Each binding site mainly involves two DNA phosphates, one on each strand. Each dimer con-
tributes three binding sites for the DNAmolecules, leading to 12 binding sites organizing 121 bps.
These binding sites fall into two categories: The four binding sites at±1.5 and±4.5,which involve
two alpha helices at the histone dimer centers, are called α1α1 binding sites, and the remaining
sites (at SHLs ±0.5, ±2.5, ±3.5, and ±5.5) are called L1L2 binding sites and involve the binding
to two adjacent loop structures at the ends of each histone dimer. The remaining two outermost

194 Schiessel

A
nn

u.
 R

ev
. C

on
de

ns
. M

at
te

r 
Ph

ys
. 2

02
3.

14
:1

93
-2

10
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

W
IB

61
49

 -
 S

L
U

B
 D

re
sd

en
 o

n 
03

/1
6/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



CO14CH10_Schiessel ARjats.cls February 17, 2023 9:50

Figure 1

The nucleosome. (a) Crystal structure of the nucleosome core particle, which consists of the histone octamer and wrapped DNA.
Together with the linker DNA, this forms the elementary repeat unit of chromosomes, the nucleosome. The histone proteins (shown in
different colors) feature unstructured (and thus only partially crystallized) histone tails, two of which are sketched together with places
of epigenetic tags, which are discussed in Section 3.3. Structure 1AOI (2) from the protein data bank. (b) A breathing nucleosome.
(c) Nucleosomes under external forces are kinetically protected against transient tensions by high-energy transition states like (4, 4),
where two DNA portions are strongly bent (red arrows). Experiments (3) show that the 601 nucleosome “rests” in the highly
asymmetric metastable state (0, 5) before crossing this barrier. Panels b and c show a coarse-grained nucleosome model that was first
introduced in Reference 4.

binding sites at SHL ±6.5 are formed by the binding of the H3 N-terminal extensions to the 13-
terminal bps of the nucleosomal DNA termini. In general, the binding of the DNA to the central
(H3-H4)2 tetramer is stronger than to the H2A-H2B dimers (5). The resulting complex has a
diameter of about 10 nm and is about 6 nm high.

The bending of the stiff DNA double helix is energetically costly. One can estimate the price
using the wormlike chain (WLC) model (1), which treats the DNA as an elastic rod. Its bending
stiffness follows from micromanipulation experiments (6). The following estimate for the bend-
ing energy (in units of the thermal energy kBT ) of nucleosomal DNA is not very precise as it
assumes linear elasticity, homogeneous elastic properties of the DNA, and a constant curvature of
bending:

Eelastic

kBT
= lPL

2R2
0
. 1.

lP is the DNA persistence length, about 50 nm, and L is the length of the bent part of the DNA.
We only count 127 bps for L, as approximately 10 bps at each end are essentially straight. With
0.34 nm length per bp, L = 127 × 0.34 nm = 43 nm. R0 ≈ 4.3 nm denotes the radius of curvature
of the centerline of the wrapped DNA. This leads to Eelastic ≈ 58 kBT. Note that the estimated
bending energy is very high, many times the thermal energy. The total adsorption energy Eads
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gained by the wrapping of the DNA around the octamer must be even higher. An estimate of the
difference between these two energies, the net adsorption energy Enet, follows from experiments
discussed in Section 2.2. The actual values of Eelastic and Eads are not always relevant. For instance,
nucleosome breathing discussed in Section 2.2 cares only about Enet. But in other cases, e.g., for
nucleosome sliding (Section 2.4), the value of Eads is relevant.

2.1. Nucleosome Positioning

The positions of nucleosomes along DNA are not random. On one hand, nucleosomes have to
compete with other DNA binding proteins that bind to specific bp sequences. On the other hand,
nucleosomes show sequence preferences themselves. The latter can be seen most clearly when
mapping nucleosomes that have been reconstituted from their pure components, DNA, and his-
tones, by salt dialysis (7). Nucleosomes show two types of positioning, rotational and translational
(8). Rotational positioning describes the local positional preference of a nucleosome that, because
of the helical nature of the DNA molecules, is an orientational preference. Nucleosomal DNA
prefers GC (guanine–cytosine) bp steps, where the DNA major groove faces the octamer, and AA
(adenine–adenine), TT (thymine–thymine), and TA (thymine–adenine) steps, where the minor
groove faces the octamer (7, 9, 10). Even random bp sequences typically show preferred rota-
tional locations in about every 10-bp stretch, the DNA helical repeat (11). However, this does not
exclude the possibility that bp sequences have evolved to position nucleosomes in specific orien-
tations. Translational positioning refers to preferences of nucleosomes to occupy or avoid larger
stretches of DNA.Nucleosomes are attracted to DNA regions rich in GC content, i.e., sequences
that contain a large fraction of guanine (G) and cytosine (C; 12–16). This can be best detected
when looking at genome-wide averages of genomic landmarks, e.g., transcription start sites (see
below).

What are the physical origins of rotational and translational nucleosome positioning? This can
be best tested by using coarse-grainedDNAmodels with sequence-dependent mechanical and ge-
ometrical properties, as, e.g., the rigid bp model (17) or the 3SPN (3 sites per nucleotide) model
(18). For instance, in the rigid bp model the bps are treated as rigid bodies, the spatial position
and orientation of which are described by six degrees of freedom per bp step. It assumes nearest-
neighbor interactions with a quadratic deformation energy between successive bps. Importantly,
each type of bp step has its own elasticity and intrinsic shape derived from DNA-protein cocrys-
tals (17) or from all-atom molecular dynamics simulations of DNA oligomers (19). Such models
show that the periodic bp step preferences reflect the preference of nucleosomes for intrinsically
curved DNA, causing rotational positioning (4, 20–22). It can be confusing at first that some of
the bp steps, especially TA and GC steps, have intrinsic geometries that are not consistent with
the rotational positioning requirements and, in fact, even oppose them. This reflects the fact that
bp steps are part of a longer bp sequence and that only longer sections of a sequence, such as,
e.g., TTAA, show the proper intrinsic bendedness. Remarkably, this is even predicted by the rigid
bp model, a purely local model, in which the physical properties of each bp step depend only on
the bp step itself but not on the larger sequence in which it is embedded (22).

Even more complex is the physics underlying translational positioning. Because the elastic
energy to bend DNA into a nucleosome is very high, one might expect that the translational pref-
erences for GC mean that GC-rich DNA is softer on average than TA-rich DNA. However, a
careful study of nucleosome models based on the rigid bp model showed that it is not energy but
entropy that dominates the GC dependence of the free energy of nucleosomal DNA (23). This in
turn means that softer (i.e., GC-rich) DNA stretches prefer to be nucleosome free to increase the
entropy of the whole system. A possible way to solve this conundrum is to use a multiharmonic
model (23) that uses different parameterizations for free and wrapped DNA, namely based on
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computer simulations of oligonucleotides (19) and on cocrystals of DNA-protein complexes (17).
This in turn leads to a model that qualitatively shows the right GC preferences of nucleosomes.
However, the problem goes deeper. Saturation in the GC content of nucleosomes reconstituted
on the genome of baker’s yeast (7) indicates that such a system is never equilibrated (23). In fact,
the density of nucleosomes is practically constant for stretches of 2,000 bps, suggesting that recon-
stituted chromatin only equilibrates locally but does not achieve global equilibration. Taking this
into account, the multiharmonic model also shows good quantitative agreement between model
and experiment (23).

To which extent are nucleosomes positioned by bp sequences in vivo? There are various exper-
imental methods to map nucleosomes in vivo, including the digestion with micrococcal nuclease
(10), ATAC-Seq (24), chemical cleavage-based techniques (25), and nucleosome footprinting tech-
niques (26). The degree and type of positioning might depend on the organism. For instance,
unicellular organisms tend to have a dip in GC-content around transcription start sites. It has
been speculated that the resulting nucleosome depletion “may facilitate transcription initiation
and assist in directing transcription factors to their appropriate sites in the genome” (7, p. 365).
These nucleosome depleted regions in turn act as fixed boundaries from which nucleosomes form
a more or less periodic array as the result of statistical ordering (27). Remarkably, as the transcrip-
tion termination sites also constitute a nucleosome depleted boundary, nucleosomes on genes
form relatively regular nucleosome “crystals,” as demonstrated by the ordering of genes by length
(28). Nucleosomes reconstituted on the yeast genome do not show statistical order, because the
nucleosome line density is much lower in this case (7).

Although the organization of nucleosomes in yeast and other unicellular organisms seems to
be dominated by antipositioning and statistical ordering, the organization of multicellular organ-
isms appears to follow other principles. Looking at genome-wide averages of the GC content
around transcription start sites, one finds broad peaks that increase with the complexity of the
organism (16). These peaks might have various functions, including functions involving nucleo-
somes. As this feature is found in multicellular life forms, the hypothesis imposes itself that these
nucleosome-attracting regions “restrict access to regulatory information that will ultimately be
utilized in only a subset of differentiated cells” (29, p. 1).However, this idea is countered by results
that find stronger intrinsic nucleosome-attracting regions for housekeeping genes than for tissue-
specific genes (30). Even worse, the nucleosome density at transcription start sites in housekeeping
genes is depleted in somatic cells. A possible explanation is that these GC peaks are meant for
sperm cells (30). During spermatogenesis most of the bulky histones are replaced by protamines,
which allow the creation of small and highly mobile sperm cells in large numbers. This, however,
means loosing epigenetic informationwritten in posttranslationalmodifications of the histone tails
(Figure 1a). Interestingly, however, some of the nucleosomes are retained (e.g., 4% in humans;
31). The retention sites correspond to the peaks in GC content around transcription start sites
where the most stable nucleosomes are located (16, 30). This might allow epigenetic information
to be transmitted from the father to the offspring. Remarkably, the high GC peaks are not only
found at housekeeping genes but also at genes that regulate development.However, also in human
somatic cells, many nucleosomes are positioned by mechanical signals from the underlying bp se-
quence such as the positioning of six million nucleosomes around nucleosome-inhibiting barriers
(15).

The fact that many nucleosomes are positioned on DNA and change their positions rather
slowly raises the question of access to DNA. In the next section, I discuss the intriguing possibility
that nucleosomes might be essentially “transparent” to other DNA binding proteins because of
their intrinsic dynamics.
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2.2. Nucleosome Breathing

Sections of nucleosomal DNA temporarily unwrap from the protein cylinder simply because of
thermal fluctuations (see Figure 1b). This process, called nucleosome breathing or site exposure,
can give other proteins a window of opportunity to bind to nucleosomal DNA (32, 33). Nucle-
osome breathing had already been observed in 1995 by measuring the accessibility of restriction
sites inside nucleosomal DNA to the corresponding enzymes (34, 35) and later by Förster reso-
nance energy transfer (FRET) experiments (36–42) and atomic force microscopy (43, 44). These
experiments demonstrated that nucleosomes temporarily expose their DNA, including even the
stretch at the middle of the wrapped portion. The probability for a nucleosomal DNA site to
be accessible decays roughly exponentially toward the dyad (45). Importantly, such experiments
revealed that nucleosomes can be very different from each other as a result of the sequence-
dependent mechanical properties of their wrapped DNA (35, 38, 46–49; cf. Reference 32 for a
review). The nucleosome bound to the positioning sequenceWidom 601, a sequence selected out
of a large pool of random DNA owing to its high affinity to the histone octamer (50), was found
to show highly asymmetric breathing behavior with one half being much more accessible than the
other half (35).

New insights were gained by a new type of experiment in which an ensemble of breathing 601
nucleosomes was observed through X-ray diffraction (51). Through contrast matching between
the solvent and the protein core, only the DNA could be “seen.”The unwrapping states of the nu-
cleosomes were determined through an ensemble optimizationmethod in which the contributions
from different conformations (including the fluctuations of the unwrapped DNA) were accounted
for, allowing even to distinguish between the two ends of the unwrapped DNA. The data clearly
showed that the 601 nucleosome breathes in a highly asymmetric fashion, consistent with the
earlier result (35). Notable is the change seen in breathing behavior when the ionic strength is
increased and, therefore, the adsorption energy decreased. The change is not smooth, but the nu-
cleosomes jump from being fully wrapped to a state in which about the five leftmost binding sites
have opened. This “spring-loaded latch mechanism” (51, p. 779) was speculated to be caused by
an outer soft DNA stretch followed by a stiffer inner stretch. Once the adsorption energy is small
enough that the outer stretch opens, the inner stretch cannot withstand the mechanical tension
of its stiffer DNA and opens up in a jump-like fashion.

A computational study of the coarse-grained 601 nucleosome (seeFigure 1b) corroborated this
interpretation (52) and also allowed extraction of the adsorption energy of theDNA to the octamer
as a function of the salt concentration. It also demonstrated the extreme sensitivity of nucleosome
breathing to the involved sequence. A replacement of just two bp steps by TA-steps in the stiff
section destroys the spring-loaded latch mechanism. This might have biological implications. In
Reference 53, the idea was put forward that there could be a cooperativity between two proteins,
A and B, which have their two binding sites within a nucleosome. If the binding site of A is more
outward in the nucleosome than the binding site of B, then after binding of A, the target site of
B becomes more easily accessible. For a spring-loaded nucleosome like 601, this effect can be
amplified greatly, but changes of a few bp steps would eliminate this effect. This strong sensitivity
of nucleosome breathing also affects themeasurements with restriction enzymesmentioned above,
as this method requires modifying the bp sequence to incorporate restriction sites. For instance, in
Reference 35, 15 bps of the 601 sequence were changed to create 12 restriction sites across almost
the entire wrapped DNA portion. In a simulation study (54), these modifications dramatically
changed the accessibility of most interior sites by an order of magnitude.

The simulation model (52) that is based on the nucleosome crystal structure and uses the rigid
bp model for DNA leads to sequence-dependent elastic energies that, remarkably, are in a similar
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range to what is extracted from the simple WLC model (Equation 1; which does not include the
sequence dependence). For instance, in the simulation the elastic energy of the 601 nucleosome is
found to be about 68 kBT, which is close to the 58 kBT of theWLC estimate. Under physiological
conditions the adsorption energy is estimated to be on the order of 80 kBT, showing that the two
energies nearly cancel. This means that the DNA is rather weakly adsorbed on the octamer with
a binding energy of about 1 kBT for each of the 14 binding sites. Similar numbers follow from a
fit of the simpler model to older data extracted with restriction enzymes (45).

The discussion so far might give the impression that all the nucleosomal DNA is readily acces-
sible to DNA binding proteins, even stretches deep inside well-positioned nucleosomes.However,
even though all sites inside a nucleosome are in principle accessible, the fraction of time a site is
encountered as open decays roughly exponentially toward the center of the wrapped DNA. This
leads to the question of timescales. Kinetic measurement based on FRET revealed that the outer
DNA of the 601 nucleosome (bp 17 and 18 counted from the terminus of the wrapped portion)
has a characteristic waiting time for unwrapping of only 0.25 s, but times then increase dramati-
cally to 1 min 10 bps further in and even to 10 min for another 10 bps further in (41). This strong
increase in the waiting time might reflect the fact that the DNA is not homogeneously bound but
that there are stretches of stronger interaction, one starting about 20 bps inside, as shown experi-
mentally (5). Atomistic molecular dynamics simulations (55, 56) can help to understand better the
details of the unwrapping process, e.g., the role of an “H3-latch” and of the histone tails (56).

The fact that unwrapping rates for inner portions are excessively low means that nucleosomes
are not completely “transparent” to other DNA binding proteins. The authors of Reference 41
concluded that these low unwrapping rates together with a variability of nucleosome positioning
could explain dispersion in response times of cells. We next discuss how nucleosomes react to
external mechanical tension.

2.3. Nucleosomes Under Force

Nucleosome breathing experiments allow estimation of the net adsorption energies gained by
DNA adsorption on the histone octamer to be about one kBT per binding site, with a total of
14 binding sites. From this, together with the wrapping length of about 50 nm, one would expect
that a moderate force of about 1 pN would be enough to unravel a nucleosome. This contrasts
the much larger forces observed in micromanipulation experiments (57).When an array of 17 nu-
cleosomes was pulled apart by an optical trap with a constant rate, characteristic drops in tension
occurred, reflecting the unwrapping of the DNA from individual nucleosomes. Remarkably, this
happened at forces around 20 pN, about 20 times greater than expected based on breathing exper-
iments. The typical force depended roughly logarithmically on the pulling rate, pointing toward
the existence of an energetic barrier that was estimated to be 35 kBT high.

However, it was subsequently pointed out that the barrier might be caused by the geometry of
the nucleosome [see Reference 58 and subsequent work (59–68)]. The nucleosome under force f
needs to rotate by 180 deg during the unwrapping of the last DNA turn. This leads to a transition
state, the half-turned nucleosome, where each DNA arm needs to make a 90 deg bend as it enters
the wrapped portion of the nucleosome (see state (4, 4) in Figure 1c). Interestingly, the act of
pulling on the nucleosome is the cause of the energy barrier with a height that scales as

√
f . The

experiment did not provide direct insight into the interactions between the DNA and the histone
octamer, but it taught something crucial: Nucleosomes are protected against transient tension by
the buildup of a kinetic barrier (58). This is important in the cell with its large number of motor
proteins pulling on the DNA.

More details about the unwrapping path of a nucleosome under force was provided by an ex-
periment (3) in which FRET and micromanipulation were combined. For the 601 nucleosome it
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was found that it always unwraps from one end first and that it is always the same end. As pre-
dicted by the model mentioned above (58), the nucleosome under force gets stuck in a metastable
state with one turn of DNA remaining wrapped, leading to straight DNA arms [see, for example,
state (0, 5) in Figure 1c]. This single turn prefers to include one of the two straight end sections.
Because the sequences used in the experiment were nonpalindromic, the bending energies in
these two configurations differ substantially. A nucleosome model (69) using the rigid bp model
(Figure 1c) leads to predictions consistent with the findings of the experiment (3). It also explains
the surprising finding (3) that for a bp sequence in which the inner two quarters are flipped, the
nucleosome always unwraps from the other end.

A long series of experiments, computer simulations, and theory helped to reveal the richness of
the physical properties of the nucleosome: The spool geometry together with the DNA stiffness
causes a transient barrier under force, and the nonuniform features of both the wrapping path
and the intrinsic DNA shape modulate the path over that barrier. Using this knowledge, one can
computationally design bp sequences that lead to very stable nucleosomes with an Achilles’ heel:
As soon as an external force is applied, they easily fall apart (70). Such nucleosomes might have
evolved at places on the genome where it is beneficial to undermine the kinetic force protection.
For example, as the two chromosomes get pulled apart during anaphase, ultrafine bridges form
between fragile sites along the genome (71, 72), causing a signal for a repair mechanism, triggered
by the appearance of bare DNA (73). In such a context, fragile nucleosomes could act as force
sensors promoting the repair.

The forced nucleosome unwrapping experiment (57) was originally performed to learn about
the interactions between the DNA and the histone octamer, but these interactions were masked
by the occurrence of a kinetic barrier caused by DNA bending. In the meantime, the same experi-
mental group managed to circumvent this problem.The idea is to unzip DNA, i.e., pulling its two
strands apart, using a micromanipulation setup. If a nucleosome is present on the DNA molecule,
once the unzipping fork reaches the nucleosome, the unzipping slows down (5). By pulling with a
constant force of 28 pN and observing pausing patterns during unzipping, it was found that each
of the 14 binding sites is actually composed of two interaction points, one on each DNA strand. In
addition, the data revealed that the binding strength is not constant along the nucleosomal DNA
but shows three broader regions with stronger interactions, with the strongest region around the
dyad.

2.4. Twist Defects on Nucleosomes

Nucleosomes can also change their positions along DNA.This is mainly caused by twist defects in
the wrapped DNA that occur spontaneously owing to thermal fluctuations or can be injected by
dedicated motor proteins. We first discuss spontaneous repositioning. This phenomenon, called
nucleosome sliding, allows for equilibration of nucleosomes along DNA. The spontaneous repo-
sitioning of nucleosomes is a rather slow process (74), which suggests that nucleosomes can only
equilibrate locally, and this is consistent with my discussions in Section 2.1. Two mechanisms
have been proposed, both based on thermally induced defects within the nucleosomal DNA:
single bp twist defects (a missing or an extra bp) (75–77) and 10-bp loop defects (78, 79). New
simulation studies (80, 81) suggest that twist defects are the dominant mode of repositioning
but also loops might be at play for certain bp sequences. The underlying computational models
use the coarse-grained 3SPN DNA model, which is attracted electrostatically to the oppositely
charged protein cylinder modeled by a coarse-grained protein model called atomic-interaction-
based coarse-grained (AICG). Remarkably, as a result of this interaction, a proper nucleosome
forms. Over the course of time, the position of the octamer along the DNA molecule changes via
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1-bp steps caused by twist defects. In addition, strongly positioned nucleosomes also occasionally
“tunnel” through the high barriers in the energy landscape via loop defects.

Also a recent experimental observation suggests that both types of defects might underlie
nucleosome sliding (82). The experiment uses a micromanipulation setup in which a nucleosome-
containing DNA molecule is unzipped, similar to the experiment mentioned above (5). The
application of a slightly lower force (23 pN instead of 28 pN) ensures that the unzipping fork
stops at the nucleosome. By repeatedly pulling and relaxing the two DNA strands, the position of
the nucleosome was determined with a 2-bp resolution at each probing cycle. Remarkably, nucleo-
somes containing a histone H2A variant, called H2A.Z, showed two types of movements: frequent
small-scale movements, probably caused by twist defects, and longer-ranged repositioning events
on the timescale of minutes, possibly caused by loop defects.

In vivo there are chromatin remodelers at work that use ATP to move nucleosomes along
DNA. Experiments based on cryo-electronmicroscopy (83–85) and simulations (86) suggest that
at least some of them induce twist defects in the nucleosomes.Whereas the older picture of twist
defects is that they enter from the end of the wrapped portion, the remodelers seem to inject a
twist-antitwist pair inside the nucleosomal DNA.Chromatin remodelers might help nucleosomes
to equilibrate their locations along DNA (87), but they might also perturb the intrinsically pre-
ferred positioning of nucleosomes, together with other proteins that compete for DNA target sites
(14). The efficiency of a remodeler might depend on the local elasticity of the DNA stretch that
needs to be deformed (86). A new experiment (88) demonstrated that already upon binding of the
remodeling complex, the bound DNA deforms into an A-DNA-like conformation. This suggests
that even before the ATP-consuming step, the DNA is primed for the actual twist defects pro-
duction. Finally, for remodelers to decide to act on the right nucleosome at a given time, a kinetic
proofreading mechanism has been put forward (89, 90).

3. CHROMATIN AT LARGE SCALES

In this section, I discuss chromatin at much larger length scales. I skip intermediate length scales,
such as the structure directly above the nucleosome, where the view has shifted away from regular
fiber-like structures to that of a rather uniform melt of nucleosomes (91, 92) or of heterogeneous
groups of nucleosomes, so-called clutches (93, 94). In general, a lack of quantitative experiments at
the mesoscale currently makes it difficult to discriminate between different models. The situation
was similar for large-scale chromatin a few years ago but has improved dramatically since then. An
understanding of mesoscale chromatin organization is expected to improve our understanding of
how nucleosomes are involved in larger-scale organization and, in particular, help us gain a better
understanding of the concrete structures that underlie large-scale organization.

Remarkably, even without a good understanding of mesoscale organization, one can get a long
way by starting from the fact that DNA molecules are long polymers and asking about the poly-
meric state of DNA molecules in the nucleus (95). Until 10 years ago, most scientists assumed
that DNA molecules are in one of the standard polymeric states. However, new experimental
methods suggested in 2009 that DNA molecules have an exotic state called the fractal globule,
discussed in Section 3.1. This is followed by Section 3.2, which gives a deeper insight into why
such states occur. An analogy to nonconcatenated polymer rings or loops proves essential. Sur-
prisingly, true nonconcatenated loops really exist as a central motif to organize chromatin on
larger length scales, because cells use dedicated motors called loop extruders to produce them.
Figure 2 gives an overview of the progress in our understanding. In Section 3.3, the nucleosome
surprisingly comes back into focus as the main organizer of chromosome structures on very large
scales.
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Figure 2

Paradigm shifts in large-scale chromatin organization. (a) FISH experiments on chromosomes in the 1990s suggested that DNA
conformations in interphase chromosomes (interphase is the resting phase between successive mitotic divisions of a cell) behave like
random polymer coils at equilibrium. (b) Chromosome conformation capture, specifically Hi-C data at 1 Mb resolution, suggested in
2009 that the chromosomes are in a metastable polymer state, the fractal or crumbled globule. In addition, it mapped two
subcompartments (indicated here by colors). (c) More recently, Hi-C experiments at 1 kb resolution point toward a loopy globule state,
a steady state maintained by the continuous action of molecular motors, called loop extrusion complexes. In addition, new
subcompartments have been identified. Abbreviation: FISH, fluorescence in situ hybridization.

3.1. From Classical Polymers to Fractal Globules

The size of an isolated polymer scales with the number N of monomers as

R ∝ N ν , 2.

with ν = 1/2 in the absence of excluded volume (random walk, ideal chain) and ν ≈ 3/5 when
there is excluded volume between the monomers (self-avoiding walk, swollen coil) (96). The ideal
case ν = 1/2 can be achieved by tuning the second virial coefficient between monomers to zero
or—what is important here—when one has a semidilute or dense solution of polymers. Polymers
then show overlapping ideal chain configurations because monomers from other chains screen
the excluded volume (96). The classical polymer physics view has been tested by FISH (fluores-
cence in situ hybridization) experiments in which pairs of loci on the DNA are marked and their
distance is measured (97; Figure 2a). However, the classical view of overlapping polymers is chal-
lenged by chromosome painting experiments that show that chromosomes do not mix but instead
each lives in their own territory (98). Neglecting this inconsistency, one can model chromosomes
as polymers inside boxes of the size of their territories, which gives a satisfactory fit (99) to the
data (100).Notably, recent experiments and computer simulations suggest that chromosomes may
correspond to polymers under poor solvent conditions (101–106). In the classical case, this would
still lead to ν = 1/2 (107), but unlike for a good solvent polymer in a box, for nuclei with a volume
larger than the total volume of chromosomes, chromosome-free regions appear (104).

Experiments based on Hi-C, a chromatin conformation capture technique, showed, how-
ever, that chromosomes do not behave as classical polymers (108). In Hi-C, chromosomes are
crosslinked and the connected DNA pieces are sequenced, allowing construction of contact maps
of chromosomes. Averaged over all pairs of contacts, Hi-C found that the contact probability
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pc decays inversely proportional to the number g of bps in between two contact points, pc ∝ g−1

(108), in contrast to pc ∝ g−3/2 for ideal chains. This, according to the authors (108), might be
explained by an idea going back to 1993 (109), where Grosberg et al. speculated that chromo-
somes could not show equilibrium polymer configurations as these would be too much entangled
for their processing in the nucleus. Instead, similarities with collapsed globules were expected.
Such a globule forms when a swollen polymer in a good solvent is suddenly exposed to poor sol-
vent conditions. This leads to a hierarchical collapse into droplets of droplets, etc. As the original
swollen coil was hardly entangled, so too was the collapsed globule.However, the hierarchical con-
formation suggests rather that pc ∝ g−4/3. For deterministic space-filling fractal curves, one can
construct values ranging from −4/3 down to −1 by increasing the degree of interdigitation be-
tween the involved subunits to an extreme (110). In computer simulations of collapsed globules in
Reference 108, the −1 slope could only be reached by a rather unphysical collapse but not under
less extreme conditions (111).

The question remained what a polymer collapse has to do with real chromosomes and why the
structures should be interdigitated. The problem of these nonequilibrium structures is that they
depend on the initial conditions of the system and that the chosen initial conditions did not corre-
spond to the biological system. The way to arrive at a consistent view required the consideration
of timescales.

3.2. From Polymer Rings to Loop Extrusion

Based onReference 112, the equilibration times of human chromosomes was estimated to be about
500 years (113). Large relaxation times for long polymers in dense solutions are caused by their
confinement in tube-like cages formed by other chains, out of which they can only escape through
reptation, a slow snake-like motion (96). In addition, chromosomes start out in mitosis as compact
structures in which they are not entangled with each other. As the chromosomes expand—leaving
the mitotic stage—they collide with each other. Given the huge reptation timescales, they stay
unentangled, each within their territory, and do not mix within a cell cycle. Thus, one might for-
get about the chain ends altogether and close each chain into a ring (113). Because of the initial
compact nonconcatenated mitotic state, these chromosome rings are also not concatenated. This
theoretical line of arguments (114) suggests that one can understand the metastable conforma-
tions of real chromosomes by studying the equilibrium structure of a solution of nonconcatenated
rings (see Figure 3).

What do semidilute solutions of nonconcatenated rings look like? Large-scale computer simu-
lations of solutions of nonconcatenated polymer rings show features that are substantially different
from solutions of linear polymers (115). Notably, rings under these conditions avoid overlapping,
show a compact structure with an overall size that scales likeN1/3, and are self-similar on all length
scales (i.e., stretches of gmonomers have sizes that scale like g1/3), and the contact probability be-
tween monomers decreases with genomic distance as 1/g1.1 (115, 116), which is compatible with
Hi-C data (108).

Surprisingly, nonconcatenated rings are not just a theoretical construct to explain chromoso-
mal territories. Instead, cells actively produce nonconcatenated loops in at least two contexts, as
became clear when contact maps produced by Hi-C measurements reached higher resolutions.
Figure 4a, subpanel i, depicts schematically a low-resolution contact map of a chromosome [at
megabase resolution (1Mb); 108] and Figure 4a, subpanel ii, shows a high-resolution zoom onto
the diagonal at the right [at kilobase resolution (1 kb); 117]. The low-resolution version shows a
checkerboard pattern with the red tiles having a high density of contacts and the blue tiles a low
density of contacts. There are two compartments, A and B, corresponding to euchromatin and
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Figure 3

Large-scale organization of chromosomes. (Top middle) Chromosomal territories in interphase. These follow from the decondensation
of the compact chromosomes (bottom) after cell division. The organization of chromosomes in interphase is an extremely long-lived
metastable state. Human chromosomes need 500 years to mix (top right). The metastable demixed state is related to the equilibrium
state of a solution of nonconcatenated ring polymers (top left), constructed theoretically through ring closure (dashed lines).

heterochromatin, respectively, each producing half of the high-density tiles. We discuss this
further in the next section.

The checkerboard pattern at low resolution was expected. By contrast, the findings at higher
resolution revealed unexpected mysterious structures, called topologically associated domains
(TADs) or contact domains (117). These are tiles of even higher contact density along the di-
agonal (see Figure 4a, subpanel ii), and have a 185 kB median length in human. Surprisingly,
each of the thousands of domains only has higher contact within itself, but not with other TADs.
What could isolate them from each other? Furthermore, the borders of TADs are typically writ-
ten into the bp sequence, with each motif being about a dozen bps long. They are called CTCF
motifs because they serve as binding sites for the insulator protein CTCF. Rao et al. (117) made
the strange observation that these sequences act as borders of TADs only if they are in a conver-
gent orientation (the motif is nonpalindromic, so it can be assigned a direction along the genome).
Something causes the DNA to form a loop, bringing these two CTCF motifs into spatial contact,
but only if they happen to point in the “right” orientation along the genome. How could the two
CTCF motifs know about their relative orientation as they are typically about 200 kB apart from
each other?
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Figure 4

(a) Schematic view of a contact map of a chromosome at two different resolutions. (i) Low-resolution contact map with euchromatin
(indicated by A) and heterochromatin (indicated by B). (ii) A high-resolution zoom onto the diagonal of subpanel i reveals TADs (see
text for details). (b) Sketch of the loop structure of a mitotic chromosome produced by condensin (double disks). Loop repulsion within
and between chromatids is indicated by double arrows. Abbreviation: TAD, topologically associated domain.

As discussed above, the chromosomes’ topology has effectively an isolating effect, causing
chromosomal territories. This requires the large timescales involved for the dynamics of whole
chromosomes. TADs are much shorter and would mix quickly. If TADs were true nonconcate-
nated loops and not just a theoretical construct, they would all be isolated from each other. This
turns out to be true. The cell constantly uses energy to maintain the existence of nonconcatenated
loops by using special motor proteins, called cohesins. Cohesins act as so-called loop extruders
(118). Extrusion complexes contain two DNA binding subunits tethered together. Initially, these
two subunits bind nearby on the DNA. They then move in opposite directions along the DNA
while bridging these increasingly distant chromosomal sites, thereby extruding a DNA loop. The
spooling of DNA into the loop continues until the subunits encounter CTCF proteins bound to
flanking, convergently arranged CTCF binding sites that block further extrusion (see Figure 2c).
As a result, TADs are dynamical systems of loops that are nonconcatenated with each other. Be-
cause nonconcatenated polymer loops do not mix, TADs are spatially separated from one another.
This can be seen in detailed computer simulations (119–121). Through genome editing one can
even flip, add, or remove CTCF motifs and show through contact maps that the TADs change as
expected (122).

Although the biological role of TADs is still fairly unclear, the reason behind the second known
example of loop extrusion is understood. These loops are needed to separate identical DNA
molecules after duplication, leading to the iconic X-shaped mitotic chromosome. The free en-
ergy cost for overlap of two polymer coils despite excluded volume is only about one kBT (123).
This means that cells need to expend energy to separate the two DNA molecules. However, how
can the two identical DNA molecules be distinguished from one another and be pulled apart?
The repulsion of nonconcatenated loops is used here, produced by another loop extruder, called
condensin (124–126).When condensin molecules start to act on the DNA molecules, they create
loops, shortening each chromosome lengthwise.As the loops are nonconcatenated, they repel each
other (see Figure 4b). On one hand, this creates the desired repulsion between the chromosome
pairs that are kept together only at their centers, the centrosomes. On the other hand, the loops
along each chromosome stiffen the complex. The result of this process is the mitotic X-shaped
chromosome, as demonstrated in a computer simulation (127; see also 120, 121). As the two DNA
copies still suffer from entanglements when they are driven apart from each other, a specialized
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protein, topoisomerase II, resolves these entanglements by letting the DNA double helices pass
through each other. Mitotic chromosomes can be reconstituted even without nucleosomes (128),
but if topoisomerase II is absent, a different structure, called sparkler, forms as a result of loop
extrusion (129, 130).

3.3. Epigenetic Inheritance

A problem that cells encounter is how information about the cell type can be passed on to the
two daughter cells. As all cells carry the same genetic information, it is obvious that different cell
types express different genes, and this extra amount of information needs to be “inherited” by the
daughter cells. This belongs to the realm of epigenetics, which is defined as processes that influ-
ence the function and expression of genes and that are long-lived, such that they are transmitted
through mitosis (131). To explain how such information can persist through cell divisions, we
need to look at the molecular mechanisms of epigenetics. There are two main mechanisms (131):
Besides DNA methylation (not discussed here), there are posttranslational modifications (methy-
lations, acetylations, etc.) of the histone proteins. In this case, specific amino acids, typically in the
tails, carry specific tags (Figure 1a). How these epigenetic tags are transmitted through mitosis is
not yet understood.

In preparation for cell division, the genetic material needs to be duplicated. It is known exper-
imentally (132) that during this process the nucleosomes are randomly distributed between the
two newly formed DNA double helices. The resulting empty stretches are then filled with new
nucleosomes made from new histones. As a result, only half of the nucleosomes still carry epige-
netic marks. How do the daughter cells bring the marks back onto the new nucleosomes? This is
crucial in order to maintain cell identity over many cell generations.

I focus on the epigenetic tag H3K9me3 on histone H3 (131; Figure 1a). Nucleosomes with
this tag belong to heterochromatin, the part of chromatin that is more densely packed and less
accessible, as opposed to euchromatin. The checkerboard pattern of hetero- and euchromatin in
contact maps (Figure 4a) is closely mirrored by the H3K9me3 tags (117). These tags come in
long blocks of nucleosomes (median length ≈50 nucleosomes in humans; 133), interrupted by
blocks of nucleosomes without this tag. Explanations of how the missing tags come back onto
the nucleosomes usually involve 1D models (133, 134) in which the repressive tags spread along
the string of nucleosomes and stop at postulated insulators (133, 134). However, this 1D picture
seems unlikely to do justice to the real 3D problem.What is missing is a clear physical insulation
between euchromatin and heterochromatin in three dimensions.

The solution to this problem might involve another player: heterochromatin protein 1 (HP1).
This protein has the ability to form droplets in vitro and in vivo (through weak self-attraction)
(135, 136) and has a specific binding site for the H3K9me3 tag (137–139). The ability of certain
proteins to form biomolecular condensates through liquid–liquid phase separation has meanwhile
become a major topic in biology (140). Chromosomes can be considered as block copolymers with
blocks of H3K9me3-tagged nucleosomes and nucleosomes without the tag. Block copolymers
localize at interfaces between two selective solvents (141); in the current system,H3K9me3 blocks
form loops inside the HP1 droplets and the rest form loops outside the droplets. This geometry
might recover after cell division even for the half-diluted H3K9me3 blocks. The H3K9methylase
Suv39h1,which has been found associated withHP1 (142, 143), can then put themissing tags back,
with the HP1 droplets acting as a reaction container. Conditions in the nucleus might be such
that HP1 droplets only form in the presence of methylated chromosome sections, a mechanism
called polymer-assisted condensation (144), ensuring the right size and location of the condensates.
Some elements of the above described scenario of epigenetic inheritance have been simulated
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before (145), but other elements are missing, e.g., the rearrangement of chromosomes through
cell division.

The scenario discussed so far concerns constitutive heterochromatin, which is always present
in all cells. Chromatin packaging according to cell type might be achieved through facultative
heterochromatin. Here, the tag is H3K27me3 and the role of HP1 might be played by polycomb
repressive complex 1 (PCR1) (146). In addition, PCR1 is autocatalytic and puts a ubiquitin mark
on histone H2A. H2A is known to be lost during DNA duplication (132) and even transcription
(147).Thismight allow cells to sense which genes are needed in the cell and pack the chromosomes
accordingly.

4. SUMMARY

This review article focusses on small- and large-scale structural and dynamic features of chromatin.
The small scales are organized by the nucleosome, a highly dynamic DNA-protein complex that
modulates the access of other DNA-binding proteins to the genetic material. I have emphasized
the strong sensitivity of nucleosomal properties to the underlying base pair sequence. On large
scales, nonconcatenated loops are an important theoretical concept to explain the overall struc-
ture of entire chromosomes. Surprisingly not just as a concept, true nonconcatenated loops play
a crucial role in structuring interphase and mitotic chromosomes. Finally, I discussed how nu-
cleosomes influence the large-scale structure of chromosomes through their epigenetic tags. The
space allotted did not allow me to discuss other important subjects, such as correlated chromatin
motion over several micrometers (148, 149) and the rheology of chromatin (150).

DISCLOSURE STATEMENT

The author is not aware of any affiliations,memberships, funding, or financial holdings that might
be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

My own research on chromatin was done in collaboration with G.T. Barkema, R. Blossey, G.
Brandani, RF. Bruinsma, J. Culkin, L. de Bruin, M. Emanuel, B. Eslami-Mossallam, R. Everaers,
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