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Abstract

The compaction of genomic DNA into chromatin has profound implications for the regulation of
key processes such as transcription, replication and DNA repair. Nucleosomes, the repeating
building blocks of chromatin, vary in the composition of their histone protein components. This is
the result of the incorporation of variant histones and post-translational modifications of histone
amino acid side chains. The resulting changes in nucleosome structure, stability and dynamics
affect the compaction of nucleosomal arrays into higher-order structures. It is becoming clear that
chromatin structures are not nearly as uniform and regular as previously assumed. This implies
that chromatin structure must also be viewed in the context of specific biological functions.

Genomic DNA in eukaryotic cells ranging from yeasts to humans is packaged with an equal
mass of protein to form chromatin. Through various mechanisms, the organized and
compacted genome is made accessible for readout by the complex machinery involved in
gene transcription, DNA replication and DNA repair. The repeating unit of chromatin is the
nucleosome, which is formed by wrapping ~145-147 bp of DNA around a histone octamer
corel. Nucleosomes are connected by short DNA segments (termed ‘linker DNA’) into
nucleosomal arrays, which undergo short-range interactions with neighbouring nucleosomes
to form chromatin fibres. Subsequent fibre—fibre interactions contribute to the high degree of
compaction observed in the condensed chromosome?2. The beads-on-a-string organization of
individual nucleosomes (which vary in the DNA sequence that is being organized, as well as
in the amino acid sequence and combinations of post-translational modifications (PTMs) of
the histones) can be termed the “‘primary structure’ of chromatin, which in turn defines
‘secondary” and “tertiary” higher-order chromatin structures3 (FIG. 1).

Given the ever-increasing number of histone variants and PTMs that are being identified,
and considering that each nucleosome contains two copies of each histone, the number of
theoretically possible variations in chromatin primary structure is astronomical. In addition
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to variations of the components of the nucleosomes themselves, architectural chromatin
proteins (ACPs) and nucleosome-binding proteins (including those that specifically
recognize modified histones), histone chaperones and ATP-dependent chromatin
remodellers also affect chromatin structure at all levels. Changes to chromatin structure can
apply to the nano-scale, for example by establishing the local structure of an active
promoter, or to the micro-scale, in which case megabases of DNA are organized into
specialized structures such as the centromere and surrounding constitutive heterochromatin.

There is now a large collection of high-resolution nucleosome crystal structures from
different species, showing PTMs, histone variants and nucleosomes in complex with nuclear
proteins (reviewed in REF. 4). Single-molecule approaches have led to exciting insights into
the dynamic properties of nucleosomes that were not apparent from the crystal structures®. It
is now clear that the various crystal structures represent just one possible state of the
nucleosome, and that the incorporation of PTMs and histone variants has the potential to
shift the equilibrium between different structural states. This variability affects the
compaction of the chromatin fibre and the interaction of nucleosomes with non-histone
proteins. Numerous /1 vitro studies have addressed the effect of PTMs and histone variants
on chromatin condensation, and several (sometimes contradictory) experimental and
computational models for higher-order structure have been proposed. High-resolution
sequencing techniques have allowed the mapping of nucleosome position over entire
genomes to near base-pair resolution, and exciting (if controversial) progress has been
made in predicting nucleosome position from DNA sequence alone’. Here we summarize
evidence for the dynamic structural states of nucleosomes that result from changes in
nucleosome primary structure and discuss how the variability of nucleosome structural states
in turn influences the folding of chromatin into more compacted states. We also review
recent work that challenges the long-held notion of a hierarchical organization of chromatin.

Nucleosome structure and stability

In the “canonical nucleosome structure’, which is assembled from major-type, unmodified
histones and a DNA fragment of defined length and sequence, 147 base pairs of DNA form
a tight, two-turn ‘superhelix’ around a wedge-shaped compact histone octamer composed of
two copies each of the histones H2A, H2B, H3 and H4 (FIG. 2). The nucleosome is
stabilized by a multitude of protein—protein interactions within the histone octamer and by
numerous electrostatic and hydrogen bonds between protein and DNA over its entire
length18:9. The vast majority of DNA-histone interactions are between structured regions of
the histones and DNA10, whereas the flexible histone tails (the sites of most PTMs) extend
away from nucleosomal DNA and are mainly involved in interaction with neighbouring
nucleosomes or with nuclear factors!l,

Variations in the protein composition of the nucleosome

Histone variants are encoded by genes that are distinct from the genes encoding their major-
type counterparts. Unlike major-type histones, variants are expressed throughout the cell
cycle and are incorporated into nucleosomes in DNA replication-independent pathways
(reviewed in REF. 12) that often involve specific histone chaperones and ATP-dependent
chromatin remodelling factors (see below). Histone variants replace missing histones or are
specifically recruited to precise genomic locations. Most histone variants have been
identified for histones H2A and H3 (BOX 1). Histone variants are highly conserved between
different species, indicating that they have evolved to fulfil important functions that cannot
be accomplished by their major-type counterparts, as has been demonstrated for H2A.z13
and CenH3 (REFS 14,15). By contrast, H2A.Bbd-like histone variants, including human
H2A.Bbd16 and mouse H2A.Lap1 (REF. 17) are evolving rapidly to carry out tissue- and
even cell-specific transcription roles in the testes and brain.
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Box 1
Histone variants for histones H2A and H3
H2A.Z

This is found in virtually all eukaryotes. Despite intense studies, its functions remain
enigmatic. Roles in establishing a poised or active RNA polymerase Il promoter
architecture, and more generally in gene activation and silencing, have been described. It
appears to be of particular importance at developmental genes in embryonic stem cells
and is thus essential for early development, chromosome stability and centromere
function.

MacroH2A

This is a vertebrate-specific H2A variant with a large carboxy-terminal ‘macrodomain’

that is connected to the histone fold region through a flexible linker. It exists in several

splice variants that exhibit different functions. It is enriched on the mammalian inactive
X-chromosome.

H2A.Bbd

This is a human-specific H2A variant that is expressed in the testes and the brain. Its
function is largely unknown.

H2A.Lapl

This is the mouse isoform of H2A.Bbd, and is likewise expressed in the testes and brain.
It is involved in the temporal and spatial activation of testis-specific genes.

H2A.X

H2A.X has an SQ C-terminal motif that becomes Ser phopshorylated at sites of double-
strand DNA breaks.

H3.3

H3.3 replaces H3 at regions of active transcription. Like most histone variants, it is
incorporated in a replication-independent manner. It is involved in gene activation as
well as in heterochromatin formation.

CenH3

The centromeric H3 histone variant (CenH3, but specifically referred to as Cse4 in yeast,
CENPA in humans and mice, and Cid in Drosophila melanogaster) is essential for
assembly of the proteinaceous kinetochore to which the spindle microtubules attach
during mitosis and meiosis.

PTMs are small, chemical modifications to amino acid side chains!® that are added and
removed post-translationally by a multitude of highly specific enzymes, with numerous
complex and very specific biological outcomes. Histone-modifying enzymes are recruited
through diverse mechanisms: for example, site-specific DNA-binding factors!?, co-
activators and repressors2?, RNA polymerase 1121 or preceding histone modifications?2.
Virtually all known types of protein modifications are found on histones, and new types of
modifications as well as new locations on histone proteins are discovered at a rapid pace23,
although in many instances their biological significance awaits confirmation.

Despite the absence of site-specific interactions between histones and DNA bases, DNA
sequence affects nucleosome structure through its sequence-encoded propensity for being
distorted into the tight superhelical conformation that is dictated by the histone octamer;
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these properties are also thought to affect nucleosome positioning. This is a key parameter,
as the DNA sequence of each nucleosome is unique.

Numerous X-ray crystallographic studies show that the overall architecture of the
nucleosome is remarkably unaffected by variations in histone sequence, PTMs and DNA
sequence (reviewed in REFS 4,24). Nevertheless, crystallographic studies allude to effects
on nucleosome stability and/or dynamics. First, consistent differences are found at the small
interface at which two H2A-H2B dimers interact, when H2A is replaced with either H2A.Z
or macroH2AZ, Second, an “acidic patch’ formed by several amino acids from H2B and
from the docking domain of H2A (FIG. 2) is expanded in nucleosomes containing H2A.Z
without causing effects on DNA interaction but with significant consequences for chromatin
folding (see below). Third, minor variations in local DNA geometry have been observed
when comparing crystal structures of nucleosomes with DNA binding ligands or with
different DNA sequences®.

In most structures, the ends of the DNA are tightly organized through base-stacking
interactions between neighbouring nucleosomes?®. The notable exception is a nucleosome in
which the variant CenH3 replaces H3 (BOX 1). In this structure, the 13 terminal base pairs
of DNA are not visible owing to weakened interactions between DNA and the histone
octamer at entry and exit sites of the nucleosome; consequently, the crystal packing does not
involve the DNA ends?’. Single-molecule DNA unzipping experiments confirmed that
octameric CenH3 nucleosomes from yeast bind the terminal DNA segments much more
weakly than their major-type counterparts28. This may not be a unique property of
centromeric H3, as the histone variants H2A.Bbd?%-30 and H2A.Lap1 (REF. 17) also form
nucleosomes in which the terminal DNA segments are only loosely organized. However,
when compared with chicken erythrocyte nucleosomes, nucleosomes with certain plant H2B
and H2A variants appear to protect additional linker DNA31:32,

Nucleosome stability

Changes in the chemical composition of nucleosome components can also affect the overall
stability of the nucleosome (that is, the number and strength of protein—protein and protein—
DNA interactions) without changing its overall structure. When considering nucleosome
stability, it must be remembered that nucleosomes are modular, multi-component
assemblies, and thus their thermodynamic stability can be defined in a number of ways33.
Quantitative descriptions of the binding constants of the (H3-H4), tetramer to DNA and of
the H2A-H2B dimer to the (H3-H4), tetramer—-DNA complex under physiological
conditions are essential to understand how modifications of histones modulate DNA
accessibility (see, for example, REF. 34). These parameters also provide insights into the
pathways by which nucleosomes are assembled and disassembled (FIG. 3a). Recent /n vivo
work suggests that histones turn over in a replication- and transcription-independent manner,
and at a much more rapid rate than previously anticipated3®3; this, in turn, is at least in part
determined by the intrinsic stability of the nucleosomes themselves. Several studies have
investigated the stability of H2A.Z nucleosomes in response to variations in ionic strength,
and some interesting effects have been identified3’. Additionally, variant nucleosomes are
shown to differ in their ability to be remodelled by the various ATP-dependent chromatin-
remodelling factors38-40,

Alternative nucleosome structures

These findings are consistent with the notion put forward by the late Jonathan Widom that
the terminal DNA segments in all nucleosomes undergo spontaneous unwrapping and
rewrapping®142 (FIG. 3a). Restriction enzyme analysis, quantitative measurements of the
interaction of proteins with nucleosomal DNA, fluorescence resonance energy transfer
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(FRET) and high-speed atomic force microscopy (high-speed AFM) have shown that
nucleosomal DNA partially and rapidly dissociates from the histone octamer in a reversible
manner#1-44, This concept has wide-ranging implications for the regulation of nuclear
processes, as it provides an explanation for how DNA-binding factors access their site
within the context of chromatin. The rates and extent of unwrapping are affected by DNA
sequence as well as by variations in histones (especially histones H2A and H3, as these
contact the terminal DNA segments; FIG. 2). For example, acetylation of histone H3 Lys56
(H3K56) leads to increased rates of site exposure®®, whereas PTMs such as acetylation of
H3K115 and H3K122 near the nucleosomal dyad have distinctly different effects#6. As
pointed out above, the histone variants H2A.Bbd and CenH3 do not tightly organize the
terminal DNA segments and thus are more likely to exist in an ‘open state’. The
organization of nucleosomes into chromatin fibres only results in modest changes in the
rates of DNA exposure, suggesting that nucleosomes in chromatin fibres also undergo
transient DNA breathing?3,

More recently, single-molecule FRET approaches led to the identification of an open state of
the nucleosome during salt-dependent nucleosome assembly and disassembly*’48 (FIG. 3a).
This state is characterized by a partial disruption of the interface between the H2A-H2B
dimer and the (H3-H4), tetramer while the H2A-H2B dimers remain attached to the DNA.
Thermodynamic considerations predict that this state is significantly populated under
physiological conditions. A recent high-speed AFM study of single nucleosomes showed
that DNA not only fluctuates at the entry and exit sites but also that nucleosomes can
undergo spontaneous sliding, ‘splitting” and complete dissociation without the involvement
of additional proteins such as ATP-dependent chromatin-remodelling factors®4.

Independent evidence for alternative nucleosome structures in solution, at concentrations
that are more physiological than those used in single-molecule or AFM experiments, has
been provided by small angle X-ray scattering (SAXS)28:49:50, SAXS data are consistent
with nucleosomal states involving partially dissociated peripheral DNA and/or with the
structural states described in FIG. 3a. Distinct differences are observed between
nucleosomes reconstituted with various DNA sequences and between nucleosomes
reconstituted with different histone variants. As SAXS measures the bulk of all molecules in
solution, equilibria between open and closed states are consistent with the observed results.

Several accounts of more extreme, non-canonical nucleosome structures have been reported
over the years (see REFS 51,52 for recent reviews and FIG. 3b for cartoon representations of
some of the proposed models). These include still controversial accounts of centromeric
nucleosomes containing right-handed DNA wrapping as opposed to the conventional left-
handed path®3, perhaps with less than a full complement of histones®#5556-58, An extreme
type of open nucleosome structure, the lexosome (which is characterized by the splitting of
the two halves of the (H3—H4), tetramer), was proposed in 1991 (REF. 59), but no further
reports have confirmed this phenomenon. Non-canonical nucleosome structures are not
likely to exist in equilibrium with the canonical nucleosome structure.

Although the biological significance of the structural transitions described above still awaits
confirmation, it is likely that non-canonical nucleosomes exist /n vivo. These might be
transient — for example, as the intermediates of assembly and disassembly processes34:60
— or they might occur during transcription1. More permanent changes may result from the
incorporation of histone variants (see, for example, REFS 53,54). There is also recent and
mounting evidence for non-canonical nucleosomes that protect less than the requisite 147
base pairs at specific regions of the genome /n vivo (see, for example, REFS 62-64).

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Luger et al.

Page 6

New tools to sequence the primary structure of chromatin

Together, these examples illustrate how intrinsic modifications to components of the
nucleosome affect its dynamic properties. With the advent of even more refined techniques
to study nucleosome structure (for example, REFS 65-67), paired with the ability to
generate “designer nucleosomes’ bearing all kinds of combinations of PTMs, histone
variants and DNA sequence®8-72, we are likely to see a more systematic investigation of
biologically relevant modifications on nucleosome structure. It is intuitively obvious that
alternative nucleosome structures potentially affect all interactions that they are engaged in,
especially the formation of higher-order chromatin structures. Additionally, they may
contribute to the regulation of DNA accessibility through differences in their ability to be
remodelled by histone chaperones and ATP-dependent chromatin remodelling factors (see
below).

Nucleosome positioning

The specific positioning of key regulatory nucleosomes around promoter regions and
transcription start sites, often to base-pair accuracy, is an important component of gene
regulation, as is the localized absence of nucleosomes. Recent technological advances have
allowed the mapping of nucleosomes throughout entire genomes with very high resolution,
and attempts have been made to derive a ‘nucleosome positioning code’ that may
exclusively be embedded in the DNA sequence’3:74. Although opinions still diverge on
whether DNA sequence alone determines nucleosome position (reviewed in REF. 75), it is
clear that other nuclear factors, such as ATP-dependent remodelling factors or pre-bound
proteins, also contribute by creating local boundaries’76-81, To what level the outcome is
determined by one or the other is likely to be context dependent. One must also keep in
mind that nucleosome position is not absolute but subject to change in time through
spontaneous movement or through the action of remodelling factors and polymerases. In
light of the growing ensemble of alternative nucleosome structures®? (FIG. 3), a pertinent
question in interpreting the wealth of mapping data is also how inclusive our definition of a
nucleosome should be83:64, Nucleosome mapping experiments provide a snapshot through a
large population of cells, and thus important information on the longevity of mapped
positions is lost. An elegant approach to provide this missing information comes through the
development of a method to directly measure histone turnovers3®.

ATP-dependent chromatin remodelling factors

ATP-dependent chromatin remodelling factors are large, macromolecular machines that use
energy from ATP hydrolysis to change chromatin structure through sliding, disassembling
or otherwise restructuring nucleosomes (reviewed in REF. 82). Accordingly, the biological
outcomes of remodelling activity are varied. For example, the nucleosome sliding activity of
remodellers (particularly of the ISWI family) alters the spacing of nucleosomes, which is
important for chromatin assembly and folding into higher-order structures after DNA
replication83-85, However, localized nucleosome sliding can lead to the exposure or
occlusion of DNA elements, which may result in transcription activation or repression. SWI/
SNF family remodellers are more disruptive, and their activity includes nucleosome sliding,
displacement of H2A-H2B dimers and/or complete removal of nucleosomes86-88, Members
of this family are usually associated with transcription activation.

The activities of many remodellers are affected by the presence of histone variants.
MacroH2A and H2A.Bbd reduce the efficiency of the SWI/SNF family of remodelling
factors39:89, whereas H2A.Z stimulates remodelling by the ISWI family38. The H2A variant
effects on remodelling are at least partly associated with the sequence difference in the
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docking domain/acidic patch of H2A (FIG. 2), which is required for remodelling activities
by these factors®.

The ATP-dependent SWR1 complex specifically mediates the exchange of H2A with
H2A.Z at specific genomic loci®s=93, This happens in a stepwise manner®#, consistent with
the pathways shown in FIG. 3a. The INO80 complex in turn removes H2A.Z from ‘wrong’
locations®®. ATP-dependent remodellers also contribute to constraining centromeric protein
A (CENPA) to the centromere®. Incorporation, and perhaps also removal, of either histone
variant is aided by specific histone chaperones such as yeast Chz1 (REF. 97) and suppressor
of chromosome mis-segregation protein 3 (Scm3; known as Holliday junction recognition
protein (HJURP) in humans), which distinguish them from their major-type counterparts.

Many ATP-dependent chromatin-remodelling enzymes functionally interact with the
activities involved in the PTMs of histones. Some PTMs promote ATP-dependent chromatin
remodelling by creating the binding sites for remodellers®8:%9. For instance, acetylation of
nucleosomes aids the recruitment of SWI/SNF remodellers (through their acetyl-group-
binding bromo-domain) and increases remodelling efficiency. Acetylation of H2A or H4
tails stimulates the SWR1-mediated exchange of H2A with H2A.z100.101 By contrast, ISWI
and chromodomain-helicase-DNA-binding protein 1 (CHD1) remodelling activities are
inhibited by acetylation of the nucleosomes99:102,

Chromatin secondary structure

Linear arrays of nucleosomes are folded and compacted into three-dimensional (3D)
assemblages of higher-order structures. To better describe higher-order chromatin structures,
secondary chromatin structures have been defined as those structures that arise from the
folding of an individual array (the primary structure) to produce a defined fibre (for
example, the 30 nm fibre). Subsequent intermolecular interactions between secondary
chromatin structures produce large-scale configurations (tertiary structures; FIG. 1).

Given the fundamental role of chromatin higher-order structures in regulating all DNA- and
chromosome- dependent processes, a major goal has been to elucidate the 3D arrangement
of long nucleosomal arrays /n vivo at interphase, and their transition to the highly compacted
form at metaphase. Because of the complexity of the problem and limitations of current
microscopic approaches, it is not surprising that progress has been slow and interpretation of
the results has been controversial. Significant advances have come from a reductionist
approach in which defined /n vitro chromatin is assembled from purified DNA and histones.
Under physiological salt conditions, an array of nucleosomes folds into a secondary
chromatin structure with the same hydrodynamic shape as the 30 nm fibre, and a population
of these fibres self-associates to form highly condensed tertiary structuresi03. Although
valuable information on the principles governing chromatin compaction has been obtained
from these /n vitro experiments, it must be pointed out that in recent years the very existence
of large sections of 30 nm fibres in living cells has been called into question104-106,

Zigzag or solenoid? Two models for the 30 nm fibre

Despite years of effort, the structure of the 30 nm fibre has not been resolved. Two
competing models, the solenoid and zigzag arrangement of nucleosomes, have been
proposed on the basis of in vitro data? (FIG. 4). In the ‘one-start” solenoid model,
consecutive nucleosomes interact with each other and follow a helical trajectory with
bending of linker DNA17. In the ‘two-start’ zigzag structure, two rows of nucleosomes
form a two-start helix so that alternate nucleosomes (for example, N1 and N3) become
interacting partners, with relatively straight linker DNA198 (FIG. 4). Twisting or coiling of
the two stacks can produce different forms of the zigzag model.
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The main reason the structure of the 30 nm structure has not been resolved is that its highly
compacted nature prevents the path of the DNA from being visualized by electron
microscopy199. Crosslinking studies and the ultimate crystallization of a tetranucleosome
array (albeit with a very short 167 bp nucleosome repeat length (NRL)) have provided the
strongest evidence to date that the 30 nm fibre adopts a zigzag structure198.110 However, the
biological relevance of this structure is questioned given that the short repeat length and the
absence of linker histone H1 is not typical for higher eukaryotes!11:112, | inker histone H1
(for which several variants and post-translationally modified versions have been identified)
binds tightly to nucleosomes with linker DNA113.114 and stabilizes the higher-order
structure of chromatin1l, Although its biological role is still controversialll®, it is clear that
most nucleosomes in metazoans are bound by H1. Cryo-electron microscopy on long regular
nucleosomal arrays with defined and constant repeat length, and in the presence of linker
histone, resulted in a very tight compaction of reconstituted chromatin fibres, especially for
repeats above 207 bp109.116_ At that time, this was interpreted as evidence for a multiple-
start interdigitated solenoid modell1! because the observed high nucleosome packing ratio
was not compatible with two-start zigzag or classic one-start solenoidal models. A more
recent molecular modelling study showed that these compact structures were also consistent
with a set of multi-start chromatin fibre models with extended nucleosome linker DNALY,

A recent study using electron microscopy-assisted nucleosome capture (EMANIC) may
have finally resolved this issue, at least for /7 vitro-assembled chromatinl18, In this
approach, a limited number of inter-nucleosomal contacts within condensed chromatin are
fixed by formaldehyde. Chromatin is then decondensed in low salt, and transmission
electron microscopy is applied to quantitate the nature of nucleosome—nucleosome contacts.
This study demonstrated that there is not one uniform type of helical fibre organization but
rather conformational heterogeneity of nucleosome interactions (hence ‘heteromorphic’
fibre). Second, although the fibres showed a predominantly two-start organization, the
structures were interspersed with partially bent linker DNA where interactions between
consecutive nucleosomes typical of one-start solenoids occurred.

Innovative modelling and simulation approaches have been applied to explore the structure
of the 30 nm fibre under a wide range of parameters, including variations in nucleosome
shape, linker length, strength of tail-mediated interactions and salt conditions and in the
presence and absence of linker histones17:119-123 Remarkably, mesoscopic modelling
revealed the same heteromorphic 30 nm fibre structure obtained through EMANIC18, A
heteromorphic fibre with predominant two-start (zigzag) type interspersed with one-start
conformations was energetically more favourable than uniform zigzag or solenoid
conformations under conditions that promoted the most compact folding (that is, the
presence of linker histone and Mg2* counter ions). These results suggest that linker length
could influence the chromatin fibre organization: short to medium NRLs (173-209 bp)
favoured chromatin fibre condensation into irregular zigzag structures, whereas solenoid
features were viable for longer NRLs (218-226 bp)121. Experimentally, the NRL was shown
to affect chromatin folding of the arrays with short NRLs (165-177 bp) but not medium
NRLs (188-209 bp)124. On the basis of the compaction behaviour of reconstituted
chromatin12 and meso-scale modelling of oligo-nucleosomes, it has been argued that in
short to long NRLs (173-209 bp), linker histones promote stiffening of linker DNA. The
formation of the DNA stem prevents DNA bending, thereby destabilizing solenoid-like
features'2l, On nucleosomal arrays with even longer NRLs, linker histones cannot prevent
bending of linker DNA in their middle section125:126,

Most of the /n vitro studies discussed above were done on homogenous nucleosomal arrays

with a regular repeat length and exquisitely accurate positioning of nucleosomes. However,
the very technological advance that enabled these studies may also distort the results
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towards a highly defined architecture that probably does not accurately reflect the /in vivo
structure of an ‘average’ chromatin fibre with variable DNA sequence, repeat length and
heterogeneous histone populations with different PTMs. Rather than a ‘universal’ structure
of chromatin, multiple conformations may exist depending on the physiological context (for
example, the transcriptional state, cell cycle stage, developmental stage and response to
environmental signals and damage). All of these impart their own specific requirements for
a unique chromatin structure to control genome function. Therefore, understanding
chromatin structure is exceedingly more complex than previously assumed, and it is unlikely
that a ‘one-fits-all’ solution to the problem can be found.

Histone tail meets acidic patch

Despite the apparent controversy, much has been learnt about the molecular determinants of
chromatin folding /n vitro. Various crystal structures of nucleosomes give insights into the
variability of nucleosome—nucleosome packingl:110.127; two examples are shown in FIG. 5.
Central to all of these interactions is the acidic patch on histone H2A-H2B (FIGS 2,5). /n
vitro neutralization of just three acidic residues within the acidic patch on the nucleosome
inhibited inter-nucleosome interactions and the formation of the 30 nm fibre, demonstrating
the importance of this patch in promoting nucleosome-nucleosome interactions!28,
Conversely, neutralization of additional acidic amino acid residues within this patch
inhibited rather than facilitated interactions between nucleosomes2. Therefore, the relative
strength of the interaction between adjacent nucleosomes in the chromatin fibre may be a
balance between attractive and repulsive interactions (FIG. 5). A comprehensive histone
mutation approach in yeast revealed that specific acidic amino residues within this patch are
essential for cell survival30, This same study also showed that specific amino acid residues
that contribute to transcriptional activation, transcriptional silencing or DNA repair and
DNA replication cluster in distinct regions on the histone octamer surface.

There is evidence that the amino-terminal tail of histone H4 originating from an adjacent
nucleosome interacts with the acidic patch to mediate nucleosome—nucleosome
interactions!®8 (FIG. 5) and that this interaction is disrupted by the acetylation of H4K16
(REF. 102). A thorough analysis of the effect of acetylation and GIn mutation of Lys
residues 5, 8, 12 and 16 and different cations led to the proposal that the H4 tail also
simultaneously interacts with a site on histone H2B131. Whereas acetylation of the H4 tail
inhibits chromatin compaction, dimethylation and trimethylation of Lys20, a mark for
constitutive heterochromatin, promotes intra-nucleosome interactions and the formation of
the 30 nm fibrel32, The H4 tail can also interact with the acidic patch on its own
nucleosome®33, and it has been proposed that this interaction may indirectly stabilize the
wrapping of DNA at the entry and exit points'28, The tails of the other histones also
contribute in the following order of importance: H4 >H3 > H2A/H2B133-135_ Of note is the
unusual carboxy-terminal linker domain of macroH2A that promotes extreme chromatin
compaction in vitrot36. The less important role of the other histone tails, especially of H3, in
directly mediating chromatin compaction enables them to participate in other functions, such
as the recruitment of a large variety of effector proteins through their modification status.

Local modulation of the 30 nm fibre

Adding to the notion that a uniform chromatin secondary structure would rarely exist in a
living cell, various subtle changes to the structure and/or composition of a nucleosome can
have a profound effect on the extent of chromatin compaction and the types of structures
assembled. For example, histone H2B ubiquitylation disrupts local and higher-order
chromatin compaction?37. Also of note are minor alterations to the acidic patch region
generated by the replacement of H2A with its variant forms. H2A.Z promotes
internucleosome interactions and the formation of the 30 nm fibre (compared to H2A), and
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this ability is dependent on the extended acidic patch of H2A.Z (remarkably, just two amino
acid residues) /n vitrot38. Significantly, this same region of H2A.Z is required for survival in
Drosophila melanogaster*3. Histone H2A variants with a partially neutralized acidic patch
have also been identified. The human histone H2A. Bbd variant39 lacks three of the six
H2A acidic amino acid residues and, consequently, H2A.Bbd nucleosome arrays cannot
fold128, Intriguingly, the major amino acid residue differences in H2A.Z, H2A.Bbd and its
mouse homologue, H2A.Lap1, that are responsible for changes in the dynamics of the
chromatin folding pathway all lie in the acidic patch of H2A.

H4 tail mimicry

A recently defined class of chromatin-binding proteins can mimic the ability of the H4 tail to
dock onto the acidic patch, thereby potentially modulating chromatin structure. The 20 N-
terminal amino acids of the Kaposi’s sarcoma-associated herpesvirus protein latency-
associated nuclear antigen (LANA) mediate the attachment of the viral genome to
chromosomes by specifically binding to the acidic patch of nucleosomes149. This
mechanism of interaction is also used by the cytokine interleukin-33 (IL-33), an abundant
chromatin- associated factor in endothelial cells that is involved in regulating transcription.
Like LANA, IL-33 binds to chromatin by specifically interacting with the acidic patch14Z,
The crystal structure of regulator of chromosome condensation 1 (RCC1) bound to the
nucleosome demonstrated an interaction between a surface loop in RCC1 and the acidic
patch and neighbouring residues via an extensive network of hydrogen bonds and van der
Waals contacts42, Silent information regulator 3 (Sir3) also contacts the same area on the
nucleosomel#2 (FIG. 2), with intriguing implications for possible higher-order structure
organization. A recent tour-de-force in NMR has added high mobility group nucleosome-
binding domain-containing protein 2 (HMGN?2) to this group of proteinsl44. Finally, the
extended acidic patch of H2A.Z enhances the chromatin-binding affinity of heterochromatin
protein 1a (HP1a; also known as CBX5)138, Thus, it appears that the region containing the
acidic patch has evolved as the hub for nucleosome-interacting proteins, in addition to being
key for chromatin condensation.

Chromatin tertiary structures

The most easily visualized chromatin structures are metaphase chromosomes at the end
point of chromatin compaction in dividing cells. The tertiary structure of nucleosomes in
metaphase chromosomes must be constrained and nonrandom to a high degree to allow for
the rod-like structures with reproducible lengths and diameters, and unique banding patterns.
The fundamental question is whether long nucleosomal arrays actually fold and compact in a
reproducible manner during the formation of metaphase chromosomes. The textbook view is
that chromosomes form from the ordered hierarchical coiling of the 30 nm fibre into
sequential higher-order stages of condensation, with each more compacted stage dependent
on the coiling or folding of the chromatin fibre of the previous stage. However, recently the
existence of the 30 nm fibre has been questioned194-106, ags neither it nor any other type of
ordered secondary structure has been observed reproducibly in mammalian cells. Alternative
models have been proposed that involve a less-ordered chromosome condensation
process105. One plausible scenario is that the physical arrangement of the metaphase
chromosome is similar to a ‘molten globule’ or ‘polymer melt’ state2105.145 arising from the
interdigitation of over-crowded and irregularly folded nucleosomal arrays (FIG. 6). Electron
spectroscopic imaging of interphase chromatin appears to show a mesh of 10 nm fibres105,
A criterion for any model for the metaphase chromosome is that the compaction ratio must
increase by 10 nucleosomes per 10 nm146.147 and such interdigitation allows these packing
ratios to be reached19. Although the polymer melt model may explain how chromatin fibres
interact and compact, it cannot account for the rod-like structures that occur at metaphase.
Other chromatin-organizing and chromatin-compacting proteins, such as topoisomerases and
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condensins, are likely to have an important role at this final organizational level, and so this
issue is far from being resolved.

An important aspect of the higher organization of chromatin is that specific nucleosomes
may be distant with respect to their primary structure but may be within interacting distance
in the context of higher-order 3D (or tertiary) structures, in analogy with protein folding
(FIG. 6). For example, analysis of extended chromatin fibres (~50-100 times their normal
interphase length) revealed that 10-40 kb regions of CenH3- and H2A-containing
nucleosomes are interspersed with similar-sized domains of dimethylated H3 and H2A.Z.
Upon folding of the fibre at metaphase, CenH3- and H2A-containing nucleosomes and
dimethylated H3- and H2A.Z-containing nucleosomes occupied distinct 3D locations148,
Ultimately, if the 3D path of DNA can be elucidated for a chromosome or a chromosome
domain, it may then be possible to superimpose linear epigenetic maps onto this 3D
structure to fully understand how the epigenetic code links chromatin structure and function.

Tertiary chromatin structure: hierarchy or anarchy?

To directly distinguish whether the same nucleosomes (that is, the same DNA sequences)
are always positioned in the same 3D space within a metaphase chromosome or whether
there is an element of disorganization and randomness implied by the molten globule model,
artificial segments of chromosomes were created and tagged by the insertion of multiple
copies of the lac operator sequencel49. No reproducibility in the lateral positions of the
tagged sequences was observed in mitotic chromosomes. Moreover, positioning of these
sequences differed even between sister chromatids. This argues against a reproducible
hierarchical folding model for the formation of a metaphase chromosome but instead
suggests a disordered and random aspect to the compaction of chromatin at metaphase, at
least at some stage of the condensation process. Therefore, both at the local level of the
chromatin fibre and at the global level of the chromosome, structural uniformity is not a
dominant feature of chromatin.

Transcription in a compact environment

What is the correlation between chromatin compaction and transcription? /n7 vivo, it has
been shown that actively transcribed genes exist in a chromatin state that is up to 25 times
more compact than the 30 nm fibre, suggesting that transcription occurs within condensed
large-scale tertiary chromatin fibres at interphase®0, Perhaps counter-intuitively, an
interdigitated state may in fact facilitate greater access of transcription factors to DNA via
the dynamic movement of unfolded nucleosome fibres (FIG. 6). In such an arrangement,
DNA would more often be exposed than in highly folded secondary structures such as the 30
nm fibre, which has been shown to be highly refractory to transcription /n vitro'28.
Moreover, the location of transcribed nucleosome arrays on the surface of tertiary chromatin
structures, aided by specific histone modifications and ATP-dependent chromatin-
remodelling machines®1, would further enhance the accessibility of the transcriptional
machinery (perhaps by being able to peel away from the large-scale interdigitated tertiary
chromatin fibre)152-154, Supporting this notion is the in vitro finding that promoting fibre—
fibre interactions (while simultaneously inhibiting 30 nm fibre formation) is positively
correlated with transcriptional activation128, Thus, even the long-held view that chromatin
must be significantly decondensed for transcription to occur is being challenged.

ACPs also contribute to the modulation of nucleosome and chromatin structure through
diverse mechanisms (reviewed in REF. 155). ACPs modulate the structural properties of
chromatin to create functionally unique, higher-order chromatin structures. All known ACPs
are involved in silencing gene expression by sterically hindering access to nucleosomal and
linker DNA. The most intensively studied ACPs include HP1, methyl-CpG-binding protein
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2 (MeCP2) and the Polycomb group complex. HP1 binds nucleosomes as a tetramer!®6 and
enhances the interactions between nucleosomes and the formation of compacted chromatin
secondary structures. MeCP2 and the Polycomb complex organize nucleosomes in their own
distinct ways to generate functional unique compacted structures®7:158, Therefore, it
appears that the type of repressive chromatin structure assembled may vary depending on
the specific transcription networks that need to be repressed.

Final perspective

An emerging key feature of chromatin is that small changes in chromatin primary structure
yield dramatic effects in its large-scale organization. Numerous and often subtle changes by
PTMs, histone variants and DNA sequence can significantly affect nucleosome shape and
stability and its protein surface. These alterations are subsequently amplified via altered
intra- and internucleosome interactions within a chromatin fibre to produce vastly different
chromatin higher-order structures, which in turn define function. Adding to this complexity
of structural regulation are architectural chromatin-binding proteins and a plethora of protein
(and RNA) ‘readers’ and “writers’ of PTMs.

Together, the emerging data forces us to re-evaluate the notion of the nucleosome and
chromatin as highly defined structural states, and calls into question the long-held truism
that the chromatin fibre must be decondensed for transcription to occur. Rather, we have to
consider a continuum of various inter-convertible states at all levels of condensation. One
probable function of histone variants, PTMs, histone chaperones and ATP-dependent
chromatin-remodelling factors may be to ease transitions between these many states.
Although valuable information can be obtained from the investigation of defined model
systems of chromatin higher-order structures, the challenge of the future is not to elucidate
the universal structure (or structures) of chromatin at various levels of condensation but to
define the type of structure that performs a particular function in a cell. This will require the
development of new imaging technologies that can visualize individual nucleosomes
(including their modification state) in real time, together with multi-pronged approaches that
also incorporate 1D and 3D genome-wide mapping techniques (for example, soft X-ray
tomography) and overall chromatin condensation (see, for example, REF. 159). The
continued development of approaches to study the dynamics of nucleosome and chromatin
structure in solution will be critical to provide the molecular basis of how different
specialized chromatin structures form.
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Glossary

Post-trandational (PTMs). Chemical modifications added post-translationally (and

modifications reversibly) to many histone amino acid side chains by highly
specific enzymes. PTMs have important functions in the regulation
of transcription and DNA repair

Architectural (ACPs). Abundant nuclear proteins that interact with nucleosomes

chromatin and influence the three-dimensional arrangement of nucleosomal

proteins arrays
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A diverse group of nuclear proteins that prevent the aggregation of
folded histones with DNA during the assembly of nucleosomes.
They are also implicated in the transport of histones into the nucleus

The most constricted and compacted region of a chromosome.
Spindle fibres attach to the centromere to equally partition newly
replicated sister chromatids between daughter cells during cell
division

A post-translational modification that is involved in various cellular
processes, such as nuclear—cytosolic transport, transcriptional
regulation, apoptosis, protein stability, response to stress and
progression through the cell cycle. It involves the covalent
attachment of small ubiquitin- like modifier (SUMO) proteins to
other proteins to modify their function

Large macromolecular complexes that use the energy from ATP
hydrolysis to slide, disassemble or otherwise structurally alter
nucleosomes

(FRET: also known as Forster resonance energy transfer). Distance-
dependent energy transfer between two chromophores, commonly
used to measure conformational changes in a single molecule or to
measure interactions between different molecules

(High-speed AFM). A high-resolution type of scanning probe
microscopy with a demonstrated resolution on the order of fractions
of a nanometre. High-speed AFM allows direct visualization of
dynamic structural changes and dynamic processes of functioning
biological molecules in physiological solutions at high
spatiotemporal resolution

A transient structural state of the nucleosome characterized by the
dissociation of the 10-20 penultimate base pairs of DNA from the
histone octamer, leading to ‘transient site exposure’

A transient structural state of the nucleosome characterized by the
opening of the interface between histone H2A-H2B dimers and
(H3-H4), tetramers

(SAXS). A technique in which the elastic scattering of X-rays by a
sample is recorded at very low angles. Unlike X-ray
crystallography, this technique does not require crystals, and is used
to determine the maximum dimensions and overall shape of a
macromolecule or a macromolecular complex

The name is derived from its founding member, the Drosophila
melanogaster protein imitation switch (ISWI1). This family of ATP-
dependent chromatin remodellers includes SWI/SNF, ISWI, CHD
and INO8O in eukaryotes

(EMANIC). A technique whereby nucleosomal arrays or whole
cells are subject to controlled formaldehyde crosslinking such that
only a few of the nucleosome—nucleosome contacts become
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nucleosome covalently linked. Subsequently, the arrays are allowed to disperse
capture in low salt and are imaged by electron microscopy
M esoscopic Pertains to the resolution of the computational approach being the
modelling intermediate between the atomic and macroscopic scale. Over a

number of years, mesoscopic models of chromatin have been
developed that alleviate the prohibitive computational demands of
atomistic simulations but incorporate the key features of the
chromatin fibre, thereby making it amenable to large-scale
simulations

Ubiquitylation The covalent attachment of a small protein domain (ubiquitin) to

cellular proteins. Monoubiquitylation is a common histone
modification; polyubiquitylation (the attachment of multiple
molecules of ubiquitin) is usually a marker for intracellular protein
transport and degradation. It is found in all cells of higher
organisms.
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Figure 1. Primary, secondary and tertiary structure of chromatin

The primary structure is shown as nucleosomal arrays consisting of nucleosomes with
canonical histones (shown in light blue and yellow) and combinations of different histone
variants (shown in green, purple and light blue). Nucleosomes with canonical or histone
variants may vary in the degree of post-translational modifications (PTMs; such as
acetylation, methylation, phosphorylation, ubiquitylation and sumoylation), generating the
possibility for nucleosomes with a large number of different ‘colours’. Histone variants and
PTMs may affect nucleosome structure and dynamics. The spacing between nucleosomes
may vary on the basis of the underlying sequence, action of chromatin-remodelling enzymes
and DNA binding by other factors (for example, transcription activators). Short-range
nucleosome—nucleosome interactions result in folded chromatin fibres (secondary chromatin
structure, lower left panel). Fibre—fibre interactions, which are defined by long-range
interactions between individual nucleosomes, are also affected by the primary structure of
chromatin fibres, including PTMs, histone variants and spacing of nucleosomes. Secondary
and tertiary structures are stabilized by architectural proteins, such as linker histone H1,
methyl-CpG-binding protein 2 (MeCP2), heterochromatin protein 1 (HP1), high mobility
group (HMG) proteins, poly(ADP-ribose) polymerase 1 (PARP1), myeloid and erythroid
nuclear termination stage-specific protein (MENT), Polycomb group proteins and many
others. Transitions between the different structural states are indicated by double arrows;
these may be regulated by changes in patterns of PTMs, binding or displacement of
architectural proteins, exchange of histone variants and chromatin-remodelling factors.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2013 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Luger et al.

Page 24

H2A docking—
domain

Interaction interface
for RCC1, LANA, Sir3,
and IL-33

Figure 2. Nucleosome structure and the acidic patch: a common interaction interface for many
nucleosome-interacting proteins

The structure of the nucleosome (Protein Data Bank code 1AOI) is viewed down the
superhelical axis of the DNA. Histones H3, H4, H2A and H2B are shown in light blue,
green, yellow and red, respectively. The figure indicates the amino-terminal a-helix of H3
(H3aN), which organizes the penultimate 10 bp of the DNA, and the carboxy-terminal end
of the H2A docking domain. Acidic residues on H2A and H2B (the ‘acidic patch’) that are
involved in the interaction with the H4 tail and with nucleosome-interacting proteins (such
as the latency-associated nuclear antigen (LANA) peptide, interleukin-33 (IL-33), regulator
of chromosome condensation 1 (RCC1), silent information regulator 3 (Sir3) and high
mobility group nucleosome-binding domain-containing protein 2 (HMGNZ2)) are indicated
in bright red; additional residues that are implicated in the interaction interfaces with the
proteins listed above are shown in dark blue. Note that the number of total histone residues
implicated in all of these protein—protein interfaces is relatively small, and that all cluster in
a contained region on the surface of the histone octamer. In the absence of these factors, the
interaction of the H4 tail from a neighbouring particle with the acidic patch mediates
nucleosome-nucleosome interactions, thereby promoting chromatin folding. By using
similar interactions with acidic patch on the nucleosome, the proteins listed above may
compete with the H4 tail and modulate chromatin structure.
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Figure 3. Themany structural states of the nucleosome

a | Structural states of the nucleosome that are likely to be interchangeable. These include
the tetrasome, which is formed by the wrapping of ~80 bp DNA around an (H3-H4),
tetramer. Hexasomes (nucleosomes lacking one H2A-H2B heterodimer) are intermediate
states during nucleosome assembly or disassembly, as well as during transcription of
nucleosome templates by RNA polymerase Il. Both hexasomes and fully formed
nucleosomes may undergo spontaneous structural transitions that are characterized either by
the transient release of the DNA ends (DNA breathing) or by a transient opening of the
interface between histone subcomplexes (open state). Some of the specific states may be
favoured by DNA sequence, histone variant incorporation or post-translational
modifications (PTMs). Histone variants are likely to be incorporated by similar pathways. b
| Nucleosomes may also exist in alternative states that vary in the direction of the
handedness of the DNA superhelix (left-handed versus right-handed) or in the stoichiometry
(hemisome) and structural states (lexosome) of histones. These alternative structures, if they
do indeed exist /n vivo, would affect DNA accessibility and the interaction of nuclear factors
with chromatin.
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Figure 4. Two modelsfor chromatin secondary structure

The solenoid model is characterized by interactions between consecutive nucleosomes (n, n
+1; a,b), whereas the zigzag model implies interactions between alternate nucleosomes (n,
n + 2; c,d). The alternative nucleosomes are numbered from N1 to N8. In the solenoid model
proposed by Rhodes and colleagues!?, the 30 nm chromatin fibre is an interdigitated one-
start helix in which a nucleosome in the fibre interacts with its fifth and sixth neighbour
nucleosomes. Alternative helical gyres are coloured blue and magenta (b). In the zigzag
model, the chromatin fibre is a two-start helix in which nucleosomes are arranged in a
zigzag manner such that a nucleosome in the fibre binds to the second neighbour
nucleosomel%8, Alternative nucleosome pairs are coloured blue and orange (d). The two
models also differ in the trajectory and degree of bending of the DNA that connects two
nucleosomes (linker DNA). Figure is reproduced, with permission, from REF. 160 © (2011)
Elsevier.
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Figure 5. Nucleosome—nucleosome inter actions mediated by histone tails and the nucleosomal
surface

a | Nucleosome—nucleosome interactions in the crystal structures of unconnected 147 bp
nucleosomes (Protein Data Bank (PDB) code 1AQI).b | Nucleosome— nucleosome
interactions, as seen in the low-resolution tetranucleosome structure of four connected
nucleosomes (PDB code 1ZBB; only two nucleosomes are shown). The resolution of this
structure does not reveal the location of the H4 tail. A cartoon at the bottom of each panel
shows the relative arrangement of the two nucleosomes with respect to each other. Residues
constituting the acidic patch are shown in red, and the H4 tail (in a) is shown in green; it is
not resolved in the structures shown in b.
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Figure 6. A model for chromatin tertiary structure by interdigitation of nucleosomal arrays
The dynamic motion of arrays, possibly aided by nucleosome remodelling factors and
histone-modifying enzymes, enables partial decompaction by the “‘unpeeling’ of an unfolded
array (light blue) from the large-scale interdigitated tertiary chromatin fibre. As a result, this
‘string of pearls’ (shown on the left) slides out of the compact array and becomes more
accessible as it is removed from the interdigitated stacks (shown on the right). This
unpeeling process from the surface of the fibre facilitates transcription factor access. The
fractal nature of the interdigitated chromatin fibre enables access to even DNA that is buried
deep within the fibre.
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