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Abstract

Advances in genomics technology have provided the means to probe myriad chromatin 

interactions at unprecedented spatial and temporal resolution. This has led to a profound 

understanding of nucleosome organization within the genome, revealing that nucleosomes are 

highly dynamic. Nucleosome dynamics are governed by a complex interplay of histone 

composition, histone post-translational modifications, nucleosome occupancy and positioning 

within chromatin, which are influenced by numerous regulatory factors, including general 

regulatory factors, chromatin remodellers, chaperones and polymerases. It is now known that these 

dynamics regulate diverse cellular processes ranging from gene transcription to DNA replication 

and repair.

The basic unit of chromatin is a nucleosome composed of two copies of each of the four 

core histones: H2A, H2B, H3 and H4, together with ~147 bp of DNA that wraps around the 

histone core1–3. Nucleosomes are highly dynamic. First, they are positionally malleable and 

can slide along DNA4,5. Second, they can also fully or partially disassemble6. Finally, they 

are often subject to post-translational modifications (PTMs)7,8, and their component histones 

can be replaced by their sequence variants9. These dynamics are intimately involved in 

genome regulation.

Transcriptionally active gene promoters are characterized by the presence of a 

nucleosome-free region (NFR) (or a nucleosome-depleted region (NDR)) in 

their core region; this local nucleosome depletion ensures that DNA is accessible to proteins, 

including various chromatin regulators, as well as transcription and replication 

machineries10,11. A highly regulated and well-positioned nucleosome, known as the +1 

nucleosome, typically, resides at a canonical distance downstream (in the direction of 

transcription) of each major transcriptional start site (TSS) and forms the downstream border 

of the NFR. A well-positioned −1 nucleosome forms the upstream border (FIG. 1a). NFRs 

or NDRs are also found in the regions of active enhancers. Moving down-stream from the +1 

nucleosome (into the gene body), well-positioned arrays of nucleosomes are initially 
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observed, and they are typically positioned at defined intervals (~165 bp dyad-to-dyad in 

Saccharomyces cerevisiae, for example)12,13. However, this well-defined nucleosome 

positioning dissipates further into gene bodies (FIG. 1a). The position and histone 

composition of the +1 nucleosome are important for transcription, as these factors affect 

both RNA polymerase II passage through the gene body and binding of transcription 

factors14–17. The regular spacing of nucleosomal arrays is also highly dynamic, and the 

spacing observed at any given position and at any given time point is a result of cooperative 

and often redundant activity of numerous factors18. The maintenance of regularly spaced 

nucleosomes in an array has been suggested to regulate transcription by either promoting or 

inhibiting transcription initiation17,19–21.

Although nucleosomes are largely symmetrical with regard to the internal organization of 

histones, transcription (and replication) proceeds directionally through a nucleosome, and so 

polymerases interact with one side of a nucleosome differently than with the other side15. 

Reflecting this intrinsic directionality, histone marks and variants are asymmetrically placed 

within nucleosomes, allowing for precise regulation of chromatin-binding proteins6. For 

example, the histone- variant H2A.Z is preferentially located on the promoter-distal side of 

many +1 nucleosomes and may function to destabilize the promoter-proximal side of the 

nucleosome, allowing for easier passage of polymerase through the nucleosome6,16,22.

The presence or absence of a nucleosome can affect chromatin properties and functions. For 

example, it may reflect different regulation of promoters. Most promoters contain an NFR at 

all times. In yeast, for example, this is the case under rich growth conditions, under stress or 

stationary growth conditions, and when their genomes are being compacted for 

sporulation21. Nonetheless, a subset of genes (for example, genes that are stress-regulated) 

do have a nucleosome in their promoter region (they contain an NDR not an NFR), and this 

nucleosome is depleted only during gene activation (by a cue, such as stress signals). And so 

NFR and NDR terms, even though often used interchangeably, reflect underlying chromatin 

regulatory mechanisms that are inherent to distinct classes of promoters. NFRs are 

constitutive, whereas NDRs are regulated.

Nucleosomes can be dynamically regulated at a subnucleosomal level through PTMs, 

assembly of histones into canonical octamers or alternative (non-canonical) structures, as 

well as incorporation of histone variants. Organization of these nucleosomes within 

chromatin is in turn carefully regulated through the underlying and surrounding DNA 

sequence, as well as numerous proteins, including chromatin remodellers, histone 

chaperones, PTMs and histone variant readers. These numerous and semi-redundant 

mechanisms operate to achieve nucleosomal positioning and spacing that is optimal for 

specific chromatin functions18,20,23–26. Through chromatin remodellers and histone 

chaperones, nucleosomes may move towards or away from nearby TSSs, as well as 

dissociate from DNA, either in whole or in part, as part of transcriptional regulation14,20,27. 

Likewise, genome-wide rearrangement of nucleosomes must be properly regulated during 

DNA replication28,29. Overall, there is now a large body of evidence that nucleosome 

movement, dissociation and alteration of nucleosomal structure are crucial features by which 

chromatin regulates gene expression and DNA replication. Disruption of these processes has 

been linked to multiple disease states30–32.
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In this Review, we discuss our current understanding of genome-scale nucleosome dynamics 

as reflected in nucleosome occupancy (driven by their regulated turnover), their positioning 

and composition. Aspects of nucleosome composition involving histone modifications and 

histone variants are not discussed in detail here, and the reader is directed to excellent 

reviews on these topics33–35. We discuss how these dynamics are achieved and measured, 

and how they relate to cellular processes including DNA replication, transcription and DNA 

repair.

Overview of nucleosome dynamics

Nucleosome dynamics can be viewed as the interplay between nucleosome occupancy and 

positioning. Both of these properties have been well defined11,36–39, but they warrant further 

investigation to determine their respective roles in nucleosome dynamics and DNA site 

accessibility. Nucleosome occupancy is essentially the average number of nucleosomes 

measured within a specified genomic region in a cellular population and so is related to the 

probability of a nucleosome being present at the analysed site. Occupancy is generally a 

relative metric, as uncertainty in how measurements of nucleosomes relate to the true 

number of nucleosomes at a particular genomic region in a cellular population makes it 

difficult to precisely determine absolute levels of nucleosomes at particular locations.

Nucleosome positioning is related to the probability of a reference point on a nucleosome 

(typically its dyad) existing at a specific genomic coordinate relative to being present at 

surrounding coordinates, in a given population of cells. The concept of positioning is 

generally not associated with sequence-specific DNA-binding proteins because such proteins 

typically bind only to their cognate motif and do not generally bind to adjacent out-of-frame 

sequences. Thus, nucleosome organization can be described by a combination of occupancy 

and positioning (FIG. 1b), although more-detailed properties such as subnucleosomal 

structures, histone variants and modifications also contribute to nucleosome organization. 

Numerous genomic assays have been developed to quantify these interactions (TABLE 1).

Nucleosome occupancy

The presence or absence of a nucleosome at particular locations can greatly affect the 

accessibility of the underlying DNA to proteins and, as a result, nucleosome occupancy is a 

key parameter that influences chromatin functions. Here, we describe how the presence (that 

is, occupancy) or absence of a nucleosome at a particular position can be measured. We also 

discuss the regulation of nucleosome occupancy — in particular, how nucleosome turnover 

is mediated by chromatin remodellers and how these processes affect chromatin 

organization.

Mapping nucleosome occupancy

Nucleosome locations are mapped genome-wide through a variety of methods, each of 

which has advantages and disadvantages (TABLE 1). The key steps include chromosome 

fragmentation to separate adjacent nucleosomes, optionally enriching for specific 

nucleosomal variants and then sequencing nucleosomal DNA and comparing its locations to 

existing genomic features (such as TSSs).
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One of the most common methods of nucleosome mapping, chromatin immunoprecipitation 

followed by deep sequencing (ChIP–seq), involves the use of formaldehyde to trap histone–

DNA interactions in vivo, followed by sonication to fragment chromatin, and then use of 

immobilized antibodies directed against histones or their PTMs to purify the histone–DNA 

complexes40,41. The DNA is then sequenced, generating 10–300 million sequencing reads 

depending on several factors that include genome size and the cost and throughput limits of 

available deep sequencers. Budding yeast haploid genomes contain about 60,000 

nucleosomes12, whereas human diploid genomes have close to 30 million42. Thus, each 

nucleosome location within a population of cells is measured, in principle, about 10–100 

times. However, although each read may correspond to an independent nucleosome 

measurement in a population of cells, amplification of isolated nucleosomal DNA that 

precedes the sequencing step often produces multiple copies of the same chromatin region 

that do not represent independent measurements and therefore are not useful. The depth of 

independent measurements, known as library complexity, is important in obtaining high-

quality maps of nucleosome organization. ChIP–seq is useful for measuring nucleosome 

occupancy levels but poorly resolves neighbouring nucleosomes, and therefore it is more 

useful for assessing general chromatin landscapes. In the case of assays that analyse the 

occupancy of histone modifications using modification- specific antibodies, it is important to 

know that low levels of detection of a histone modification may be due to the absence of a 

nucleosome rather than solely the absence of the modification. Occupancy levels are 

therefore normalized by dividing regional signals obtained from modification-specific 

antibodies by the corresponding regional signals obtained using an antibody that recognizes 

the core sequence of this histone.

Another common technique used to assess the presence or absence of a nucleosome involves 

the use of micrococcal nuclease (MNase) to cleave accessible linker DNA located between 

nucleosomes43,44. Compared with ChIP–seq, MNase digestion followed by sequencing 

(MNase–seq) has substantially higher resolution (several base pairs versus hundreds of base 

pairs) owing to preferred digestion of naked DNA by MNase, which results in the remaining 

DNA ends being enriched for the entry and exit sites of nucleosomes45. Although the 

technical simplicity of MNase–seq makes it attractive, this technique suffers from an 

inability to distinguish nucleosomes from other large non-nucleosomal complexes that 

protect DNA from digestion. This may be remedied by including a histone ChIP step after 

MNase digestion. As discussed further below, MNase can be both a boon and a bane of 

chromatin studies, depending how the resulting data are interpreted.

Regulation of nucleosome occupancy by nucleosome turnover

DNA on nucleosomes becomes unwrapped during the course of DNA transcription, 

replication, recombination and repair14,46,47. Although a full nucleosome is typically 

restored to its original position afterwards, it may no longer possess the same chemically 

modified states or even be composed of its original histones48. The ability of factors to 

compete with histone assembly may be further regulated through intracellular 

signalling14,17,49. Importantly, even in the absence of transcription and replication events, 

there exists a basal level of association–dissociation dynamics between histones and DNA, 

locally changing nucleosome occupancy. This is important because these local dynamics 
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enable proteins that lack an intrinsic ability to evict nucleosomes to access the underlying 

DNA.

Molecular mechanisms of nucleosome dynamics involve varying contributions of a myriad 

of factors. Whereas nucleosomes will assemble on nearly any DNA sequence, nucleosomes 

within AT-rich sequences tend to be less stable50,51, and therefore DNA sequence may 

contribute passively to nucleosome dynamics. Indeed, simply mixing pure histones and pure 

genomic DNA together partially reconstitutes in vivo chromatin organization, whereby 

nucleosomes are partially depleted from AT-rich promoter regions47,52,53. Nucleosome 

occupancy is also influenced by the activity of histone-specific chaperones that guide 

assembly and disassembly of the histone core of the nucleosome. The main regulators of 

nucleosome occupancy are chromatin remodellers that use energy from ATP hydrolysis to 

physically remove or deposit histones, even against thermodynamic gradients. How these 

factors work together is currently an active area of research.

Histone turnover may be best illustrated by the S. cerevisiae multisubunit Swr1 remodelling 

complex (SWR-C)26, which mostly targets well-positioned nucleosomes that flank promoter 

NFRs (FIG. 2a). These nucleosomes selectively contain the H2A.Z variant of the H2A 

histone54, and SWR-C mediates the exchange of H2A–H2B to H2A.Z–H2B. Specificity is 

achieved through SWR-C subunit interactions with the NFR, and this helps to place the rest 

of the complex over the adjacent nucleosome. There, ATP hydrolysis is used to dislodge the 

resident H2A–H2B histone dimer. Part of the SWR-C captures chaperone-bound H2A.Z–

H2B and delivers it to the now vacated H2A– H2B site. Much of this is further regulated 

through histone acetylation of H2A.Z and H3 and reversed by another remodeller INO80 

( REF. 55), although this point has been controversial56,57. The replacement of the H2A 

histone with H2A.Z histone variants results in increased turnover of the full nucleosome 

octamer, possibly owing to increased exposure of the remaining core histones during 

replacement26,56. INO80 also has roles beyond H2A.Z–H2B dimer exchange at the +1 and 

the −1 nucleosomes. INO80 is involved in DNA replication elongation, implicating it in 

general nucleosome mobilization that promotes DNA accessibility for replication factors58. 

INO80 and its partners are also involved in DNA damage repair59, which is likely to resolve 

the inhibitory effect of nucleosomes on the repair proteins60.

The turnover rate at which nucleosomes or histones are replaced at any given locus is 

measured by assaying new histone incorporation over time. New histones are typically 

distinguished from existing histones by inducing expression of a uniquely tagged histone, 

defined as the zero time point, and following its temporal incorporation into chromatin (FIG. 

2b). For example61, in a S. cerevisiae strain harbouring constitutive expression of a MYC-

tagged H3, which represents existing histones, newly deposited histones can be monitored 

by a FLAG-epitope tag placed on a galactose-inducible H3. At defined time points following 

galactose addition, cells are harvested and separate MNase–ChIP–seq analysis is performed 

using anti-MYC and anti-FLAG antibodies. At each consensus nucleosome locus, the 

number of MYC-tagged nucleosomes is expected to decrease with time, whereas the number 

of FLAG-tagged nucleosomes increases. Importantly, each locus has its characteristic rate of 

exchange, with the 5′ ends of genes being most dynamic. Exchange is even more rapid 

when transcription is occurring in these regions. Similar turnover studies have been 
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conducted in flies, mice and humans, including expanded studies to monitor turnover of 

histone variants62–65, as well as the turnover rates of PTMs66. Together, these studies have 

revealed that genomic regions with the highest rates of nucleosome (and histone) turnover 

are biochemically active. In addition to promoters, these regions include enhancers and 

origins of replication.

Alternative methods of measuring nucleosome turnover, such as use of SNAP chemistry, 

involves the covalent addition of an epitope (GFP, FLAG, MYC, and so on) to a protein of 

interest using the SNAP-tag67. The epitope is pulsed into live cells, where it is covalently 

bound to a SNAP-tagged histone and then immunoprecipitated in a time series. The 

decreasing detected levels of epitope labelled histones as normal nucleosome turnover 

occurs can be interpreted as the relative turnover rates of histones. For example, this method 

has been applied to measuring H3.3 histone turnover at enhancers and promoters of 

differentiating mouse embryonic stem cells68, revealing that enhancers (and super 

enhancers in particular) are sites of high nucleosome turnover. This turnover is associated 

with increased accessibility of DNA to transcription factors and active transcription of genes 

that are important for pluripotency (in embryonic stem cells) or differentiated states (in 

differentiated progenitors).

This finding that rapid nucleosome turnover is associated with high rates of transcription 

seems to be incongruent with other findings, indicating that nucleosomes are retained at the 

site of transcription by histone chaperones and other factors15,69. This discrepancy may be 

reconciled by the possibility that histone exchange might not always be tied to full 

nucleosome turnover. Therefore, looking at individual histones might not provide a complete 

picture of whole nucleosome dynamics. Another confounding variable in assessing whether 

histones and nucleosomes are retained may lie in the experimental design. In particular, 

histone exchange rates are often measured by histone overexpression. The resulting 

increased local histone concentration might allow levels of exchange that could not be 

supported under normal basal levels of histone expression. Therefore, although histones 

have the potential to exchange, and do so when free histones are available, they may not do 

so under normal conditions in which there are very few free histones to exchange.

Nucleosome positioning

The position of nucleosomes is regulated by many complex processes, which can be distilled 

into predominately two apects: cis-acting (DNA sequence) and trans-acting (protein)70,71. 

One trans-acting process, gene transcription, is initially disruptive to chromatin structure but 

is then followed by rapid and proper reassembly and positioning of nucleosomes. The role of 

transcription in nucleosome positioning is currently much debated18,38,72.

Sequence determinants of nucleosome positioning

The role of DNA sequence in determining nucleosome organization had been a source of 

some controversy over the years37,73. DNA sequences can intrinsically favour or disfavour 

nucleosome formation, and have some intrinsic ability to influence the position of 

nucleosomes. Extensive analysis of DNA sequence has revealed particular aspects that 

support wrapping the histone octamer50 (FIG. 3a). Specifically, nucleosomal DNA is more 
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enriched with AA, TT, TA and AT dinucleotides at a 10 bp periodicity (or approximately one 

helical twist of DNA) than non-nucleosomal DNA36,54,74; this is most evident at −1 and +1 

nucleosomes at TSSs18,50. DNA sequences possessing these characteristics make preferred 

bends that accommodate their wrap on the histone octamer surface, thereby producing a 

stronger rotational setting (FIG. 3b). However, a strong rotational setting need not be tied to 

a strong translational setting (narrow positioning in the genome), in that a DNA sequence 

can have a single predominant orientation on a histone octamer but in roughly 10 bp 

intervals it can adopt multiple alternative positions along the histone octamer surface54. In in 
vitro studies, DNA sequences containing relatively high GC content tend to wrap 

nucleosomes with greater affinity37. However, the CpG-rich islands in mammalian 

genomes, although enriched with histones, do not appear to form canonical 

nucleosomes75,76.

The effect of DNA sequence on nucleosome organization has been quantified using purified 

nucleosomes assembled onto DNA through the well-established method of salt-gradient 

dialysis, whereby histones and DNA in a high-salt solution assemble into nucleosomes as 

the salt is dialysed away47,52. In this setting, nucleosomes are placed in their 

thermodynamically favoured locations. Notably, this thermodynamically favoured 

nucleosome distribution does not fully resemble the positioning observed in vivo. This is 

because, in vivo, contributions of DNA sequence are mostly superseded by the action of 

trans-acting factors, including chromatin remodellers and general regulatory 

factors (GRFs)36,38,52,77.

Role of chromatin remodelers

The role of chromatin remodellers in positioning and restructuring nucleosomes has been 

studied extensively in vivo and in vitro4,18,20,25,26,76,78,79. Many chromatin remodellers have 

the ability to respond to cell stresses and can be triggered on demand to dynamically 

restructure the chromatin landscape14,80,81. In vivo, these chromatin remodellers appear to 

be enriched at specific nucleosome positions relative to genomic regions such as TSSs and 

origins of replication, and they possess both redundant and distinct functionality25,58,79.

The switch/sucrose non-fermenting (SWI/SNF) complex is highly conserved across 

eukaryotes and is involved in regulating basic metabolic processes, such as sugar 

metabolism82. In S. cerevisiae, SWI/SNF is also involved in regulating stress responses (for 

example, to heat shock) by remodelling chromatin to either repress or activate certain classes 

of genes to promote cell survival14,83,84 (FIG. 3c). Under non-stress conditions, SWI/SNF is 

generally enriched at nucleosomes that flank the NFR25. In mammals, the SWI/SNF 

complex also has a role in the heat shock response85 and has a cell-type-specific role in 

tumour suppression86,87.

Structurally related to the SWI/SNF complex, the RSC (remodelling the structure of 

chromatin) complex is a highly abundant chromatin remodeller and is required for cell 

viability88. RSC displaces nucleosomes at promoter regions in an ATP-dependent manner, 

contributing to the establishment of NFRs at transcriptionally active promoters78,89. This is 

consistent with RSC being enriched in the vicinity of promoters25,76. S. cerevisiae promoters 

also tend to be enriched with poly(dA:dT) tracts, which have been implicated in RSC 
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activation as a potential binding location for the remodeller90,91 (FIG. 3d). Indeed, the 

activity of RSC alone is able to induce NFR formation at promoters both in vitro and in 
vivo, in a manner that is positionally linked to poly(dA:dT) tracts18,92. As RSC is able 

regulate NFR width, it is likely to be involved in gene repression as well as activation.

The chromodomain-helicase-DNA-binding (CHD) family of chromatin remodellers is 

implicated in DNA replication and repair pathways, and it is related to the SNF2 family of 

chromatin remodellers93,94. CHD1 remodels nucleosomes in gene bodies similarly to other 

chromatin remodellers79. The effects of purified CHD1 on nucleosome positioning have also 

been studied in vitro with what would seem to be conflicting results. In a nonspecific 

spacing assay, CHD1 addition induces regularly spaced arrays95 (FIG. 3e). By contrast, in an 

assay that measures spacing relative to fixed DNA sequences, CHD1 seems to have no effect 

on nucleosome positioning18. These potentially contradictory findings may be reconciled 

with the idea that CHD1 produces properly spaced arrays in vitro regardless of the 

underlying DNA sequences and may require additional guidance to position them relative to 

specific genomic reference points. Experiments have shown that by either adding a barrier 

element such as a DNA-binding protein or fusing a sequence-specific DNA-binding domain 

to CHD1, the nucleosome remodelling activity of CHD1 could be directed to specific 

locations and be driven only in a specific direction96,97. So, in vivo, the activity of CHD1 is 

most likely to be guided by other factors (such as transcriptional regulators). The potential 

ability of CHD1 to position nucleosomes relative to each other on the same DNA molecule, 

and its guidance by DNA-binding proteins, makes it ideally suited for restoring nucleosomal 

arrays in the wake of transcription98,99.

Remodeller complexes containing the imitation SWI (ISWI) class of chromatin remodellers 

are crucial for transcription, DNA replication and, in mammals, the DNA damage 

response100–104. ISWI remodellers reposition nucleosomes somewhat similarly to SWI/SNF 

by ratcheting DNA along the nuclesome105, although they are functionally distinct from 

SWI/SNF106. They additionally contain a HAND-SANT-SLIDE domain that may serve as a 

molecular ruler for proper nucleosome spacing107. ISWI-containing chromatin remodellers 

are conserved across budding yeast, flies and mammals80,108–110. In S. cerevisiae, ISW1 

exists in two variant forms, ISW1a and ISW1b111. ISW1a spaces nucleosomes into arrays24 

but is unable to remodel nucleosomes past bound GRFs112, indicating that GRFs act as 

barriers for nucleosome remodelling. Further evidence for GRFs acting as barrier elements 

for nucleosome positioning comes from in vitro experiments wherein in the presence of 

GRFs and ISW1a or ISW2 remodellers could recapitulate precise in vivo +1 nucleosome 

positioning18 (FIG. 3f).

Subnucleosomal composition

Nucleosome dynamicity is also in part governed by nucleosome composition. As mentioned 

above, one way by which nucleosome composition can be affected is through incorporation 

of sequence variants of histones (see REFS 33–35 for reviews). However, the changes in 

overall core histone composition that lead to the formation of non-canonical nucleosomes 

have also been described.
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The structure of a canonical nucleosome consisting of two copies of the four core histones 

plus 147 bp of DNA has long been established and is thought to occupy the vast majority of 

eukaryotic genomes14,113. Much of this has come from the observation that such canonical 

nucleosomes are the major histone- containing entities isolated from cells and can also be 

faithfully reproduced and visualized in vitro. However, early studies describing half-

nucleosomes, consisting of one copy of each of the four core histones and half of the amount 

of DNA have suggested that at least a small fraction of nucleosomes present in cells does not 

exhibit this canonical composition114–117. More recently, in vitro and in vivo evidence has 

emerged for the existence of a wide range of subnucleosomal structures (FIG. 4a), some of 

which may populate biologically important regions of the genome such as gene bodies and 

centromeres116. The presence and functions of these structures are still controversial, 

perhaps mostly owing to how methods and data that define these structures are interpreted. 

Subnucleosomal structures can minimally be thought of as having some portion of their 

DNA detectably not in contact with the underlying histones, which may contain or lack the 

full complement of histones.

Non-canonical nucleosome structures

Considering the subnucleosome continuum from full nucleosomes to free DNA, perhaps the 

simplest first step towards generating subnucleosomes from full nucleosomes occurs when 

DNA near the nucleosome entry and exit sites intrinsically and transiently lifts off from the 

core histones (termed ‘breathing’) as a consequence of thermodynamics118. This breathing 

may be promoted by histone chaperones, such as the FACT (facilitates chromatin 

transcription) complex and nucleosome assembly protein (Nap1)119,120, by histone 

acetylation and/or by sequence-specific DNA-binding proteins, the cognate sites of which 

reside just within the entry and exit sites54,121–123. Chromatin remodellers may also lift 

DNA off from the octamer surface, far from the entry and exit sites4,105. Although these 

breathing events are often detected as an increase in nuclease accessibility to DNA (leading 

to increased digestion) — and are therefore assessed on the level of DNA — recent advances 

in single-molecule fluorescence resonance energy transfer (FRET) technology 

are now being applied to ascertain the underlying histone composition during nucleosome 

remodelling124.

Non-canonical nucleosomes have been reported in vivo6,125,126, with a most notable 

example of ‘fragile nucleosomes’, which have been described as genomic nucleosome 

locations that are particularly sensitive to MNase digestion76,90,127–129 (FIG. 4b). Fragile 

nucleosomes often reside at the −1 nucleosome position adjacent to NFRs upstream of TSSs, 

which often may be the terminal nucleosome of an upstream gene. The region is often 

mistakenly considered as part of the NFR because no nucleosome is detected there when 

high levels of MNase are used17,90 (FIG. 4b). This has led to the confusing notion that NFRs 

contain nucleosomes. They do not, as long as NFRs are defined using an appropriate level of 

MNase, and MNase assays should be carried out in conjunction with histone ChIP assays. 

What makes a fragile nucleosome particularly sensitive to MNase? Several explanations 

have been put forward, including roles for the associated DNA sequence, transcription factor 

binding and chromatin remodellers making the DNA on the nucleosome surface more 

accessible to MNase.
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Recent reports130 have identified, in vitro, a ‘prenucleosome’ containing an assembled 

octamer that protects only 80 bp rather than 147 bp of DNA (FIG. 4a). Addition of the motor 

protein ATP-dependent chromatin assembly factor (ACF) and ATP readily converts such 

prenucleosomes to a canonical nucleosome. Prenucleosomes, although not yet identified in 
vivo, might be related to fragile nucleosomes as predicted by their shared MNase sensitivity 

and may exist as intermediates during the cellular processes of transcription and replication 

when nucleosome structure is perturbed to allow access of proteins to DNA.

Further evidence that subnucleosomes exist in vivo comes from the analysis of the histone 

composition of Drosophila melanogaster and S. cerevisiae centromeric nucleosomes, which 

contain only one copy of each of the four core histones125,131. These half-nucleosomes (also 

known as hemisomes; FIG. 4a) are thought to be intrinsically unstable, requiring centromere 

binding factor 1 (Cbf1) for stabilization in S. cerevisiae132, but their existence remains 

controversial133. Nevertheless, such half-nucleosomes can be assembled in vitro with 

purified proteins, whether using the centromeric- specific histone cenH3 together with 

canonical histones or canonical core histones alone125,134. Thus, half-nucleosomes can be 

potentially established even without the aid of other proteins.

Potential functions of subnucleosomes

Evidence for the genome-wide occurrence of half-nucleosomes in vivo has been obtained 

through high-resolution exonuclease digestion experiments6, termed ChIP–exo135 (TABLE 

1). ChIP–exo mapping of histones in S. cerevisiae suggests that about 10% of +1 

nucleosomes have an unbalanced histone H3–H4 composition, indicating that, at least in 

part, they exist as half-nucleosomes. This has been supported by orthogonal approaches such 

as chemical mapping (TABLE 1) and MNase digestion6,136. ChIP–exo examination of 

H2A–H2B suggests an even more widespread imbalance of these dimers on each side of +1 

nucleosomes. A greater imbalance of H2A– H2B over the imbalance of H3–H4 suggests that 

hexasomes (nucleosomes lacking one copy of H2A–H2B) may be prevalent. Indeed, their 

existence at the 5′ ends of genes, where histone exchange is more dynamic, may correspond 

to nucleosome subassembly intermediates. Whether such subnucleosomal structures exist 

across gene bodies is less clear, as fuzziness in positioning precludes confident identification 

of distinct sides of the nucleosomes.

The function of subnucleosomes that may be lacking histones, apart from representing 

potential assembly intermediates, is unclear. They do not seem to be necessarily linked to the 

rate of transcription, and thus may be largely a manifestation of dynamic chromatin that 

exists constitutively within cells rather than chromatin dynamics associated with 

transcription. However, accessibility produced within such dynamic chromatin may create 

alternative sites for transcription complex assembly and hence may be responsible for some 

alternative TSSs. This would in essence alter the composition of the 5′ untranslated regions 

of mRNAs, and thus their post-transcriptional regulation. It may be relevant that in the case 

of stress-induced genes in S. cerevisiae, which often have complex modes of regulation, 

including at the mRNA level, nucleosome asymmetry — indicative of the presence of 

subnucleosomes — tends to be high6.
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The evidence so far does not exclude a role for subnucleosomes during transcription, 

particularly as transcription events may be relatively infrequent compared with the 

availability of constitutively dynamic chromatin. The notion of the existence of hexasomes 

fits well with a current model of how RNA polymerase II navigates across nucleosomes 

during transcription, whereby it has been proposed that one H2A–H2B dimer may be 

displaced by the transiting RNA polymerase137. Any such transcription-coupled 

displacement and replacement of histones by RNA polymerase II is likely to be assisted by 

chaperone complexes such as FACT138,139 (FIG. 4c).

What is currently unclear is the extent to which the various subnucleosomal structures are 

related to each other. The difficulty lies in the different methodologies and conditions used 

to detect each of them, as the same subnucleosomal structure may manifest quite differently 

in different assays. This may be resolved in part by conducting relevant orthogonal assays on 

the same chromatin preparation, then determining whether the different metrics indicate the 

presence of a particular structure at a particular nucleosome location.

Functional implications

Nucleosomes exist in vivo at conserved positions relative to TSSs12,54 and origins of 

replication29,140. The position and composition of these nucleosomes are tightly controlled 

and have an active role in regulating transcription and replication77,141.

Dynamics of gene transcription

Transcription begins with recruitment of the pre-initiation complex (PIC) 

components, cofactors and the appropriate RNA polymerase at the promoter of genes142,143. 

PIC formation may require the +1 nucleosome to be positioned at a specific locus relative to 

the TSS144,145 (FIG. 1a). In turn, direct perturbations to PIC formation result in changes to 

nucleosome dynamics. Specifically, the H2A variant, H2A.Z, displays reduced rates of 

turnover when PIC assembly is blocked146. The regulation of H2A.Z dynamics by PIC 

assembly may be reciprocally related to H2A.Z regulating the passage of RNA polymerase 

II through the +1 nucleosome16. H2A.Z might destabilize these nucleosomes and thus allow 

RNA polymerase II to penetrate them more readily, thereby creating more histone turnover. 

That H2A.Z dynamics are a regulated component of transcription further underscores the 

importance of controlling nucleosome composition and positioning for transcriptional 

programmes. These dynamics may contribute to rapid induction of gene expression147.

Even seemingly small movements in the position of the +1 nucleosome may affect 

transcription. High-resolution mapping of nucleosomes and transcription factors at S. 
cerevisiae ribosomal protein promoters under heat-shock conditions reveals a decrease in 

transcription that is associated with eviction of specific DNA-binding factors and a 

positional shift of the +1 nucleosome in the upstream direction17,49 (FIG. 5). This suggests a 

model in which the upstream shift of the +1 nucleosome interferes with PIC formation 

through a direct steric occlusion of the PIC binding. This model is supported by evidence 

showing that PIC formation competes with nucleosomes at certain genes148. However, 

global changes in nucleosome positioning do not necessarily translate to changes in 
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transcription, potentially owing to redundant regulatory mechanisms overcoming the 

repressive effect of a misplaced +1 nucleosome on PIC formation24,97.

Dynamics of DNA replication

DNA replication begins with the binding of the origins of replication complex (ORC) to an 

appropriate genomic locus followed by the recruitment of the MCM helicase (mini- 

chromosome maintenance helicase) complex and associated cofactors29,149,150. Similar to 

the +1 nucleosomes at the TSS, nucleosome positioning is conserved at origins of 

replication62,140 (FIG. 1a). In S. cerevisiae, there are well-positioned H2A.Z-containing 

nucleosomes flanking an NFR that contains an autonomous replicating sequence 

(ARS)54. Although there are numerous ARS consensus sequences (ACSs) present in the 

S. cerevisiae genome, many are not functionally active29,151. These non- functional origins 

of replication are partially overlaid by nucleosomes, implicating nucleosome positioning in 

the regulation of replication29 (FIG. 6a).

The dynamic processes of disassembly and reassembly of nucleosomes are mediated by 

numerous chaperone proteins. The histone chaperone anti-silencing function protein 1 

(ASF1) binds the MCM2 helicase. It is believed to shuttle H3–H4 dimers and tetramers from 

disrupted nucleosomes to the chromatin assembly factor (CAF1) chaperone for re-assembly 

behind the replication fork27,152,153. The FACT complex has also been implicated in DNA 

replication, and mutations of this complex result in impaired H3–H4 deposition after 

replication34,154.

Immediately after the DNA replication fork, the recycled histones are reassembled into 

nucleosomes. However, this nucleosome restoration presents a unique problem for 

nucleosome inheritance by two DNA molecules. Instead of restoration of nucleosome 

positioning on a single duplex DNA (like in gene transcription), nucleosome assembly must 

occur on the two separate daughter duplex strands46,126,155. This presents additional 

difficulties such as how the inheritance of nucleosome variants and histone modifications 

occurs156. Similarly to the original proposed models of DNA replication, models for the H3–

H4 tetramer inheritance on daughter strands can be summarized as conservative, semi-

conservative and dispersive46,141,157 (FIG. 6b). Although the conservative model has been 

proposed as the dominant method of H3–H4 inheritance158, the specific mechanism of 

inheritance to daughter cells varies depending on the specific nucleosome modifications and 

histone variants159,160. Inheritance of histone variants may be subject to different 

mechanisms of deposition depending on their genomic locus. In the case of the H2A.Z 

histone variant, it has been shown to partition evenly (that is, randomly) at promoters during 

replication161. H2A.Z is also recruited to the centromeres during mitosis and thus serves a 

potential role in chromosome stability162. The mechanism of histone modification 

inheritance is further developed whereby downstream mechanisms recognize the diluted 

levels of the modifications in daughter cells and restore the pre-replication levels of the 

modification163,164.

Several recent papers have examined nucleosome dynamics of DNA replication using a 

novel run-on assay termed nascent chromatin avidin pull-down (NChAP)165–167 (TABLE 1). 

These methods have revealed that nucleosome positioning, although initially fuzzy after 
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replication, is more rapidly restored at highly transcribed genes compared with regions with 

low transcriptional activity166 (FIG. 6c). This indicates that transcription is linked to proper 

positioning of nucleosomes, although, as in vitro studies18 show, this is probably only one of 

many mechanisms that contribute to establishing nucleosome organization in cells. Further 

advances in technology should allow us to de-convolute the complexity of chromatin 

dynamics in replication, including a better understanding of how the histone code is 

inherited by daughter cells.

Conclusions and perspectives

Originally viewed as a rather static mechanism of chromatin packaging, the nucleosome 

core complex is now well recognized as one of the key regulatory components of the 

genome. We also now see that instead of static protein complexes, nucleosomes are in fact 

exceptionally dynamic and that their positioning and composition are crucial for genome 

regulation. As such, the study of nucleosome dynamics is essentially the study of genome 

regulation. The complex interaction between nucleosome occupancy and positioning allows 

the cell to properly regulate accessibility of various proteins and their complexes to DNA 

and thus to regulate gene expression programmes. A variety of regulatory cofactors such as 

chromatin remodellers, chaperones and GRFs operates both independently and 

synergistically to maintain the precise organization and composition of nucleosome arrays at 

specific genomic loci. This dynamic environment probably exists so that the genome may 

respond and adapt quickly to both external stimuli as well as be able to quickly recover from 

chromatin-disruptive activities such as transcription and replication. The rapid improvements 

in technology have dramatically increased both our spatial and temporal resolution of 

nucleosome dynamics. In the future, the use of in vitro biochemistry applied to a genomic 

scale will detail mechanisms of chromatin assembly and regulation within the more native 

chromosomal context.
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Glossary

Nucleosome-free region (NFR)
A region of DNA that is constitutively nucleosome-free, such as promoter regions

Nucleosome-depleted region (NDR)
A region of DNA that has regulated nucleosome occupancy

Dyad
The midpoint of a canonical nucleosome, which creates mirrored pseudosymmetry

SNAP-tag
An artificially engineered enzyme capable of covalently adding any compatible epitope on 

demand
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Super enhancers
Regions of the genome where clusters of enhancers are located

CpG-rich islands
A dinucleotide combination of 5′-CG-3′. Prevalent and often methylated in mammalian 

promoter regions

General regulatory factors (GRFs)
DNA-binding proteins known to regulate and assist directly and indirectly in the positioning 

of nucleosomes

HAND-SANT-SLIDE domain
The protein domain of the imitation SWI (ISWI) family involved in DNA translocation 

around a nucleosome

Fluorescence resonance energy transfer (FRET)
A biophysical assay able to determine close (that is, nanometre scale) proximity of 

molecules in vivo or in vitro

Pre-initiation complex
The complex of general transcription factor proteins assembled at transcription start sites

MCM helicase
(Mini-chromosome maintenance helicase). A DNA helicase protein complex responsible for 

unwinding of the DNA helix during replication

Autonomous replicating sequence (ARS)
A DNA sequence that allows a plasmid to replicate in Saccharomyces cerevisiae. It is often 

bound by origin of replication complex proteins

ARS consensus sequences (ACSs)
Consensus DNA motifs found in ARS
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Figure 1. Nucleosome organization as a combination of nucleosome occupancy and positioning
a | Nucleosomes can be found at conserved distances from genomic loci such as the 

transcription start site (TSS) and origins of replication. The blue lines represent the typical 

occupancy and positioning of nucleosomes relative to common genomic positions. The 

peaks and valleys correspond to locations of high and low nucleosome occupancy, 

respectively. The width and narrowness of the peaks correspond to the relative positioning of 

those nucleosomes. The arrows correspond to predicted dyads. Just downstream of the 

nucleosome-free region (NFR) (in the direction of transcription) a well-positioned 

nucleosome, termed ‘+1’ is present11. The +1 nucleosome serves as the downstream border 

of the NFR. A well-positioned −1 nucleosome forms the upstream border of the NFR. 

Nucleosomes form well-positioned arrays downstream of the +1 nucleosome into the bodies 

of genes. However, this positioning dissipates further into gene bodies, becoming ‘fuzzy’. 

Origins of replication are also characterized by well-positioned nucleosomes that flank 

NFRs, which encompass an autonomous replicating sequence (ARS) consensus motif29. b | 

Nucleosome occupancy is defined as the probability of a nucleosomes being present over a 

specific genomic region within a population of cells and is often measured in sequencing-

based experiments by the number of aligned sequencing reads mapped to this region. 

Nucleosome positioning is defined as the probability of a nucleosome reference point (for 

example, a dyad) being at a specific genomic coordinate relative to surrounding coordinates. 

Good nucleosome positioning can be biologically interpreted as a nucleosome dyad 

occurring at the same genomic coordinate every time it is present. Poor positioning or 

‘fuzziness’ can be interpreted as a nucleosome dyad occupying a range of positions within 
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the same general footprint of an entire nucleosome. Nucleosome occupancy and positioning 

are independent metrics of nucleosome organization.
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Figure 2. Nucleosome occupancy as a function of histone turnover
a | The Swr1 remodelling complex (SWR-C) targets the well-positioned +1 and −1 

nucleosomes flanking nucleosome-free regions (NFRs) of active promoters, which typically 

contain the H2A.Z variant of the H2A histone26,54. SWR-C mediates the exchange of H2A–

H2B to H2A.Z–H2B. Subunits of the SWR-C bind within the NFR and assist with 

positioning the rest of the complex over adjacent nucleosomes. Once positioned, ATP 

hydrolysis is used to dislodge the resident H2A–H2B histone dimer. Subunits of the SWR-C 

capture chaperone-bound H2A.Z–H2B and deliver it to the now vacated H2A–H2B site. The 

reversal of this process may be mediated by INO80 ( REF. 55). INO80-mediated H2A.Z 

exchange results in increased turnover of the full nucleosome octamer, possibly owing to 

increased exposure of H3–H4 during H2A.Z–H2B eviction26,56. b | In an inducible histone 

turnover system, newly synthesized histones are typically distinguished from existing 

histones by a distinct epitope tag (magenta)61. The zero time point is typically a time point 

of tagged-histone induction. The rate of incorporation of the epitope tagged-histones into 

chromatin is then monitored over time.
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Figure 3. Determinants of nucleosome positioning
a | Nucleosomal DNA, particularly at +1 and −1 positions with respect to transcription start 

sites (TSSs), is modestly enriched with AA, TT, AT, and TA dinucleotides at a 10 bp 

periodicity and GG, CC, GC, and CG dinucleotides offset by 5 bp from those dinucleotides 

and also possessing a 10 bp periodicity36,38,50,54,74. These periodicities result in the 

formation of preferred bends in DNA, thereby defining how DNA wraps around the histone 

octamer. Point 0 represents the dyad with preference for AA, TT, AT and TA dinucleotides, 

and preference in 10 bp periodicity at 15, 25, 35, 45, 55 and 65 bp from the dyad are 

represented by the red lines. The GG, CC, GC and CG dinucleotide preferences are 

represented by the short blue lines at points 10, 20, 30, 40, 50, 60 and 70 bp from the dyad. 

b | The position of DNA relative to the histone octamer defines its rotational setting. DNA 

sequences possessing the nucleotide periodicities shown in part a possess a strong rotational 

setting, which means that they typically wrap around the octamer in a preferred orientation. 

However, for a single rotational setting, multiple translational settings can exist, typically in 

10 bp intervals, reflecting the nucleotide preference periodicities in the DNA. c | The switch/

sucrose non-fermenting (SWI/SNF) chromatin remodelling complex helps to regulate 
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various cellular processes, including stress responses, such as heat shock. It may do so by 

altering the accessibility of promoter DNA to regulatory proteins and the transcription 

machinery (contributing to both activation and repression of transcription)14,17. d | The 

highly abundant and essential remodelling the structure of chromatin (RSC) complex acts on 

poly(dA:dT) tracts, which are common in Saccharomyces cerevisiae promoters. RSC 

regulates the size of the nucleosome-free region in these promoters by repositioning and/or 

evicting nucleosomes located near poly(dA:dT) tracts in an ATP-dependent manner18,90,91. e 
| The chromodomain helicase DNA binding 1 (CHD1) remodeller produces regularly spaced 

nucleosome arrays in vitro using ATP95. The targeting of nucleosome remodelling activity 

of CHD1 is suspected to be linked to transcription98,99, which explains its apparent lack of 

DNA-binding specificity in genome-wide in vitro nucleosome assembly assays18. f | In S. 
cerevisiae the imitation SWI (ISWI) family of chromatin remodellers are enriched at the 5′ 
ends of gene bodies25. In vitro experiments have revealed that ISW1a and ISW2 are crucial 

for establishing proper in vivo nucleosome spacing18. Spacing is further improved with the 

addition of general transcription factors (GRFs), which supports the predicted role of GRFs 

as anchor points, or boundary elements, to guide the directionality for ISW1a112. See also 

part e. Pol II, RNA polymerase II.
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Figure 4. Examination of nucleosome substructures and methods to detect them
a | There is now evidence that besides the canonical histone octamer, a variety of 

subnucleosomal structures exist. The hexasome comprises a H3–H4 tetramer and a single 

H2A–H2B dimer, and is a functional intermediate, possibly resulting from the removal a 

H2A–H2B dimer by RNA polymerase II (Poll II) during transcription137 or through its 

intrinsic dynamics imparted by chromatin remodellers. A prenucleosome contains the full 

complement of the octamer but is wrapped by only 80 bp of DNA130. Half-nucleosomes 

(also known as hemisomes) comprise a single copy of each histone core particle. There is 

evidence that half-nucleosomes might accumulate at certain regions of DNA6. Tetrasomes 

are H3–H4 tetramers, which exist as possible intermediates during DNA replication 

(nucleosomes which are partially disassembled ahead of the replication fork and partially 

reassembled after the fork has passed)158,159. b | The extent of micrococcal nuclease 

(MNase) digestion affects the relative enrichment of nucleosomes at certain positions. 

Lighter digestion (with lower amounts of MNase) has the potential to enrich for open DNA 

not bound by nucleosomes, especially when chromatin immunoprecipitation is not used in 

conjunction. Heavier MNase digestion tends to better resolve true nucleosomes at the 

potential cost of losing the ability to detect fragile nucleosomes. Independent of size-

selection criteria during experimental design, both current sequencing technology and PCR 

include an intrinsic DNA-size bias for library construction and sequencing cluster 

formation168. c | During transcription, Pol II must transcribe nucleosomal DNA. To facilitate 
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this, nucleosomes are at least partially unravelled during transcription and an H2A–H2B 

dimer is removed forming a temporary hexasome. The FACT (facilitates chromatin 

transcription) complex is believed to interact with the free H2A–H2B dimers and assists 

with the nucleosome disassembly and reassembly137–139.
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Figure 5. Nucleosome dynamics of transcription at ribosomal protein genes
Ribosomal protein genes are among highly transcribed genes in Saccharomyces cerevisiae 
although they are silenced immediately when cells are stressed14. Repressor/activator protein 

1 (Rap1) binds upstream of the transcription start site (TSS) at ribosomal protein genes and 

forms the anchoring point for binding transcription factors forkhead-like 1 (Fhl1), high 

mobility group 1 (Hmo1), interacts with forkhead 1 (Ifh1) and split finger protein (Sfp1). 

Together, these transcription factors enable the assembly of the pre-initiation complex (PIC) 

at the TSS. Upon heat-shock stress, components of the PIC are evicted and chromatin 

remodellers are recruited to the +1 nucleosome. Transcription factors are then removed from 

the promoter, and the +1 nucleosome is then shifted upstream into the promoter region17,49. 

This supports the model whereby the specific position of the +1 nucleosome can contribute 

to overall gene expression by either allowing or interfering with PIC formation.
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Figure 6. Nucleosome dynamics of DNA replication
a | Active origins of replication in Saccharomyces cerevisiae are characterized by an ARS 

consensus sequence (ACS) located in a nucleosome-depleted region flanked by well-

positioned nucleosomes containing the H2A.Z histone variant. Many non-functional ACSs 

exist in the S. cerevisiae genome and contain occluding nucleosomes. This implicates 

nucleosome positioning in regulating functional origins of replication29. b | The models for 

H3–H4 tetramer inheritance during replication include the conservative, semi-conservative 

and dispersive models. The conservative model is defined as the deposition of the entire 

tetramer on one daughter strand and another newly synthesized H3–H4 tetramer is deposited 

on another158. In the semi-conservative model, the tetramer is broken into its component 

H3–H4 dimers and each dimer is placed on a daughter strand with a new H3–H4 dimer141. 

The dispersive model is a combination of the conservative and semi-conservative model 

wherein the tetramer is either maintained or split. Evidence showing certain tetramers evenly 

split between daughter strands159 and other tetramers entirely segregated to a single 

strand160 suggest a guided dispersive model wherein tetramers are subject to different 

outcomes depending on their histone variant composition. c | Nucleosomes in gene bodies 

feature poor positioning immediately after replication, which is likely to be due to some 

level of random deposition immediately following the replication fork. At highly transcribed 

genes, this positioning is rapidly re-ordered, leading to even nucleosomal arrays with the +1 

nucleosome containing H2A.Z variant, indicating that transcription supports nucleosome 

positioning166. TSS, transcription start site.
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Table 1

Genomic assays used to measure nucleosome dynamics

Genomic assay Description Features Drawbacks Refs

ChIP followed by deep 
sequencing: ChIP–seq

• Treat cells with 
formaldehyde to 
crosslink proteins 
to DNA

• Sonicate chromatin 
to fragment and 
solubilize

• Immunopurification 
of target protein by 
ChIP

• Construct 
sequencing library

• Technically simple

• Widely adopted

• Low 
resolution 
owing to non-
uniform DNA 
fragmentation

135, 169

ChIP followed by exonuclease 
digestion and deep sequencing: 
ChIP–exo

• Ligate adaptor 
directly on ChIP 
immunoprecipitate

• Eliminate 
fragment-size 
heterogeneity 
resulting from 
pseudorandom 
nature of sonication 
with strand-specific 
exonuclease that 
stops at the 
protein–DNA 
crosslink, but 
eliminates adaptor 
on 5′ end

• Add 5′ end adaptor 
to complete 
sequencing library

• High resolution; 
provides structural 
information on 
protein–DNA 
complexes

• Fewer false 
positives and false 
negatives

• More 
comprehensive 
coverage

• Technically 
more 
involved

• Analysis 
differs from 
ChIP–seq

135

MNase digestion followed by 
deep sequencing: MNase–seq

• Treat isolated 
nuclei with MNase 
to eliminate non-
nucleosomal DNA

• Construct 
sequencing library

• DNA fragment size 
selection typically 
by gel 
electrophoresis 
(optional)

• Mostly 
nucleosome 
mapping

• Technically simple

• High resolution 
owing to 
enzymatic 
digestion to edges 
of DNA-bound 
proteins

• Some 
mapped 
entities are 
not 
nucleosomal

• Analysis not 
simple, as 
MNase 
activity and 
size selection 
alters 
population 
distribution

170, 171

MNase digestion followed by 
ChIP and deep sequencing: 
MNase–ChIP–seq

• Formaldehyde 
crosslink cells

• MNase digest 
nuclei

• Immunopurify 
histone

• Construct 
sequencing library

• Definitive 
mapping of 
nucleosomes and 
subnucleosomes

• High resolution

• Swapping of 
antibody allows 
mapping of 
variants, 
modifications, and 

• Technically 
more 
involved than 
ChIP–seq or 
MNase–seq

• Analysis 
more 
challenging 
than ChIP–
seq and 
MNase–seq

172
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Genomic assay Description Features Drawbacks Refs

• Size select 
(optional)

factor-bound 
nucleosomes25,123

Time–ChIP • Pulse live cells with 
biotin, such that it 
covalently bonds to 
a SNAP-tagged 
histone of interest

• Monitor decreasing 
levels of biotin-
labelled histone 
ChIP across a time 
series

• Assays histone 
turnover without 
overexpression 
construct

• Useful in 
measuring 
turnover in 
biologically 
relevant systems

• Requires 
genetic 
modification 
to produce 
SNAP-tagged 
histone

• Requires 
spike of 
control DNA 
for proper 
normalization

68

NOME–seq • GpC 
methyltransferase 
M.CviPI 
preferentially 
methylates GpC 
dinucleotides that 
are not protected by 
nucleosomes

• Bisulfite conversion 
followed by library 
construction

• Data can be 
interpreted to 
identify both 
nucleosome 
positioning and 
the CpG 
methylation status 
of the DNA

• Non-digestion 
based assay avoids 
potential 
fragmentation bias

• Data analysis 
is more 
challenging 
requiring dual 
understanding 
of DNA 
methylation 
analysis and 
chromatin 
accessibility 
analysis

173

MPE sequencing MPE–ChIP–seq • MPE-Fe(II) 
preferentially 
digests naked DNA 
similarly to MNase

• Library 
construction similar 
to MNase–ChIP–
seq

• Lacks the known 
nucleotide biases 
possessed by 
MNase

• Technically 
more 
involved than 
ChIP–seq or 
MNase–seq

174

ATAC–seq • Hyperactive low-
specificity Tn5 
transposase 
simultaneously 
fragments and adds 
sequencing 
adaptors

• Tn5 transposase 
enriches for DNA 
that is accessible 
(that is, protein-free 
or in a non-
sequestered ‘open’ 
state)

• The high 
efficiency of this 
process enables 
mapping of 
chromatin using 
even a single cell

• Technically very 
simple

• Widely adopted

• Relatively 
high 
nucleotide 
bias, which 
can be 
corrected 
using controls

175, 176

Chemical mapping • Mutation of DNA-
proximal Ser to a 
Cys and subsequent 
covalent addition of 
a copper-chelating 
tag

• Addition of copper 
and hydrogen 
peroxide results in 
hydroxyl radicals 
that cleave the 
DNA backbone 
adjacent to the 

• Produces high-
resolution maps of 
nucleosome with 
minimal bias

• Limited 
feasibility in 
multicellular 
eukaryotes in 
which such 
mutations 
would need to 
be engineered 
into a 
multitude of 
H4 genes

177
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Genomic assay Description Features Drawbacks Refs

mutated H4 
cysteine

NChAP and MINCE–seq • Cell cycle-arrested 
cells are pulse-
chased with a 
nucleotide analogue 
(EdU) followed by 
the recovery of 
cells from the cell 
cycle arrest

• Replication is 
allowed to continue 
but is then stopped 
via formaldehyde 
crosslinking 
followed by MNase 
digestion for 
fragmentation

• Biotin azide is then 
covalently attached 
to EdU and 
streptavidin is used 
to enrich the newly 
synthesized DNA

• High-resolution 
map of 
nucleosome 
inheritance during 
replication

• Although NChAP 
and MINCE–seq 
are very similar 
protocols, NChAP 
possesses the 
ability to examine 
the replicated 
daughter strands 
independently, 
whereas MINCE–
seq does not 
(however, this 
does come at the 
cost of added 
protocol 
complexity)

• Technically 
complicated

• Variable 
protocol 
complexity

166, 167

Micrococcal nuclease digestion 
with Hi-C:Micro-C

• Crosslink proteins 
to DNA with 
formaldehyde

• Fragmentation to 
mononucleosomes 
with MNase

• DNA ends are then 
repaired with 
biotin-labelled 
dNTPs and ligated 
using proximity 
ligation

• Exonuclease III is 
then used to 
degrade non-ligated 
material and a 
streptavidin pull-
down subsequently 
enriches for 
proximity-ligation 
events

• DNA is then 
purified and 
subjected to paired-
end sequencing

• Provides genomic 
map of distant 
chromatin–
chromatin 
interactions

• Technically 
complicated

• Analysis 
more 
challenging 
than other 
assays

• High 
sequencing 
depth 
required

178

ATAC, assay for transposable-accessible chromatin; ChIP, chromatin immunoprecipitation; dNTP, deoxynucleoside 5′-triphosphate; EdU, 5-
ethynyl-2 deoxyuridine; MINCE, mapping in vivo nascent chromatin with EdU; MNase, micrococcal nuclease; MPE, methidiumpropyl-EDTA; 
NChAP, nascent chromatin avidin pull-down; NOME-seq, nucleosome occupancy and methylome sequencing.
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