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Abstract

Nucleosomes regulate the transcription output of the genome by occluding the underlying DNA 

sequences from DNA-binding proteins that must act on it. Knowledge of the precise locations of 

nucleosomes in the genome is thus essential towards understanding how transcription is regulated. 

Current nucleosome-mapping strategies involve digesting chromatin with nucleases or chemical 

cleavage followed by high-throughput sequencing. In this review, we compare the traditional 

Micrococcal nuclease (MNase)-based approach with a chemical cleavage strategy, with discussion 

on the important insights each has uncovered about the role of nucleosomes in shaping 

transcriptional processes.
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Nucleosome positioning plays a critical role in the regulation of 

transcription

Eukaryotic genomes are packaged hierarchically into a nucleoprotein complex called 

chromatin. The basic unit of chromatin is the nucleosome, which comprises 147 base pairs 

(bp) of DNA wrapped 1.65 super helical turns around a small disk-shaped octamer of 

histone proteins [1, 2]. Nucleosomes are repeated throughout the genome, each separated by 

unwrapped linker DNA of lengths varying from a few bp to over 100 bp. Approximately 20 

bp of linker DNA may associate with a fifth histone, such as H1, thus forming a stable 

complex of the histone octamer core, H1, and ~165 bp of DNA known as the chromatosome 

[3].

Nucleosomes sterically occlude their wrapped DNA from proteins that must bind to it for 

DNA-related processes, including gene regulation and transcription. Access to occluded 
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DNA often requires ATP-dependent nucleosome remodeling factors to unwrap nucleosomal 

DNA or slide nucleosomes to new locations along DNA [4]. However, remodeling factors 

are not always required as proteins can still bind nucleosomal targets through “DNA 

breathing,” in which a stretch of DNA lifts off the histone core and allows transient access to 

occluded DNA regions [5–7]. In vitro experiments demonstrate that breathing occurs every 

~250 milliseconds on the outer stretches of the nucleosome (~20 bp), making these sites 

relatively accessible [5–7]. At ~40 bp into the nucleosome, however, the breathing frequency 

decreases to every 10 minutes and even slower at sites close to the nucleosome dyad [8]. It is 

evident then that the precise location of a nucleosome relative to a target site can influence 

factor binding by orders of magnitude. In the context of transcriptional regulation, a 

consequence of this competition over binding sites is that the outcome can have a dramatic 

effect on gene expression. As an illustration, in vivo work has shown that repositioning 

nucleosomes by as little as a few base pairs can alter the accessibility of once-hidden TATA 

boxes, leading to changes in transcription activation [9, 10]. Another example comes from 

recent studies in yeast: insertion of nucleosome-disfavoring poly(dA) tracts near TF binding 

sites influences gene expression in a manner that is tunable by the location, length, and 

composition of the poly(dA) tract [11, 12]. In addition to competing with TFs for DNA 

accessibility, nucleosomes can function as physical barriers to an elongating RNA 
Polymerase II (RNAPII) (see Glossary) [13–19]. In in vitro transcription studies on 

chromatin templates, nucleosomes decrease the rate of transcription elongation by RNAPII 

[20]. Both in vitro and in vivo studies suggest that nucleosomes contribute to RNAPII 

pausing. Significantly, in vitro data shows that RNAPII often pauses at the nucleosome 
dyad, where the histone-DNA contacts are the strongest [15, 16], although in vivo 

experiments suggest that RNAPII pausing occurs predominantly near the nucleosome entry 

site [17–19]. Thus, nucleosome positioning along DNA plays a critical role in regulating 

the transcription output of the genome.

Recent technological advances have enabled nucleosome landscapes to be determined for 

many different organisms and cell types. The most widely used nucleosome mapping 

method is Micrococcal nuclease (MNase) digestion of chromatin followed by high-

throughput sequencing of the resulting DNA fragments (MNase-seq) [21, 22]. Additional 

enzymatic methods have been put forward for mapping nucleosomes, including DNase-seq 

[23], NOME-seq [24], and ATAC-seq [25, 26]. Another approach to determining 

nucleosome positioning maps is with targeted hydroxyl radical cleavage directed by 

genetically modified histones (chemical mapping) [27], methidiumpropyl-EDTA-Fe(II) 

(MPE-seq) [28], or ionizing radiation (RICC-seq) [29]. All existing mapping methods take 

advantage of the biophysical properties of nucleosomes and involve either enzymatic 

digestion or chemical cleavage of chromatin. These mapping techniques have collectively 

contributed to our understanding of nucleosome organization throughout eukaryotic 

genomes. Due to space constraints, we focus the present review on a comparison between 

the traditional use of MNase and the chemical mapping approach and discuss the insights 

they have revealed about the role of nucleosomes in transcriptional regulation.
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MNase-seq: a nuclease protection assay to generate global nucleosome 

maps

MNase digestion yields nucleosome-protected DNA

Most nucleosome mapping experiments are based on the protection of nucleosomal DNA 

against Micrococcal nuclease (MNase) digestion. MNase is an endo-exonuclease that 

preferentially degrades the accessible linker DNA between nucleosomes, while most of the 

nucleosome-bound DNA is left intact (Figure 1a). Brief digestion of chromatin with MNase 

yields a ‘ladder’ of discrete DNA fragments by agarose gel electrophoresis, where each rung 

of the ladder corresponds to DNA protected by integer units of nucleosomes (Figure 1b). 

Thus, the fastest migrating fragment (~147–200 bp) represents DNA wrapped by a single 

nucleosome (or “mononucleosome”), with fragment sizes increasing by multiples of this 

length. This characteristic ladder pattern provided early evidence that the regular repeating 

unit of chromatin consisted of histones wrapped by about 200 bp of DNA [30–33]. As 

MNase digestion proceeds, the fragment sizes decrease (as indicated by the gradual 

shortening of the ladder) and, accordingly, the proportion of mononucleosomes is increased. 

This process can be divided into three major stages [34]. First, monomers produced by initial 

MNase cleavage are nucleosomes still attached to linker DNA. They tend to be ~200 bp for 

the most part, but sizes can vary from as little as 154 bp (in Aspergillus fungus [35]) to 260 

bp (in sea urchin [36]) due to the wide range of linker lengths. Second, MNase processively 

trims residual linkers until the fragment lengths are reduced to ~165 bp, as it reaches the 

boundary of the chromatosome. Third, digestion of the chromatosome eventually results in 

the concomitant loss of histone H1 and leaves behind the 147 bp nucleosome core particle 

[33]. At the upper limit of digestion, nucleosomal DNA may be broken down further into 

subnucleosomal sizes.

Determination of nucleosome positions using MNase

Nucleosome protection against MNase has been widely exploited to map individual 

nucleosome positions in vivo. In a standard MNase experiment, chromatin in either isolated 

nuclei or permeabilized cells is treated with MNase. Following, mononucleosomal sized 

fragments are excised and gel-purified for further analysis. Historically, MNase-digested 

fragments were hybridized to DNA microarrays to obtain low-resolution nucleosome maps 

of small genomic windows, and later, to high-density microarrays for maps that span the 

entire genome [37]. Today, MNase digestion is more frequently combined with high-

throughput paired-end sequencing (MNase-seq) to determine nucleosome positions genome-

wide. Sequence tags are aligned to the reference genome to reveal the positions of 

nucleosome-protected fragments on each chromosome. With paired-end tags, the location of 

both boundaries are provided and the nucleosome center position can be inferred by defining 

the midpoint of each paired read (Figure 1a) [38].

To construct the nucleosome map, DNA fragments of around 147 bp lengths are often 

selected. The nucleosome occupancy score at any genomic location is often defined as the 

number of reads that cover the given position. However, this uniformly-weighted occupancy 

may generate spurious peaks due to closely positioned neighboring nucleosomes or 

overlapping nucleosomes from alternative nucleosome positionings that arise from a 
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population mixture or nucleosome dynamics; uniformly-weighted occupancy can thus lead 

to miscalls of nucleosome centers (Figure 1c). To better infer the locations of nucleosome 

dyads, a Gaussian kernel is often applied to weight each read towards the center to compute 

the center-weighted nucleosome occupancy. The peaks from center-weighted occupancy 

often provide better accuracy for mapping dyads than the uniformly-weighted score.

Technical variations of the standard MNase protocol have been described in the literature, 

including formaldehyde-crosslinking chromatin to preserve DNA-histone interactions before 

MNase treatment and immunoprecipitating MNase-digested chromatin with antibodies 

against specific regulatory factors or histone modifications and variants (MNase-ChIP-seq) 

[37]. Additionally, one study introduced a modified MNase footprinting protocol to 

simultaneously map the occupancies of nucleosomes, subnucleosomes, and TFs [39].

Canonical nucleosome patterns uncovered by MNase-based studies

MNase has been used to define nucleosome landscapes in a growing list of genomes [21], 

including yeast [40–46], fly [47–49], worm [50], mouse [51–54], and human [55–57]. 

Remarkably, these studies have uncovered common patterns of nucleosome organization that 

are shared across all species.

First, gene promoters exhibit a prominent nucleosome-depleted region (“NDR”) directly 

upstream of the transcriptional start site (TSS) (Figure 1d). This NDR has an average length 

of 150 bp, which is enough to accommodate a single nucleosome [40]. Nucleosome-

depletion is thought to enable the binding of trans regulatory factors, as many functional cis-

regulatory sequences, including TF-binding sites and TATA boxes, are found in the NDRS 

[40, 58]. In all organisms, the NDR is flanked by two well-positioned nucleosomes, the first 

upstream nucleosome (−1 nucleosome) and the first downstream nucleosome (+1 

nucleosome), followed by an array of regularly spaced nucleosomes that package the gene 

body. (In yeast, the first nucleosome upstream of the NDR is commonly referred to as the −1 

nucleosome. However, in human, this nucleosome is often referred to as the “−2 

nucleosome” since the −1 classification is given to the subset of nucleosomes found in the 

NDR of some genes [56]). The +1 nucleosome is the most strongly positioned while 

downstream nucleosomes gradually lose their phasing with increasing distance from the 

TSS [31]. Positioning of the +1 nucleosome is shown to vary in a species- or cell-type-

dependent manner [59]. For example, in yeast, the boundary of the +1 nucleosome is 

consistently positioned just over the TSS, with genes typically starting ~10 bp inside of the 

+1 nucleosome [43]. In flies, however, the +1 nucleosome is shifted further downstream 

(~40–60 bp) of the TSS [49]. Differences in the +1 position may be correlated with intrinsic 

differences in transcriptional regulatory mechanisms.

Consistent with the role of nucleosomes in regulating gene expression, global nucleosome 

mapping by MNase have demonstrated that promoters of highly expressed genes contain 

pronounced NDRs [57]. Conversely, genes that are expressed at low levels tend to have 

promoters that are more occupied by nucleosomes [57], although stable NDRs are present 

even in the promoters of genes that are infrequently transcribed [49]. These findings have 

generally supported the idea that nucleosomes compete for binding sites in the regulatory 

elements and generally repress gene expression [44, 56, 57, 60].
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In addition to promoters, transcription terminations sites (TTS) are also characterized by 

NDRs [43]. This NDR is preceded by a well-positioned nucleosome that demarcates the 3′ 
end of the gene. Similar to the promoter, the TTS of highly active genes typically feature 

increased nucleosome depletion, while the TTS of less active genes are more occupied by 

nucleosomes [44, 61]. Altogether, MNase-based mapping studies have established a 

“textbook” picture of nucleosome organization in which genes are bookended by well-

positioned nucleosomes and NDRs.

Potential problems with the MNase approach

Although MNase-derived maps have enriched our understanding of nucleosome patterning 

in eukaryotes, there are several factors that limit their accuracy. First, MNase has a strong 

preference for cutting A/T sequences [62], which could bias recovered sets of nucleosome 

DNA sequences and result in misrepresentation of nucleosomes in A/T rich regions. Second, 

MNase does not cut precisely at the nucleosome boundary, which leads to variability in 

determining the exact positions of nucleosome centers [34]. Third, MNase may digest away 

nucleosomes that are more prone to nuclease digestion (often referred to in the literature as 

“fragile nucleosomes”) and are only detected at relatively low MNase concentrations or 

short digestion times. Recent experimental evidence in different species suggests that fragile 

nucleosomes occupy gene promoters and the TTS, thereby challenging the classical picture 

of the MNase-derived NDRs discussed above [39, 44, 63–68]. The reasons for MNase 

sensitivity appear to vary, indicating that several classes of fragile nucleosomes might exist. 

For our purposes, we define fragile nucleosomes as nucleosomes that demonstrate high 

sensitivity to MNase digestion. Because the exact cause of MNase sensitivity of individual 

nucleosomes is unknown, this qualitative definition of fragile nucleosomes may include 

some nucleosomes in A/T-rich genomic regions due to the aforementioned MNase sequence 

bias. Worth noting, while differential MNase digestion can detect fragile nucleosomes, the 

identity of MNase digestion products—whether they are nucleosomal or non-nucleosomal— 

cannot be determined by MNase-seq alone and requires further validation by histone ChIP-

seq analysis [67, 69–71]. It is also difficult to quantify the relative abundance of fragile 

nucleosomes to stable nucleosomes after pooling different experimental datasets. Moreover, 

limited MNase digestion results in nucleosomal DNA fragments with long linkers still 

attached, decreasing the accuracy of called nucleosome center positions.

Chemical Mapping: determination of nucleosome positions genome-wide 

by site-directed hydroxyl radical cleavage

Site-directed chemical cleavage of nucleosome DNA in vitro

To overcome the limitations of MNase, a site-directed chemical cleavage method was 

developed to determine nucleosome positions in vitro [72]. This method relies on hydroxyl 

radical cleavage of the nucleosome center. Briefly, nucleosomes were reconstituted in vitro 

using a genetically modified histone octamer and known nucleosomal DNA templates. The 

histone octamer contains a histone H4 where the serine at position 47 is mutated to a 

cysteine (H4S47C) (Figure 2a). This position symmetrically flanks the nucleosome dyad 

axis and is in close proximity to the DNA backbone. By derivatizing a sulfhydryl-binding, 
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iron-chelating reagent (EDTAcyst-NPS) to the cysteine, Fe2+ ions are anchored at the same 

location—at sites symmetrically flanking the nucleosome dyad axis [72]. With the addition 

of hydrogen peroxide, chelated Fe2+ ions undergo a Fenton reaction to create hydroxyl 

radicals that ultimately cleave the DNA backbone at sites symmetrically flanking the 

nucleosome center [73–75]. Therefore, unlike MNase digestion, chemical cleavage takes 

advantage of the structure of the nucleosome to cleave within the nucleosome rather than 

between nucleosomes.

Chemical mapping of nucleosome positions genome-wide in yeast

To apply site-directed chemical cleavage toward mapping nucleosome positions in vivo, 

Widom and colleagues engineered yeast strains with the H4S47C mutant [27, 76]. (For 

consistency, genome-wide nucleosome mapping using site-directed chemical cleavage will 

be referred to simply as “chemical mapping” in this review.) In short, permeabilized 

H4S47C-containing yeast cells are labeled with a sulfhydryl-reactive, copper-chelating 

reagent N-(1,10-Phenanthrolin-5-yl)iodoacetamide (“OP” label) (Figure 2b). Next, copper 

ions and hydrogen peroxide are added to mediate •OH-dependent strand scission of 

nucleosome centers [77, 78]. On an agarose gel, cleaved products exhibit an MNase-like 

ladder, wherein the lowest rung corresponds to half of two nucleosome neighbors connected 

by linker DNA (Figure 2c). Subsequently, DNA products in this size range are isolated and 

purified, followed by library construction and paired-end sequencing. The 5′ and 3′ ends of 

the reads denote the center-to-center distance between two adjacent nucleosomes. Therefore, 

in contrast to MNase-seq, mapping the chemical cleavage sites provides the positions of two 

nucleosome centers rather than one.

The chemical method generates a genome-wide map of cleavages on both strands of the 

DNA. The major cleavage sites occur at −1 and +6 bp from the dyad (position 0) for each 

strand (Figure 2d). However, cleavages also occur at nearby positions, and the pattern may 

depend on the base composition around dyad [27]. Furthermore, alternatively positioned 

nucleosomes in a local region may cause convolution of cleavage signals. To resolve these 

issues, a deconvolution algorithm was built based on cleavage patterns around dyad to 

decode the exact locations of nucleosomes genome-wide at base pair resolution [27, 79]. 

This algorithm outputs the nucleosome center positioning (NCP) score that quantifies the 

dyad occupancy at every genomic location (Figure 2e). Nucleosome occupancy can be 

calculated by summing up all NCP scores (uniformly weighted) or all Gaussian kernel 

weighted NCP scores in ±73 bp of the given location.

Chemical mapping has improved resolution over MNase-based mapping

Genome-wide nucleosome maps in yeast Saccharomyces cerevisiae and 

Schizosaccharomyces pombe generated with chemical mapping are generally consistent 

with maps from MNase-based methods [27, 76]. However, the chemical map reveals new 

aspects of in vivo nucleosome organization for the yeast genome.

Most notably, a key insight was made about the role of the genomic DNA sequences in 

nucleosome positioning. It had been shown previously that nucleosomes are enriched for 

specific DNA dinucleotide motifs, mostly in the form of ~10-bp periodicity of 
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AA/TT/AT/TA dinucleotides where the DNA backbone (minor groove) faces inward toward 

the histone core and ~10-bp periodicity of GG/CC/GC/CG dinucleotides where the major 

groove faces inward [80]. Such sequences motifs are thought to make DNA more bendable 

and therefore more favorable for nucleosome formation. These periodic dinucleotide signals 

are collective features of nucleosomes when they are aligned at their centers, and thus the 

strength of periodicity, which is affected by alignment quality, is used to gauge accuracy in 

mapping nucleosome centers [80]. Nucleosomes in both MNase- and chemically-defined 

maps display periodic AA/TT/AT/TA dinucleotide signals [27, 81], but the signals in the 

chemical map are far stronger. The degraded dinucleotide signal in the MNase map is due in 

part to the incomplete and unequal cutting efficiency of nucleosome boundaries by MNase 

and, consequently, the poor alignment of nucleosome centers. On this basis, chemical 

mapping of nucleosomes in S. cerevisiae and S. pombe [27, 76, 82] supports previous results 

showing that DNA sequence features such as the ~10-bp periodicity facilitate the fine-tuning 

of nucleosome positioning in vivo [59, 81, 83].

Due to its single base pair resolution, chemical mapping provides fine details in global 

chromatin structure and its role in transcription regulation. For example, chemical data show 

that yeast has a linker length distribution pattern peaked at ~10n+5 bp (for integer n) [27, 

76]. In other words, given a nucleosome somewhere in the genome, the next nucleosome 

down the chain likely starts at the opposite face of the DNA helix, creating an intrinsic 

zigzag configuration. Second, the chemical map in budding yeast indicates RNAPII has 

enhanced pause sites across the full length of nucleosomes. During transcription elongation, 

RNAPII initially pauses at periodic locations inside the nucleosome where the DNA 

backbone faces out away from the histones and then backtracks by 5 bp and pauses at 

locations where DNA backbone faces inwards towards the histones (with maximal steric 

clash between histone and RNAPII) [27]. Lastly, chemical mapping has recently been used 

to identify alternative nucleosome structures, such the hemisome at the yeast centromere 

[84].

Chemical mapping in mammalian cells

In an effort to extend chemical mapping capabilities into mammalian genomes, a recent 

study established a chemical mapping strategy for mouse embryonic stem (ES) cells [85]. 

The first step was the substitution of multiple endogenous H4 with H4S47C. In yeast, 

targeted mutation of H4S47 is achieved through standard gene replacement strategies. To 

meet the challenge of genetically replacing 13 sequence variable histone H4 genes in mouse, 

the study looked to chemical mapping experiments in fission yeast, which showed that 

substitution of two of the three H4 genes sufficed to produce levels of chemical cleavage 

comparable to when all three copies of H4 are replaced [76]. In light of this result from 

fission yeast, a strategy was implemented to substitute a majority of endogenous H4 proteins 

in mouse ES cells with mutant H4S47C. First, small hairpin RNAs (shRNAs) against a 

common region shared by all H4 genes were designed. Second, an RNAi-resistant H4S47C 

transgene was synthesized. To generate stable H4S47C-expressing mouse ES cells, the H4-

shRNA and H4S47C transgene were simultaneously expressed using PiggyBac transgenesis. 

The simultaneous introduction of H4-shRNA and H4S47C minimizes the deleterious effects 

of endogenous H4 knockdown. A procedure for chemical mapping in mouse ES cells was 
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then developed based on the yeast chemical mapping protocol. Major modifications included 

changes in cell permeabilization reagents and reductions in the concentration and incubation 

time with the OP label. Under optimized conditions, H4S47C-targeted nucleosome cleavage 

resulted in a characteristic DNA ladder. To generate a genome-wide map of nucleosomes in 

mouse ES cells, DNA in the monolinker band was isolated for library construction and 

paired-end sequencing.

Insights from chemical mapping in mouse embryonic stem cells

The chemical map in mouse ES cells uncovered surprising features of genome-wide 

nucleosome organization in the mouse genome. First, many MNase-defined NDRs including 

gene promoters and TTS are abundantly occupied by nucleosomes in the chemical map 

(Figure 2f). This observation is in contrast to the longstanding view of promoter nucleosome 

architecture provided by MNase-derived maps [86]. Second, while MNase data show that 

relatively higher nucleosome occupancy in the promoter and TTS is associated with 

decreased gene expression, the chemical map presents the opposite pattern— high levels of 

nucleosome occupancy are associated with elevated gene expression. The discrepancy 

between the two maps may arise from MNase’s inability to reliably map fragile 

nucleosomes, which exhibit greater susceptibility to digestion than stable nucleosomes. 

Several lines of evidence argue for the existence of fragile nucleosomes. First, nucleosome-

sized DNA fragments over the NDR are recovered with limited MNase digestion, suggesting 

that some nucleosomal reads are lost under prolonged digestion conditions. Second, short 

read fragments (50–80 bp) from extensive MNase digestions [53] are enriched in the NDRs, 

with a high portion of their edges anchored between an AA/AT/TA/TT dinucleotide, 

coinciding with preferred rotational motif sites inside of nucleosome DNAs. Third, recent 

MNase titration studies in mammalian genomes identified MNase-sensitive nucleosomes 

upstream of the TSS [28, 68, 87]. Fourth, methidiumpropyl-EDTA sequencing (MPE-seq), 

which uses hydroxyl free radicals to preferentially cleave the linker DNA between 

nucleosomes without the sequence bias of MNase, coupled with histone ChIP-seq confirmed 

the occupancy of histones H3 and H2B at the TSS [28]. Collectively, results in mouse ES 

cells illustrate that fragile nucleosomes exist in the mouse genome and chemical mapping is 

capable of detecting them.

In contrast to previous genome-wide MNase maps, chemically-derived nucleosome maps 

show that target sites of vertebrate insulator protein CTCF and pluripotent TFs Oct4, Sox2, 

Nanog, and Klf4 are occupied by nucleosomes [85]. Furthermore, factor binding is 

positively correlated with nucleosome occupancy such that sites most bound by these factors 

display relatively higher nucleosome density. Consistent with previous ChIP-seq [88] and 

MPE-seq [28] experiments in mouse ES cells (including our analysis of available MPE-seq 

data [85]), the chemical map provides in vivo evidence for the pioneering function of these 

factors.

Chemical mapping is broadly applicable to investigations on how the nucleosome landscape 

regulates transcription. For instance, to examine the regulatory role of nucleosomes in 

transcription elongation by RNAPII, the chemical map in mouse ES cells was integrated 

with data from global run-on sequencing (GRO-seq) [89]. First, a statistically significant 
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and positive correlation was observed between the occupancy of the +1 nucleosome and 

RNAPII pausing in the proximal promoter, implicating a role for the nucleosome as a 

transcriptional barrier in vivo. By extending this analysis into the gene body, RNAPII 

pausing was found to coincide with nucleosome enrichment at the 5′ and 3′ exon-intron 

junctions. Specifically, the chemical map illustrates that splice sites are preferentially 

positioned near the nucleosome dyad where the strongest DNA-histone contacts occur [20]. 

These findings disagree with MNase-based studies, which suggests nucleosomes are well 

positioned at exon centers and splices sites are frequently located in linker regions [90, 91]. 

The chemical nucleosome patterning at exons better explains the two RNAPII pausing 

events around exons. Thus, the study contends that nucleosomes regulate exon recognition 

by stalling RNAPII at exon boundaries [92].

Potential limitations to chemical mapping

A basic limitation to chemical mapping is the requirement of the genetically engineered 

H4S47C. For genomes that encode a high copy number of H4 genes, often residing within 

multiple loci, substitution of all H4 alleles through standard gene targeting is experimentally 

challenging. Nevertheless, the chemical mapping strategy used in mouse ES cells provides a 

practical solution to this limitation, involving transgenic replacement of most of the 

endogenous H4 with H4S47C (as described above). Another caveat of chemical mapping is 

the possibility of labeling non-histone cysteine-containing proteins in addition to H4S47C, 

which may contribute to non-specific cleavage of DNA and inaccurate nucleosome maps. As 

a result, higher coverage of sequencing is required to accurately discern nucleosome center 

positions from noise, which inevitably requires higher costs for larger genomes. In addition, 

it remains unknown whether transgenic H4S47C is evenly distributed throughout the 

genome and small molecule cysteine-reactive label has equal access to different chromatin 

regions. These factors potentially affect the relative efficiency of DNA cleavage and 

influence the accuracy of chemical mapping.

Concluding remarks: the road ahead for nucleosome mapping

Nucleosomes modulate the accessibility of DNA to other DNA-binding proteins. 

Consequently, where nucleosomes are positioned in relation to genetic elements can have a 

profound impact on transcription outcomes. Integration of nucleosome mapping strategies 

with recent advances in high-throughput sequencing technologies have revolutionized the 

depth to which nucleosome positions are mapped genome-wide, which, in turn, have 

increased our understanding of how nucleosomes regulate gene expression [21, 22]. In this 

review, we focused our attention on two nucleosome-mapping methods. First, MNase-seq is 

a nuclease protection assay that can determine nucleosome positions, but its accuracy is 

limited by sequence bias and over-digestion of fragile nucleosomes. Second, chemical 

mapping offers a means to determine nucleosome center positions without sequence bias but 

requires genetic manipulation of H4 genes. While parallels drawn between MNase-seq and 

chemical maps can verify each other to a large extent, chemical maps with improved 

accuracy have begun to revise prevailing narratives governing how to think about the 

functions of nucleosomes with regard to transcription regulation. Foremost, insights from the 

chemical map revealed that classical NDRs in promoters and functional TF binding sites are 

Voong et al. Page 9

Trends Genet. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



populated by fragile nucleosomes, leaving open the question what are these fragile 

nucleosomes and what are their roles in transcription regulation (see Outstanding 

Questions)? Studies in human cells reveal that transcriptionally active promoters, enhancers, 

and insulator regions are enriched for nucleosome core particles containing histone variants 

H3.3 and H2A.Z [88], which have been shown to form labile nucleosomes structures with 

increased sensitivity to MNase digestion and high salt conditions [88, 93]. Future studies 

will be necessary to understand the nature of the fragile nucleosome species, their structural 

identities, and possible interactions with chromatin-remodeling complexes and 

transcriptional machinery. Chemical mapping will be useful toward this purpose. Second, 

the nucleosome-TF co-occupancy model proposed by the chemical map suggests that not all 

TFs compete for exclusive binding on nucleosomal targets, as perhaps more may function as 

pioneer factors. As recent studies have shown that pioneer factors are critical for cellular 

reprogramming and misregulation of their expression or function is associated with various 

forms of cancer [94, 95], it will be important to understand the mechanisms by which 

pioneer factors influence the nucleosome landscape. For example, canonical pioneer factor 

FoxA has recently been shown to displace linker histone H1 and increase MNase 

accessibility of nucleosomes at liver-specific enhancers [96]. It is possible that CTCF, Oct4, 

Nanog, Sox2, or Klf4 may function through a similar mechanism in ES cells. In fact, recent 

in vitro data have shown that Oct4, Sox2, and Klf4 can bind directly to nucleosomal target 

DNA [97]. We anticipate that chemical mapping will be an excellent tool in discovering 

other pioneer factors.

Future steps towards advancing our understanding of how nucleosome positions and 

dynamics regulate gene expression include identifying cellular factors that drive the in vivo 

positioning of nucleosomes. (For review on determinants of nucleosome positioning, we 

direct readers to [59].) To achieve this goal, chemical mapping can be implemented in 

organisms or cell populations carrying deletions of candidate positioning factors. Further, we 

anticipate that chemical mapping will be used to delineate nucleosome landscapes in a 

multitude of organisms and cell types. Most excitingly, we look forward to its applications in 

human cells and in the study of how nucleosomes reposition during cellular differentiation 

and disease progression.
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Glossary

Fenton reaction
is a reaction in which transition metal ions, such as iron or copper, are oxidized by hydrogen 

peroxide, forming a hydroxyl radical and a hydroxide ion in the process. In the case of 

chemical mapping, cuprous ions are oxidized as follows: Cu+ + H2O2—> Cu2+ + •OH + 

OH−

Global run-on sequencing (GRO-seq)
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measures elongating RNAPII activity genome-wide.

Nucleosome dyad
is the center of the nucleosomal DNA fragment.

Nucleosome occupancy
is the fraction of cells from a population in which a given base pair is wrapped in a 

nucleosome. Unlike nucleosome positioning, occupancy is not concerned with where the 

nucleosome is positioned so long as the base pair is covered by one.

Nucleosome positioning
commonly refers to the exact base pair position of a nucleosome on DNA with respect to a 

reference point, such as the start location or the dyad.

Phasing (with regard to nucleosomes)
refers to an array of nucleosomes that are approximately aligned and show rhythmic 

patterning in nucleosome occupancy when the DNA is aligned a genomic landmark, (e.g., 

TSS, TTS, etc.)

RNA polymerase II (RNAPII)
is an enzyme that transcribes DNA into mRNA.

Well-positioned nucleosome
describes a nucleosome that is dominantly positioned in the exact same location in all cells, 

shown in the data as a sharp and well-separated nucleosome occupancy peak. Conversely, in 

the literature, the term fuzzy nucleosomes describes poorly positioned nucleosomes or 

nucleosomes that have many alternatively positioning nearby, shown as a very wide and 

noisy occupancy peak in the data
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TRENDS BOX

Genome-wide nucleosome positioning maps provide deep insight into the regulatory role 

of nucleosomes in transcriptional processes.

Micrococcal nuclease (MNase) digests linker DNA in between nucleosomes while 

nucleosome-protected DNA remains intact. Sequencing the protected DNA allows for the 

determination of nucleosome positions genome-wide.

The chemical mapping method relies on site-directed hydroxyl radical cleavage of 

nucleosomes carrying modified histones to determine the positions of nucleosomes in the 

genome.

MNase-defined NDRs of cis regulatory elements are nucleosome enriched in the 

chemical map of mouse ES cells. Emerging evidence shows that such regions are 

occupied by “fragile nucleosomes”, which are lost due to over-digestion by MNase 

Results in mouse ES cells illustrate that fragile nucleosomes exist in the mouse genome 

and chemical mapping is capable of detecting them.
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OUTSTANDING QUESTIONS BOX

• What is the nature of fragile nucleosomes and what is their role in gene 

regulation?

• How do pioneer factors bind to nucleosome targets? What other pioneer 

factors are there? What are their roles in the transcriptional control of cell 

fate?

• What is the relationship between nucleosome positioning and splicing?
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Figure 1. 
Micrococcal nuclease (MNase) digestion is commonly used to map nucleosomes positions 

genome-wide. (a) Schematic of MNase mapping experiment. Cells are permeabilized and 

nuclei are isolated. MNase digests the accessible linker DNA and frees mononucleosomes 

from chromatin. (MNase is depicted as a pair of scissors.) Undigested DNA fragments are 

stripped of histones and other DNA-binding proteins by high salt and/or proteinase K 

digestion, followed by phenol-chloroform extraction. Mononucleosomal DNA is size-

selected from an agarose gel (Figure 1b), purified for library construction, followed by 

paired-end sequencing. Nucleosome dyad positions are inferred from the midpoints of 

sequenced reads. (b) MNase digestion fragments visualized by agarose gel electrophoresis. 

With increased MNase digestion (either in time or concentration), the average fragment size 

gets smaller and the characteristic DNA ladder shortens. Meanwhile, the lowest band (~150 

bp), which represents the mononucleosome population, is further enriched. This band is 

subsequently selected for library construction and paired-end sequencing. (c) Sequenced 

reads (horizontal blue lines) are mapped back to the genome to reveal the position of the 

protected DNA fragment on each chromosome. Shown is a comparison of “uniformly-

weighted nucleosome (reads) occupancy” versus (red line) “center-weighted nucleosome 
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(reads) occupancy” (black line). Using a center-weighted function prevents spikes (indicated 

with orange arrows) in the reads occupancy curve due to (a) overlap of reads arising from 

two neighboring, non-overlapping nucleosomes or (b) two alternatively positioned, 

overlapping nucleosomes due to population mixture, thus providing better definition of 

nucleosome centers. (d) Center-weighted nucleosome occupancy around the transcription 

start sites (TSS) of genes displays a nucleosome-depleted region (NDR). Nucleosome 

phasing diminishes further downstream from the well-positioned +1 nucleosome.
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Figure 2. 
Chemical mapping depends on site-directed hydroxyl radical cleavage of nucleosomes 

containing modified histone H4 to determine nucleosome positions genome-wide. (a) 

Structure of a nucleosome, highlighting histone H4 (green) and residue serine 47 (magenta 

spheres), which is mutated to a cysteine where the sulfhydryl-reactive, copper-chelating 

reagent (OP label) covalently binds. The nucleosome structure shown here is from [2] and 

selectively colored as in [27]. (b) Experimental design to chemically map nucleosomes. As 

in Figure 1a, nuclei are isolated from permeabilized H4S47C-containing cells and incubated 

with a sulfhydryl-binding, copper-chelating reagent (OP label). The label binds the cysteine 

of H4S47C and anchors copper ions to DNA at sites flanking the nucleosome dyad. With the 

addition of hydrogen peroxide (H2O2), hydroxyl radicals cleave where the copper is bound 

at sites flanking the dyad. Cleaved fragments are treated with high salt and/or proteinase K 

and subjected to phenol-chloroform extraction. After size selection and DNA purification, 

chemical cleavage products representing the monolinker between adjacent nucleosomes are 

prepared for library construction followed by paired-end sequencing. The 5′ and 3′ ends of 
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each read correspond to positions around nucleosome dyad. (c) Resulting DNA fragments 

from chemical cleavage are visualized by agarose gel electrophoresis. Chemical mapping 

results in a characteristic DNA banding pattern, which occurs only when the reaction 

includes the sulfhydryl-reactive OP label (shown in two different concentrations), copper, 

H2O2 and the H4S47C (from [85]). The monolinker step (lowest band) is excised and 

purified for library construction, followed by paired-end sequencing. (d) A diagram showing 

locations of dominant hydroxyl radical cleavages relative to the nucleosome dyad (base pair 

0). The cleavage sites are the first nucleotide in the sequencing reads. Relative location of 

OP label is indicated with perforated line. (e) Sequenced reads are mapped back to a 

reference genome. The raw cleavage counts are deconvoluted to calculate the nucleosome 

center positioning (NCP) scores to quantify nucleosome center occupancy at every genomic 

location. The center-weighted nucleosome occupancy score is defined the summation of 

Gaussian weighted NCP scores in ±73 bp. (f) Center-weighted nucleosome occupancy from 

the chemical map reveals a −1 nucleosome in the MNase-derived “NDR” at the TSS (see 

Figure 1d).
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