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Abstract: The compact nucleosomal structure limits DNA accessibility and regulates DNA-dependent
cellular activities. Linker histones bind to nucleosomes and compact nucleosomal arrays into a higher-
order chromatin structure. Recent developments in high throughput technologies and structural
computational studies provide nucleosome positioning at a high resolution and contribute to the
information of linker histone location within a chromatosome. However, the precise linker histone
location within the chromatin fibre remains unclear. Using monomer extension, we mapped core
particle and chromatosomal positions over a core histone-reconstituted, 1.5 kb stretch of DNA
from the chicken adult β-globin gene, after titration with linker histones and linker histone globular
domains. Our results show that, although linker histone globular domains and linker histones display
a wide variation in their binding affinity for different positioned nucleosomes, they do not alter
nucleosome positions or generate new nucleosome positions. Furthermore, the extra ~20 bp of DNA
protected in a chromatosome is usually symmetrically distributed at each end of the core particle,
suggesting linker histones or linker histone globular domains are located close to the nucleosomal
dyad axis.

Keywords: linker histones; linker histone globular domains; chromatosome; monomer extension;
nucleosome position; chromatosome position; MNase digestion

1. Introduction

In the eukaryotic genome, DNA is packaged inside nuclei by association with histone
proteins to form chromatin. The fundamental unit of chromatin is the nucleosome core
particle which is comprised of two copies of each of the core histones H2A, H2B, H3
and H4 and ~147 base pairs (bp) of DNA [1]. Nucleosomes play a critical role in gene
regulation through their ability to prevent the access of trans-acting factors to DNA (for
review, see [2–6]). Gene activation and transcription are often accompanied by the removal
of nucleosomes from the transcription factor binding region. As such, nucleosome posi-
tioning with respect to the underlying DNA is crucial for chromatin dynamics during gene
activation.

In addition to the core histones, present as an octameric unit, linker histones are in-
variably associated with nucleosomes. These histones bind to the nucleosome, interacting
with an extra 20 bp of linker DNA, to form chromatosomes [7–9]. Chromatosomal arrays
are hierarchically folded into higher-order structures which can modulate nucleosome
positioning [10]. Linker histones can be considered as epigenetic regulators as they bind
reversibly to nucleosomes and alter chromatin structures and dynamics. For example, the
removal of linker histones from chromatin can lead to the migration of the histone octamer
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and alterations in global nucleosome spacing and local chromatin compaction [11–14]. Con-
sequently, linker histones are thought to be capable of influencing nucleosome positioning
by the virtue of their role as agents of higher-order folding [8,9,15,16].

H1 linker histones are developmentally regulated proteins and, as a family, display
a much higher sequence variability between species than the highly conserved core hi-
stones [17,18]. All linker histone H1 variants consist of three parts: a short disordered
amino-terminal domain, a central highly conserved globular domain with a rigid structure,
and a long highly disorganized carboxyl-terminal domain of high, but variable, lysine
and arginine content. The linker histone-induced folding of chromatin into a higher-order
structure is largely a function of the basic C-terminal domain of the protein once correctly
located by the binding of the globular domain close to the dyad of the nucleosome [16].
The reversible binding of linker H1 to a nucleosome is directly related to many biological
processes [19,20]. Furthermore, linker histone H1 variants are modified and regulated
by various post-translational modifications, which in turn are thought to modulate the
chromatin structure [21]. Several studies have also shown that linker histones contribute to
the maintenance of chromatin compaction and life span in yeast [22–24].

The association between linker histones and nucleosomes is very dynamic [25–27],
and the nature of this interaction could allow the linker histones or the core particle octamer
to be replaced or removed and, thus, impact many biological and physiological functions.
Many attempts have been attempted to determine the exact position of linker histones or
the linker histone globular domains within the chromatosome and its precise interaction
with the linker DNA. In general, two major classes of binding mode based on the location
of the linker histone within a chromatosome were observed in early studies. In the on-dyad
location, the linker histone globular domain binds to the nucleosomal DNA at the dyad and
interacts with both linker DNAs equally [9,28–30]. In the off-dyad configuration, the linker
histone globular domain binds in a DNA groove located off the dyad axis and protects the
two linker DNAs unequally [31–35]. Recent structural studies on isolated nucleosomes
using linker histone variants from fruit fly, frog, chicken, mouse and human have produced
various structural models for linker histones binding. For example, Drosophila H1 and
human H1.4 bind to nucleosome near dyad in an asymmetric manner [36,37], while chicken
linker histone H5, Xenopus laevis H1.0b and human H1.5 bind symmetrically at the centre of
the dyad [38–40]. These diverse binding modes may reflect distinct properties of the linker
histone variants or subtypes bound to the nucleosome, although it is probable that the
interaction could also be influenced by the nature of the DNA-histone octamer substrate.

Despite the wealth of experimental and computational studies, several issues con-
cerning linker histones and their binding in chromatin remain unclear. For example, can
the interaction between the linker histone and a nucleosome directly influence its position
without help from remodelling complexes? How different is the mode of binding of the
linker histone in a polynucleosomal array compared to a single, isolated nucleosome?
Finally, how do linker histones direct the higher-order packaging of chromatin and how
are these proteins organised within the folded fibres?

To further advance our understanding of the linker histone–nucleosome interaction,
we reconstituted core histone octamers onto a 4.4 kb region of the chicken adult β-globin
gene, in the presence or absence of linker histones or linker histone globular domains. We
then employed monomer extension to map the sequence-directed nucleosome positioning
over extensive stretches of DNA. This procedure not only provides a high-resolution
output, but also has the distinct advantage of involving nothing more complex than a
simple, direct visual comparison of bands on high-resolution sequencing gels [41–45]. Our
results show that the presence of linker histones or linker histone globular domains has no
direct effect on nucleosome positioning. Furthermore, the extra 20 bp of DNA protected
by linker histones or their globular domains in chromatosomes is usually, but not always,
symmetrically distributed with respect to the core particle, suggesting that linker histone
globular domains locate close to the dyad axis of a chromatosome.
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2. Materials and Methods
2.1. Phagemid Construction and Preparation of Single Strand DNA

Appropriate DNA fragments of the chicken β-globin gene promoter region were
cloned from plasmid pCARB 4.4 [46] into the polylinker of pBluescript phagemid vectors
(Stratagene). All eight overlapping fragments were cloned into pBluescript KS(−) in both
orientations by using one or two blunt cutting sites to generate the following phagemids for
monomer extension: EcXmV (−1052 to +426; relative to the cap site of the β-globin gene;
EcoRI-XmnI), XmEcS (−1052 to +426; EcoRI-XmnI), SmEc (−1052 to −110; EcoRI-SmaI),
EcSm (−1052 to−110; EcoRI-SmaI), LA (−406 to +200; PvuII-PvuII), LE (−406 to +200; PvuII-
PvuII), Max (−110 to +426; SmaI-XmnI) and Xma (−110 to +426; SmaI-XmnI) (Figure S1).
All phagemids were transformed into E.coli strain DH11S for preparation of phagemid
single-stranded DNA. E.coli DH11S (F+) cells carrying the recombinant pBluescript-globin
plasmids were infected with M13KO7 helper phage to prepare the single-stranded DNA as
described in the Supplementary Material [47].

2.2. In Vitro Nucleosome Reconstitution and Titration of GH1/GH5 to Reconstituted Chromatin

Core particle DNA was prepared from pCBA4.4 which comprises a 4.4-kb EcoRI-
BamHI fragment of chicken β-globin sequence (-1052 to +3369, relative to the transcription
start site of the adult gene) in pBluescript KS [41,42]. The pCBA4.4 plasmid was reconsti-
tuted with core histone at a core histone/DNA ratio of 0.5:1 (wt/wt). The reconstitution
mixture, which contained linear pCBA4.4 DNA, chicken erythrocyte core histones, 2 M
NaCl, 1 × TE and 0.1 mM PMSF, was incubated at room temperature for 5 to 10 min and
then dialysed against a linear 2 M to 0.4 M NaCl gradient in 1 × TE at 4 ◦C for 3 to 4 h.
The reconstitution was then carried out by dialysis against a linear 0.4 M to 80 mM NaCl
gradient (in 1 × TE with 0.1 mM PMSF) overnight at 4 ◦C. Aliquots of this reconstituted
chromatin were then titrated with one molecule of recombinant GH1/GH5 or chicken
H1/H5 per core histone octamer on ice for 60 min. The preparation of chicken erythrocyte
core histones, linker histones H1/H5 and recombinant GH1/GH5 is described in the Sup-
plementary Material. As a control, some of the chromatin was treated exactly the same as
the GH1/GH5 reconstitute but no GH1/GH5 was added. After this, MNase was added
to the mixture to 5 unit/mL and CaCl2 to 1 mM and then the digestion was proceeded
by incubating the mixture on ice for 30 min followed by 105 s at 37 ◦C for trimming of
the digestion products. Finally, EDTA was added to 15 mM to stop the digestion reaction.
Chromatosomal and core particle DNAs were isolated from either a 7% polyacrylamide
gel or a 4.5% agarose gel routinely.

2.3. In Vitro Nucleosome Reconstitution at 37 ◦C

Reconstitution was carried out at a core histone/DNA ratio of 0.5:1 (w/w). The
reconstitution mixture, which again contained linear pCBA4.4 DNA, chicken erythrocyte
core histones, 2 M NaCl, 1 × TE and 0.1 mM PMSF, was incubated at room temperature
for 5 to 10 min and then dialysed against a linear 2 M to 0.5 M NaCl gradient in 1 × TE at
4 ◦C for 3 to 4 h. Subsequently, the reconstitute apparatus was moved to 37 ◦C, and GH1
or GH5 was added at the ratio of 1:1 to the core histone concentration. The reconstitution
was continued by dialysis against a linear 0.5 M to 80 mM NaCl gradient (in 1 × TE with
0.1 mM PMSF) for 3 to 4 h at 37 ◦C. Finally, the reconstitution was further dialysed against
80 mM NaCl (in 1 × TE with 0.1 mM PMSF) for another 1 h at 37 ◦C. The samples were
collected and stored at 4 ◦C until use.
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2.4. Monomer Extension

Purified chromatosomal and core particle DNA molecules were 5′ end-labelled and
used as heterogeneous populations of primers for extension on each of a set of 8 single-
stranded phagemids containing overlapping sections of the 1.5-kb globin region. Monomer
extension was performed as described previously [41,42]. Briefly, the 5′ end-labelled,
alkaline-denatured pCBA 4.4 core particle or chromatosomal DNA was annealed to ex-
cess phagemid single-stranded DNA and extended by Klenow DNA polymerase in the
absence or presence of appropriate restriction enzymes. For EcSm, LE, Xma, SmEc, LA and
Max mapping constructs, the restriction enzyme XbaI was used. For XmEcS and EcXmV
mapping constructs, restriction enzymes XbaI, Sse8387 I and BspEI were used. Products
formed during extension reactions were analysed by electrophoresis in 6% denaturing
polyacrylamide gels.

2.5. Analysis of the Nucleosome Mapping

The gel analysis of the monomer extension experiments were analysed as in the previ-
ous study [42]. Briefly, quantitative densitometer scans were obtained for each extension
reaction after PhosphorImager (Molecular Dynamics, Artisan Technology, Champaign, IL,
USA) analysis of the dried gels: band sizes were determined after densitometry of phos-
phor images by reference to markers. The equation which converted from coordinates of
markers to DNA size was determined by a six or higher-order polynomial. The correlation
coefficient was greater than 99.9% (Figure S2). The correlation between DNA size and the
coordinates of markers was determined for each gel independently. The lengths of exten-
sion products were converted by the application of the equation after the densitometry of
phosphor images. The locations of the positioning site boundaries were determined by the
lengths of extension products with respect to a unique restriction enzyme cutting site in the
β-globin gene. Densitometry traces carried out in the absence of a restriction enzyme were
considered as background for quantitation adjustment. Normalisation was determined
by common nucleosome positioning sites within overlap sequence. The lengths of extra
DNA associated with chromatosomes compared to core particles were obtained from the
difference between the core particle positioning sites and corresponding chromatosome
positioning sites.

3. Results
3.1. DNA Sequence-Directed Nucleosome Positioning Is Determined by the Core Histone Octamer
and Is Not Altered by the Addition of Linker Histone Globular Domains

Recent developments in high throughput genome-wide nucleosome positioning tech-
nologies, such as MNase-seq, ChIP-seq and DNase-seq, can determine nucleosome posi-
tioning at the single-base pair resolution [48–52]. Furthermore, structural studies using
nuclear magnetic resonance (NMR) spectroscopy and cryo-electron microscopy (cryo-EM),
revealed the static contact between linker histones and nucleosomes [36–40,53]. However,
the arrangement and location of linker histones or linker histone globular domains within
long chromatin fibres has not yet been fully established.

Monomer extension is an approach that can be used to compare the translational
positions adopted by core histone octamers and chromatosomes and, thus, to determine
the extra linker DNA protected by the linker histones or linker histone globular domains.
To map both the upstream and downstream boundaries of these nucleosomes, two sets of
single-stranded mapping clones containing the region of the DNA to be analysed, in both
orientations, were prepared. For our current study, we analysed nucleosome positioning
on a 1.5 kb region of the chicken β-globin gene (Figure S1).
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For the preparation of core particle DNA and chromatosomal DNA, a plasmid
(pCBA4.4) containing the chicken adult β-globin gene with its enhancer and flanking
sequences (4.4 kb) was reconstituted at a core histone/DNA ratio of 0.5:1 (w/w) [42].
Under our reconstitution conditions, the amount of core histones added to the DNA was
far from saturating. This is because we could identify the strongest core histone octamer
binding sites on the template. Furthermore, we could avoid both histone–histone
interactions between core particles and cooperativity in histone octamer binding to DNA.
If we used a higher histone/DNA ratio, these activities would influence nucleosome
placement in reconstitutes and it would be difficult to identify where the core histone
octamer binding sites were. To generate chromatosomes, core histone reconstituted
chromatin was titrated with one molecule of recombinant linker histone globular domain
(GH1 or GH5) per core histone octamer (Figure S3). Control chromatin was treated in
the same manner as the globular domain reconstitutes but no GH1/GH5 was added.
Reconstituted chromatins were then digested with MNase to produce populations of
chromatosome and core particle DNAs (Figure 1A). One clear discrete band with size
of ~147 bp was observed in the absence of linker histone globular domains indicating
the presence of core particle DNA (Figure 1A lane 2). In the presence of either GH1 or
GH5, two bands were observed: one band with a size of ~147 bp was core particle DNA
and the other with a size of ~167 bp was chromatosomal DNA (Figure 1A lanes 3–4)).
For the 147 bp DNA band obtained from GH1- or GH5-containing reconstitutes, they
might have come from two different populations: one set of the 147 bp DNAs might
have been from chromatosomes that were over digested by MNase and had lost GH1
or GH5; the other set of 147 bp DNA might have come from core particles that have
never been bound by GH1 or GH5. These DNAs were purified and analysed in a 6%
denaturing polyacrylamide gel (Figure 1B).
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recombinant GH1 (+GH1) or GH5 (+GH5). DNA purified from MNase digested chromatin were run in a 6% polyacrylamide
gel. The marker was an MspI digest of pBR322 DNA. (B) A 6% denaturing polyacrylamide gel analysis of 5′ end labelled core
particle and chromatosomal DNAs; 0GH147: core particle DNA derived from reconstitutes lacking linker histone globular
domain. GH1-147 and GH5-147: core particle DNAs derived from GH1- and GH5-containing reconstitutes, respectively.
GH1-167 and GH5-167: chromatosomal DNA derived from GH1- and GH5-containing reconstitutes, respectively. Markers:
size standards included C and T sequencing reactions of M13mp18 DNA (Lc and Lt, respectively). (C) A schematic outline
of the monomer extension and restriction procedures used to map nucleosome binding sites.

Purified nucleosomal DNAs (“monomer DNAs”) were then employed as primers in
the monomer extension procedure so as to determine their corresponding core particle
or chromatosome positions at high resolution (Figure 1C). Briefly, a plasmid carrying the
sequence (β-Globin gene, for example) to be mapped was reconstituted with core histones
and then digested with micrococcal nuclease to generate mononucleosomes (core particle).
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Monomer DNA, purified from these mononucleosomes, agarose gel-extracted, was 5′

end-labelled with a T4 polynucleotide kinase, which generated the 3′ OH essential for
priming. This 5′ end-labelled monomer DNA was then annealed to a single-stranded
(ss) DNA template (the EcXmV, for example) prepared from a phagemid carrying the
sequence to be mapped and extended by the addition of DNA polymerase and dNTPs.
This reaction was carried out in the presence of a restriction enzyme, which cleaved, at a
unique site (XbaI, for example), the double-stranded DNA formed upon the extension of
the monomers. As a result, labelled fragments were produced, the length of which located
the 5′ end of the annealed monomer DNAs relative to the known location of the restriction
site employed; thus, enabling one nucleosome boundary to be defined. The other boundary
was mapped by annealing and extending the same monomer DNA on the complementary
ssDNA template (the XmEcs, for example), using an appropriate restriction site (XbaI, for
example) as the reference point.

An example gel analysis of the monomer extension products obtained by mapping
both the upstream and downstream boundaries of nucleosomes formed in reconstituted
chromatin, is shown in Figure 2A,B. In the presence of restriction enzyme XbaI, the exten-
sion of the monomer DNA gave rise to a set of discrete, monodisperse bands (Figure 2A,
lanes 10–14; Figure 2B, lanes 3–7). Reactions performed in the absence of the restriction
enzyme gave rise to extension products comprising only high molecular weight DNAs
and no discrete bands could be detected (Figure 2A, lanes 3–7). The discrete extension
products produced in the presence of XbaI were, therefore, indicative of the boundaries
of nucleosome positioning sites. Our monomer extension results showed clearly that the
chromatosome positioning pattern (Figure 2A, lanes 12 and 14; Figure 2B, lanes 5 and
7) was different from the core particle positioning pattern (Figure 2A, lanes 10, 11 and
13; Figure 2B, lanes 3, 4 and 6). Most of the bands in the core particle positioning site
lanes were accompanied by bands in the chromatosome positioning site lanes, which were
correspondingly larger. There appeared to be no independent chromatosome sites lacking
corresponding core particle sites. Thus, the addition of GH1/GH5 did not generate new
positioning sites.

We also noted that the core particle positioning sites derived from reconstitutes lacking
linker histone globular domains (Figure 2A, lanes 10; Figure 2B, lanes 3) and the core parti-
cle positioning sites derived from reconstitutes which contained GH1 or GH5 (Figure 2A,
lanes 11 and 13, respectively; Figure 2B, lanes 4 and lanes 6, respectively) were generally
similar in size. Although small differences in the relative abundance (band intensity) of
particular sites derived from different chromatins could be found, the location of corre-
sponding core particle positioning sites was constant. Therefore, core particles derived
from chromatosomes occupied the same positions on the DNA as core particles formed in
the absence of globular domains.

We also observed that chromatosome positioning sites derived from a GH1-containing
reconstitute (Figure 2A, lane 12; Figure 2B, lane 5) were very similar to the chromatosome
positioning sites derived from a GH5-containing reconstitute (Figure 2A, lane 14; Figure 2B,
lane 7). Generally speaking, GH1 and GH5 chromatosome bands seemed to be the same
under our experimental conditions, although in a few instances, these may have differed in
relative abundance. Thus, the formation of chromatosome positioning sites seemed to be
independent of two types of linker histone globular domains used in this study.

By combining all of the mapping analyses, translational positioning maps for the histone
octamer and GH1- and GH5-containing chromatosomes, covering the entire 1.5 kb analysed,
were generated (Figure 2C). The core particle positioning map was similar to that found
in a previous study [42], although there were minor quantitative differences which may be
attributed to a variation in mapping constructs or to a variation in core particle preparation.
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DNA. Prominent core particle positioning sites or groups of sites previously identified were numbered as in Davey et al.
(1995). (C) Maps of the histone octamer and chromatosome positioning sites for the chicken adult β-globin 5′ gene region
(1.2 kb) prepared from 4 ◦C and 37 ◦C reconstituted conditions. The sequence was numbered with respect to the transcription
start site of the gene. By assuming a core particle size of 147 bp and a chromatosome size of 167 bp, the maps were arranged
to depict the centres of positioning sites. The names for samples from linker histone globular domain reconstitutes were as
described in Figure 1.

3.2. Effect of Reconstitution Conditions on Nucleosome Positioning

Positioned nucleosomes have been shown to display a dynamic behaviour, interpreted
to indicate movement between different positioning sites [54–56]. These observations,
suggest that temperature-induced, DNA sequence-dependant nucleosome mobility is
a general phenomenon [55,56]. Our results demonstrated that the addition of linker
histone globular domains to reconstituted chromatin did not alter nucleosome positioning.
Instead, the chromatosome positioning appeared to be determined by the core particle
positions established before the addition of linker histone globular domains during the
reconstitution process. As almost all of the chromatosome positions mapped can be
attributed to established core positions, there is little evidence to suggest that new positions
resulted from the binding of linker histone globular domains (Figure 2).

As the studies described above were carried out by the addition of GH1 or GH5 to the
reconstitutes at 4 ◦C in 80 mM NaCl, conditions that may not be particularly favourable
for octamer mobility, we repeated the reconstitution at an elevated temperature. Linker
histone globular domains were added during the reconstitution process, when the salt
concentration had been reduced to 0.5 M NaCl, and then the remaining dialysis to 80
mM NaCl was performed at 37 ◦C. Chromatin prepared in this manner was then digested
with MNase under standard conditions to produce chromatosome and core particle DNAs
(Figure S4).

Results from these experiments showed that both core particle and chromatosome
positioning sites derived from chromatin reconstituted at 37 ◦C (Figure 2A, lanes 17–21;
Figure 2B, lanes 8–12) were, in general, very similar to the positioning sites derived from
chromatin reconstituted at 4 ◦C (Figure 2A, lanes 10–14; Figure 2B, lanes 3–7). Thus, core
particle and chromatosome positioning was not influenced substantially by the temperature
at which the final stages of reconstitution were carried out or by the salt concentration at
which GH1/GH5 was added. It is also possible that our reconstitution process may not
have provided enough dynamic conditions for the occurrence of nucleosome repositioning.

3.3. MNase Digestion Patterns of the Linker DNA in Chromatosomes

We analysed the lengths of GH1/GH5-induced DNA extensions in chromatosomes,
relative to core particles, for the majority of positioning sites identified throughout the
1.5 kb region mapped. The length difference between a chromatosome band and the core
particle band is a measure of the length of DNA extending from one side of the core particle
and protected from digestion in a chromatosome by the linker histone globular domain. To
characterise this feature in detail, DNA extensions derived from GH1 chromatosomes were
carefully measured to determine the distribution of lengths.

For GH1 chromatosomes, the majority of DNA extension lengths exhibited a distri-
bution centred at 10 bp with an average DNA length of 10.4 ± 0.40 bp (Figure 3A). This
suggested a 10 + 10 bp extra DNA protection pattern in chromatosomes. However, a
few chromatosomes displayed a more varied combination of paired extension lengths
(Figure S5). By summing the paired lengths of DNA extensions for each of the same 38
nucleosomes, the total length of additional DNA associated with a chromatosome (com-
pared to a core particle) averaged 20.8 ± 0.45 bp (Figure 3B). These results indicated that
the DNA extended from a core particle to form chromatosome amounts to about 21 bp
and were usually equally distributed in 10 bp units at both ends of the core particle. Thus,
the extra DNA protected by linker histone globular domains was usually symmetrically
distributed at each side of the core particle.
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3.4. Effects of the Linker Histones Tails on the Nucleosome Positioning

Although the structure and function of the N- and C-terminal domains of linker
histones remain poorly understood, in part because of their intrinsically disordered nature,
a recent cryo-EM experimental study demonstrated a role for the C-terminal domain in
stabilizing the H1-nucleosome complex by primarily binding to one of the linker DNA
arms [40]. Furthermore, a more extensive study using cryo-EM, NMR and MD simulation
to study three human H1 isoforms confirmed that the C-terminal domain of linker histone
H1 facilitated a stabilizing effect on DNA dynamics and the binding dynamics between H1
and core histone tails [57]. To characterise the influence of the full-length linker histones
upon nucleosome positioning and chromatosome formation, we compared (i) linker histone
globular domains with intact linker histones and (ii) intact linker histone subtypes, with
respect to these properties. Again, monomer extension was employed using reconstituted
chromatin prepared with intact chicken erythrocyte H1 or H5.

To generate chromatosomes, core histone reconstituted chromatin was titrated with
one molecule of recombinant linker histone (H1 or H5) per core histone octamer as de-
scribed previously. Control chromatin was treated in the same manner as the linker histones
reconstitutes but no H1/H5 was added. Reconstituted chromatins were then digested
with MNase to produce populations of chromatosome and core particle DNAs (Figure
S6). Purified nucleosomal DNAs (“monomer DNAs”) were then employed as primers in
the monomer extension procedure. Our results showed that the H1- and H5-containing
chromatosome positioning pattern (Figure 4, lanes 5, 7, 16 and 18) was very similar to
the corresponding chromatosome positioning sites derived from GH1 or GH5-containing
reconstitutes (Figure 4, lanes 2, 3, 13 and14). No novel chromatosome positioning sites
without corresponding core particle sites were formed, indicating that the addition of
H1/H5 did not generate new positioning sites. Although there were some minor quanti-
tative differences between the corresponding sites, the patterns of positioning formed in
the presence of globular domains or intact linker histones were very similar. In addition,
the chromatosome positioning sites obtained from H1-reconstitutes were equivalent to
chromatosome positioning sites derived from H5-reconstitutes. These results suggest that,
under the reconstitution conditions employed here, the linker histone tails did not have a
substantial influence upon nucleosome positioning and that the linker histone globular
domains determined the nature of the chromatosomal DNA extensions.
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Figure 4. A 6% denaturing polyacrylamide gel analysis of monomer extension products formed
on mapping constructs SmEc and LA from linker histone globular domains or linker histones
reconstitutes. H1-147: core particle DNA derived from H1-containing reconstitutes. H1-167: chro-
matosomal DNA derived from H1-containing reconstitutes. H5-147: core particle DNA derived from
H5-containing reconstitutes. H1-167: chromatosomal DNA derived from H5-containing reconstitutes.
The names for samples from linker histone globular domain reconstitutes were as described in
Figure 1. Size standards were as described in Figure 2. Prominent core particle positioning sites or
groups of sites previously identified were numbered as in Davey et al. (1995) [42].
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4. Discussion

The binding of the globular domain of linker histones to nucleosomes is a critical
step in the pathway by which these molecules interact with chromatin, and modulate,
induce and maintain a higher-order chromatin structure [8,9,15,16,58]. The capacity of
linker histone tails to fold nucleosomes into a higher-order structure depends upon correct
globular domain binding [16]. Since the higher-order chromatin structure imposes a
constraint on nucleosome positioning, linker histone could in principle at least indirectly
affect positioning as it is the agent of higher-order folding.

In the present study, we examined the translational positioning maps for the histone
octamer, and GH1- and GH5-containing chromatosomes, which formed on a 1.5 kb stretch
of DNA after reconstitution (Figure 2). Our core particle positioning map was similar to
that previously described [42]. We also demonstrated that the addition of linker histone
globular domains or full-length linker histones to core histone reconstituted chromatin
did not appear to alter nucleosome positioning (Figures 2 and 4). Instead, chromatosome
positioning sites appeared to be determined by the core particle sites established during
the reconstitution process before the addition of linker histone globular domains or linker
histones. Almost all the chromatosome positions which were mapped could be accounted
for on the basis of the established core positions. There was little evidence to suggest that
new positions were being determined by the presence of linker histone globular domains
or linker histones.

Since GH1 and GH5 share the same structure, three helices followed by a β-hairpin
and were similarly folded, it was perhaps not surprising that GH1 and GH5 should have
displayed similar nucleosome binding properties (Figure S7). On the other hand, intact
H1 and H5 molecules were arranged along the chromatin fibre in a polar, head-to-tail
arrangement [59,60]. The contact between C- and N-terminal tails raised the possibility of a
capacity to influence nucleosome positioning through bridging neighbouring nucleosomes.
Furthermore, the distinctive arginine-rich C-terminal tail of H5 had a higher affinity for
chromatin than the lysine-rich C-terminal tail of H1 which resulted in a more stable H5-
bound chromatin structure than H1-bound chromatin structure [26]. It has been shown that
the H3 N-terminal tail interacts with flanking DNA sequences in the absence of H1 whereas,
in the presence of H1, the linker histone competes with the H3 tail for binding to these
flanking DNA sequence and forces the H3 tail to interact with DNA in the nucleosomal
core [61]. Additionally, the binding of linker histones to the nucleosome can disrupt the
symmetric conformation of the H2A C-terminal tails in the same nucleosome, probably
due to the stabilisation of the flanking DNA sequences by H1 [57]. Therefore, one might
expect H1 and H5 to display differing effects on nucleosome positioning. However, we
observed that chromatosome positioning sites were very similar between H1-containg re-
constitutes and H5-containing reconstitutes, suggesting that both H1 and H5 had no effects
on nucleosome positioning. Nevertheless, we did observe small changes in the binding
affinity in some nucleosomes derived from linker histone-containing reconstitutes when
compared to those derived from reconstitutes without linker histones. It is possible that the
regions where linker histones showed a weak affinity could have biological consequences
for DNA-based cellular activities such as replication, transcription, recombination and
repair.

Under our reconstitution conditions, the amount of core histones added to the DNA
was far from saturating and should have resulted in the formation of about one core
particle per 500 bp of DNA. Although the level of linker histone globular domain or intact
linker histone added during reconstitution equated to one molecule per core particle,
competition by the excess DNA may effectively reduce this one-to-one ratio, so that some
nucleosomes might not have linker histones or linker histone globular domain bound. Thus,
the opportunity for linker histone–linker histone, or linker histone tail interactions are likely
to be very limited. Nevertheless, our results did show that, in relative isolation, individual
linker histones did not have the capacity to alter established core particle positions.
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It is generally accepted that linker histones bind to the nucleosome and protect an
extra 20 bp of linker DNA. Many explanations have been proposed to describe the location
of the linker histones, or linker histone globular domains, within the nucleosome, their
interaction and chromatosome protection through biochemical analysis, structural studies
or computing simulations [9,36–40,57,62–67]. The current study is the first in vitro analysis
of chromatosomal DNA extensions protected by linker histones or linker histone globular
domains, in the context of a long-range nucleosome array formed on a natural genomic
DNA sequence. Although the monomer extension data was not quantitively as accurate
as a high throughput sequencing analysis might provide, our study allowed a direct
visual comparison on the impact of linker histones or linker histone globular domains
on nucleosome positioning and DNA extensions. An analysis of chromatosomal DNA
extensions from a large population of chromatosomes (38 sites; Supplementary Material)
showed that most of the sites adopted 10 + 10 bp extensions with respect to the protection
from core particles (Figure 3). This arrangement was entirely consistent with GH5 being
placed between one terminus of chromatosomal DNA and the DNA in the vicinity of the
dyad axis of symmetry of the core particle [31]. In this arrangement, the linker histone
globular domains would be able to bind the nucleosome-linking DNA strands that exit
and enter the nucleosome simultaneously and, therefore, protect a symmetrical 10 bp
extension of DNA. Our observation also suggested that linker histones or linker histone
globular domains generally protected DNA exiting from the core particle in an apparently
symmetrical manner with relatively few exceptions. However, it has been shown that, in
some instances, histone octamer binding alone can transiently protect additional DNA at
the upstream and/or downstream ends of core particle binding sites [49]. This property
may influence the binding of linker histones or linker histone globular domains and
contribute to the nature of the extra DNA protected in the chromatosome. Additionally, it
is likely that bending energy differences between the two protected regions at the edges of
positioning sites may modulate the symmetry of protection.

Recently, Bednar et al. (2017) performed a hydroxyl-radical footprinting analysis and
showed that both full-length H1 (H1.0) and the isolated GH1 (GH1.5) domains make a
symmetric footprint on the core DNA, protecting the central base pair plus three to four
flanking nucleotides on each strand [40]. Their results confirmed that the linker histone
H1.0 and linker histone globular domain GH1.5 adopts an on-dyed binding mode in
the solution. These findings are in line with the footprinting pattern observed for the
binding of H1.5 to di- and tri-nucleosomes in their early study [28]. As such, the observed
protection pattern in the solution agrees well with the specific protein-DNA interfaces
in their crystal structure and with the effect of H1 on linker conformation seen by their
cryo-EM result [40]. This on-dyed binding configuration is also observed for the globular
domains of chicken H5 [38]. Although we did not perform site-specific cross-linking and
DNA footprinting experiments to examine specific interactions between nucleosome and
either linker histones or linker histone globular domains, our MNase digestion protection
and monomer extension analysis indicated that linker histones and linker histone globular
domains usually protected linker DNA symmetrically.

All the on-dyad binding configurations observed for the chicken GH5 [38], Xenopus
H1.0 [40], human GH1.5 [40], chicken H1/H5 (this study) and chicken GH1/GH5 (this
study), differed from the off-dyad binding reported for the human H1.4 globular domain
in condensed 12-nucleosome arrays [37]. Several reasons can explain the discrepancy. First,
H1.4 and H1.5 have 95% sequence identity in their globular domain, and the few divergent
residues are unlikely to account for the different binding configurations [40]. It is likely
that it may be due to the variations in the process of sample preparation, such as the use
of different cross-linking reagents in these two different studies or the use of different
reaction conditions. Secondly, the 12-nucleosome arrays showed a different H1 binding
mode from our H1/H5 observation which was also a long-range nucleosome array. This
might have come from the different methodologies used in the observation. The cryogenic
electron microscopy may not be equivalent to nuclease digestion which measures a limiting
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structure. Furthermore, the chromatin used in their study is a tetra-nucleosome which is
capable of forming a higher-order chromatin structure and, under these circumstances,
the tails of H1 may have an inter-nucleosome effect and may influence the location of the
globular domain in their study. On the other hand, our reconstitution condition was to
avoid such an interaction. It is believed that the local stereochemical constraints play an
important role in the adoption of different binding modes and linker histones in condensed
array are easy to adopt asymmetrical binding. This is due to the twisted fibre geometry of
the array, which requires the two linkers of each nucleosome to follow non-superimposable
trajectories as they connect to the preceding and subsequent nucleosome. Under this
circumstance, GH1.4 would adopt off-dyed binding to stabilize the nucleosome array
structure and form a higher-order chromatin structure. Therefore, it is likely that linker
histone binding mode can switch from on-dyed to off-dyed and vice versa during the
chromatin condensation process [38,40].

In conclusion, we showed that nucleosome positioning is determined by the DNA
sequence-directed binding of the core histones and that this is not notably influenced by the
subsequent binding of linker histones or linker histone globular domains. Furthermore, the
majority of core particle positioning sites displayed a symmetric mode of chromatosome
protection in our study. These observations indicated that the linker histones or linker
histone globular domains bind close to the dyad axis of the nucleosome in a symmetric
configuration and protect 10 bp at each terminus. As such, we provided some insight into
the chromatosomal DNA extensions that could be established in a long-range nucleosome
array and this may help to further understand linker histones’ dynamic interaction within
chromatin.
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10.3390/cells10092239/s1. Figure S1. The location and orientation of the first 1.5 kb of the adult
β-globin sequences contained within the mapping constructs employed in this study. Figure S2. An
example of correlation between DNA size and DNA mobility derived from analysis of restriction and
sequencing markers on a 6% denaturing polyacrylamide gel. Figure S3. Chromatosome protection
of reconstituted chromatin containing increasing amounts of (A) GH1 and (B) GH5. Figure S4. Gel
analysis of core particle and chromatosomal DNAs. Figure S5. Distribution of lengths of extra DNA
associated with chromatosomes compared to core particles. Figure S6. (A) Chromatosome protection
of reconstituted chromatin containing equal molar ration of recombinant H1 (+H1) or H5 (+H5). (B)
A 4.5% metaphor agarose gel analysis of core particle and chromatosomal DNAs. Figure S7. Multiple
sequence alignment of chicken linker histone variants (H1 and H5) and the somatic subtypes of
human linker histones (H1.0, H1.1, H1.2, H1.3, H1.4, H1.5).

Author Contributions: C.-H.S. and J.A. perceived the project, prepared all samples, performed
biochemical experiments and analysis, and wrote the manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by the PSC-CUNY
Awards 63545-0051, 64468-0052 & 78658-0001 to C.-H.S.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: We are grateful to our laboratory colleagues for technical assistance and helpful
comments during this work.

Conflicts of Interest: The authors declare no competing interests.

References
1. Kornberg, R.D. Chromatin structure: A repeating unit of histones and DNA. Science 1974, 184, 868–871. [CrossRef]
2. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,

207–220. [CrossRef]
3. Kornberg, R.D.; Lorch, Y. Primary Role of the Nucleosome. Mol. Cell 2020, 79, 371–375. [CrossRef]

https://www.mdpi.com/article/10.3390/cells10092239/s1
https://www.mdpi.com/article/10.3390/cells10092239/s1
http://doi.org/10.1126/science.184.4139.868
http://doi.org/10.1038/s41576-018-0089-8
http://doi.org/10.1016/j.molcel.2020.07.020


Cells 2021, 10, 2239 15 of 17

4. Prajapati, H.K.; Ocampo, J.; Clark, D.J. Interplay among ATP-Dependent Chromatin Remodelers Determines Chromatin
Organisation in Yeast. Biology 2020, 9, 190. [CrossRef]

5. Sundaramoorthy, R.; Owen-Hughes, T. Chromatin remodelling comes into focus. F1000Research 2020, 9, 1011. [CrossRef]
6. Gamarra, N.; Narlikar, G.J. Collaboration through chromatin: Mechanisms of molecular motors at the interface of transcription

and chromatin structure. J. Mol. Biol. 2021, 166876. [CrossRef]
7. Noll, M.; Kornberg, R.D. Action of micrococcal nuclease on chromatin and the location of histone H1. J. Mol. Biol. 1977, 109,

393–404. [CrossRef]
8. Simpson, R.T. Structure of the chromatosome, a chromatin particle containing 160 base pairs of DNA and all the histones.

Biochemistry 1978, 17, 5524–5531. [CrossRef] [PubMed]
9. Allan, J.; Hartman, P.G.; Crane-Robinson, C.; Aviles, F.X. The structure of histone H1 and its location in chromatin. Nature 1980,

288, 675–679. [CrossRef] [PubMed]
10. Woodcock, C.L.; Ghosh, R.P. Chromatin higher-order structure and dynamics. Cold Spring Harb. Perspect. Biol. 2010, 2, a000596.

[CrossRef] [PubMed]
11. Satchwell, S.C.; Drew, H.R.; Travers, A.A. Sequence periodicities in chicken nucleosome core DNA. J. Mol. Biol. 1986, 191, 659–675.

[CrossRef]
12. Satchwell, S.C.; Travers, A.A. Asymmetry and polarity of nucleosomes in chicken erythrocyte chromatin. EMBO J. 1989, 8,

229–238. [CrossRef] [PubMed]
13. Fan, Y.; Nikitina, T.; Zhao, J.; Fleury, T.J.; Bhattacharyya, R.; Bouhassira, E.E.; Stein, A.; Woodcock, C.L.; Skoultchi, A.I. Histone H1

depletion in mammals alters global chromatin structure but causes specific changes in gene regulation. Cell 2005, 123, 1199–1212.
[CrossRef]

14. Routh, A.; Sandin, S.; Rhodes, D. Nucleosome repeat length and linker histone stoichiometry determine chromatin fiber structure.
Proc. Natl. Acad. Sci. USA 2008, 105, 8872–8877. [CrossRef] [PubMed]

15. Thoma, F.; Losa, R.; Koller, T. Involvement of the domains of histones H1 and H5 in the structural organization of soluble
chromatin. J. Mol. Biol. 1983, 167, 619–640. [CrossRef]

16. Allan, J.; Mitchell, T.; Harborne, N.; Bohm, L.; Crane-Robinson, C. Roles of H1 domains in determining higher-order chromatin
structure and H1 location. J. Mol. Biol. 1986, 187, 591–601. [CrossRef]

17. Izzo, A.; Kamieniarz-Gdula, K.; Schneider, R. The histone H1 family: Specific members, specific functions? Biol. Chem. 2008, 389,
333–343. [CrossRef]

18. Hergeth, S.P.; Schneider, R. The H1 linker histones: Multifunctional proteins beyond the nucleosomal core particle. EMBO Rep.
2015, 16, 1439–1453. [CrossRef]

19. Bustin, M.; Catez, F.; Lim, J.-H. The dynamics of histone H1 function in chromatin. Mol. Cell 2005, 17, 617–620. [CrossRef]
20. Bednar, J.; Hamiche, A.; Dimitrov, S. H1–nucleosome interactions and their functional implications. Biochim. Et Biophys. Acta

(BBA)-Gene Regul. Mech. 2016, 1859, 436–443. [CrossRef]
21. Fyodorov, D.V.; Zhou, B.-R.; Skoultchi, A.I.; Bai, Y. Emerging roles of linker histones in regulating chromatin structure and

function. Nat. Rev. Mol. Cell Biol. 2018, 19, 192–206. [CrossRef]
22. Barra, J.L.; Rhounim, L.; Rossignol, J.L.; Faugeron, G. Histone H1 is dispensable for methylation-associated gene silencing in

Ascobolus immersus and essential for long life span. Mol. Cell. Biol. 2000, 20, 61–69. [CrossRef] [PubMed]
23. Georgieva, M.; Roguev, A.; Balashev, K.; Zlatanova, J.; Miloshev, G. Hho1p, the linker histone of Saccharomyces cerevisiae, is

important for the proper chromatin organization in vivo. Biochim. Biophys. Acta. 2012, 1819, 366–374. [CrossRef]
24. Uzunova, K.; Georgieva, M.; Miloshev, G. Saccharomyces cerevisiae linker histone-Hho1p maintains chromatin loop organization

during ageing. Oxidative Med. Cell. Longev. 2013, 2013, 437146. [CrossRef]
25. Caron, F.; Thomas, J.O. Exchange of histone H1 between segments of chromatin. J. Mol. Biol. 1981, 146, 513–537. [CrossRef]
26. Thomas, J.O.; Rees, C. Exchange of histones H1 and histone H5 between chromatin fragments—A preference of H5 for higher-

order structures. Eur. J. Biochem. 1983, 134, 109–115. [CrossRef] [PubMed]
27. Misteli, T.; Gunjan, A.; Hock, R.; Bustin, M.; Brown, D.T. Dynamic binding of histone H1 to chromatin in living cells. Nature 2000,

408, 877–881. [CrossRef] [PubMed]
28. Syed, S.H.; Goutte-Gattat, D.; Becker, N.; Meyer, S.; Shukla, M.S.; Hayes, J.J.; Everaers, R.; Angelov, D.; Bednar, J.; Dimitrov, S.

Single-base resolution mapping of H1-nucleosome interactions and 3D organization of the nucleosome. Proc. Natl. Acad. Sci.
USA 2010, 107, 9620–9625. [CrossRef]

29. Fan, L.; Roberts, V.A. Complex of linker histone H5 with the nucleosome and its implications for chromatin packing. Proc. Natl.
Acad. Sci. USA 2006, 103, 8384–8389. [CrossRef] [PubMed]

30. Meyer, S.; Becker, N.B.; Syed, S.H.; Goutte-Gattat, D.; Shukla, M.S.; Hayes, J.J.; Angelov, D.; Bednar, J.; Dimitrov, S.; Everaers, R.
From crystal and NMR structures, footprints and cryo-electron-micrographs to large and soft structures: Nanoscale modeling of
the nucleosomal stem. Nucleic Acids Res. 2011, 39, 9139–9154. [CrossRef]

31. Zhou, Y.B.; Gerchman, S.E.; Ramakrishnan, V.; Travers, A.; Muyldermans, S. Position and orientation of the globular domain of
linker histone H5 on the nucleosome. Nature 1998, 395, 402–405. [CrossRef]

32. Bharath, M.M.; Chandra, N.R.; Rao, M.R. Molecular modeling of the chromatosome particle. Nucleic Acids Res. 2003, 31, 4264–4274.
[CrossRef] [PubMed]

http://doi.org/10.3390/biology9080190
http://doi.org/10.12688/f1000research.21933.1
http://doi.org/10.1016/j.jmb.2021.166876
http://doi.org/10.1016/S0022-2836(77)80019-3
http://doi.org/10.1021/bi00618a030
http://www.ncbi.nlm.nih.gov/pubmed/728412
http://doi.org/10.1038/288675a0
http://www.ncbi.nlm.nih.gov/pubmed/7453800
http://doi.org/10.1101/cshperspect.a000596
http://www.ncbi.nlm.nih.gov/pubmed/20452954
http://doi.org/10.1016/0022-2836(86)90452-3
http://doi.org/10.1002/j.1460-2075.1989.tb03368.x
http://www.ncbi.nlm.nih.gov/pubmed/2714251
http://doi.org/10.1016/j.cell.2005.10.028
http://doi.org/10.1073/pnas.0802336105
http://www.ncbi.nlm.nih.gov/pubmed/18583476
http://doi.org/10.1016/S0022-2836(83)80102-8
http://doi.org/10.1016/0022-2836(86)90337-2
http://doi.org/10.1515/BC.2008.037
http://doi.org/10.15252/embr.201540749
http://doi.org/10.1016/j.molcel.2005.02.019
http://doi.org/10.1016/j.bbagrm.2015.10.012
http://doi.org/10.1038/nrm.2017.94
http://doi.org/10.1128/MCB.20.1.61-69.2000
http://www.ncbi.nlm.nih.gov/pubmed/10594009
http://doi.org/10.1016/j.bbagrm.2011.12.003
http://doi.org/10.1155/2013/437146
http://doi.org/10.1016/0022-2836(81)90045-0
http://doi.org/10.1111/j.1432-1033.1983.tb07538.x
http://www.ncbi.nlm.nih.gov/pubmed/6861754
http://doi.org/10.1038/35048610
http://www.ncbi.nlm.nih.gov/pubmed/11130729
http://doi.org/10.1073/pnas.1000309107
http://doi.org/10.1073/pnas.0508951103
http://www.ncbi.nlm.nih.gov/pubmed/16717183
http://doi.org/10.1093/nar/gkr573
http://doi.org/10.1038/26521
http://doi.org/10.1093/nar/gkg481
http://www.ncbi.nlm.nih.gov/pubmed/12853645


Cells 2021, 10, 2239 16 of 17

33. Brown, D.T.; Izard, T.; Misteli, T. Mapping the interaction surface of linker histone H1(0) with the nucleosome of native chromatin
in vivo. Nat. Struct. Mol. Biol. 2006, 13, 250–255. [CrossRef]

34. Wong, J.; Li, Q.; Levi, B.; Shi, Y.; Wolffe, A.P. Structural and functional features of a specific nucleosome containing a recognition
element for the thyroid hormone receptor. EMBO J. 1997, 16, 7130–7145. [CrossRef]

35. An, W.; Leuba, S.; van Holde, K.; Zlatanova, J. Linker histone protects linker DNA on only one side of the core particle and in a
sequence-dependent manner. Proc. Natl. Acad. Sci. USA 1998, 95, 3396–3401. [CrossRef]

36. Zhou, B.-R.; Feng, H.; Kato, H.; Dai, L.; Yang, Y.; Zhou, Y.; Bai, Y. Structural insights into the histone H1-nucleosome complex.
Proc. Natl. Acad. Sci. USA 2013, 110, 19390–19395. [CrossRef]

37. Song, F.; Chen, P.; Sun, D.; Wang, M.; Dong, L.; Liang, D.; Xu, R.-M.; Zhu, P.; Li, G. Cryo-EM study of the chromatin fiber reveals a
double helix twisted by tetranucleosomal units. Science 2014, 344, 376–380. [CrossRef] [PubMed]

38. Zhou, B.R.; Jiang, J.; Feng, H.; Ghirlando, R.; Xiao, T.S.; Bai, Y. Structural Mechanisms of Nucleosome Recognition by Linker
Histones. Mol. Cell. 2015, 59, 628–638. [CrossRef]

39. Zhou, B.-R.; Feng, H.; Ghirlando, R.; Li, S.; Schwieters, C.D.; Bai, Y. A small number of residues can determine if linker histones
are bound on or off dyad in the chromatosome. J. Mol. Biol. 2016, 428, 3948–3959. [CrossRef]

40. Bednar, J.; Garcia-Saez, I.; Boopathi, R.; Cutter, A.R.; Papai, G.; Reymer, A.; Syed, S.H.; Lone, I.N.; Tonchev, O.; Crucifix, C.; et al.
Structure and dynamics of a 197 bp nucleosome in complex with linker histone H1. Mol. Cell. 2017, 66, 384–397. [CrossRef]

41. Yenidunya, A.; Davey, C.; Clark, D.; Felsenfeld, G.; Allan, J. Nucleosome positioning on chicken and human globin gene
promoters in vitro novel mapping techniques. J. Mol. Biol. 1994, 237, 401–414. [CrossRef] [PubMed]

42. Davey, C.; Pennings, S.; Meersseman, G.; Wess, T.J.; Allan, J. Periodicity of strong nucleosome positioning sites around the
chicken adult β-globin gene may encode regularly spaced chromatin. Proc. Natl. Acad. Sci. USA 1995, 92, 11210–11214. [CrossRef]
[PubMed]

43. Davey, C.; Pennings, S.; Allan, J. CpG methylation remodels chromatin structure in vitro. J. Mol. Biol. 1997, 267, 276–288.
[CrossRef]

44. Shen, C.-H.; Leblanc, B.P.; Alfieri, J.A.; Clark, D.J. Remodeling of yeast CUP1 chromatin involves activator-dependent repositioning
of nucleosomes over the entire gene and flanking sequences. Mol. Cell. Biol. 2001, 21, 534–547. [CrossRef]

45. Shen, C.-H.; Clark, D.J. DNA sequence plays a major role in determining nucleosome positions in yeast CUP1 chromatin. J. Biol.
Chem. 2001, 276, 35209–35216. [CrossRef]

46. Walmsley, M.E.; Buckle, R.S.; Allan, J.; Patient, R.K. A chicken red cell inhibitor of transcription associated with the terminally
differentiated state. J. Cell Biol. 1991, 114, 9–19. [CrossRef]

47. Lin, J.J.; Smith, M.; Jessee, J.; Bloom, F. DH11S: An Escherichia coli strain for preparation of single-stranded DNA from phagemid
vectors. BioTechniques 1992, 12, 718–721.

48. Bell, O.; Tiwari, V.K.; Thomä, N.H.; Schübeler, D. Determinants and dynamics of genome accessibility. Nat. Rev. Genet. 2011, 12,
554–564. [CrossRef]

49. Fraser, R.M.; Keszenman-Pereyra, D.; Simmen, M.W.; Allan, J. High-resolution mapping of sequence-directed nucleosome
positioning on genomic DNA. J. Mol. Biol. 2009, 390, 292–305. [CrossRef]

50. Guertin, M.J.; Lis, J.T. Mechanisms by which transcription factors gain access to target sequence elements in chromatin. Curr.
Opin. Genet. Dev. 2013, 23, 116–123. [CrossRef]

51. Jiang, C.; Pugh, B.F. Nucleosome positioning and gene regulation: Advances through genomics. Nat. Rev. Genet. 2009, 10, 161–172.
[CrossRef]

52. Hughes, A.L.; Rando, O.J. Mechanisms underlying nucleosome positioning in vivo. Annu. Rev. Biophys. 2014, 43, 41–63.
[CrossRef]

53. Brouwer, T.; Pham, C.; Kaczmarczyk, A.; de Voogd, W.-J.; Botto, M.; Vizjak, P.; Mueller-Planitz, F.; van Noort, J. A critical role for
linker DNA in higher-order folding of chromatin fibers. Nucleic Acids Res. 2021, 49, 2537–2551. [CrossRef]

54. Pennings, S.; Meersseman, G.; Bradbury, E. Mobility of positioned nucleosomes on 5S rDNA. J. Mol. Biol. 1991, 220, 101–110.
[CrossRef]

55. Pennings, S.; Meersseman, G.; Bradbury, E.M. Linker histones H1 and H5 prevent the mobility of positioned nucleosomes. Proc.
Natl. Acad. Sci. USA 1994, 91, 10275–10279. [CrossRef] [PubMed]

56. Meersseman, G.; Pennings, S.; Bradbury, E. Mobile nucleosomes—A general behavior. EMBO J. 1992, 11, 2951–2959. [CrossRef]
[PubMed]

57. Zhou, B.R.; Feng, H.; Kale, S.; Fox, T.; Khant, H.; de Val, N.; Ghirlando, R.; Panchenko, A.R.; Bai, Y. Distinct structures and
dynamics of chromatosomes with different human linker histone isoforms. Mol. Cell. 2021, 81, 166–182. [CrossRef] [PubMed]

58. Hill, C.; Martin, S.; Thomas, J. A stable alpha-helical element in the carboxy-terminal domain of free and chromatin-bound
histone H1 from sea urchin sperm. EMBO J. 1989, 8, 2591–2599. [CrossRef]

59. Ring, D.; Cole, R.D. Close contacts between H1 histone molecules in nuclei. J. Biol. Chem. 1983, 258, 5361–5364. [CrossRef]
60. Lennard, A.C.; Thomas, J.O. The arrangement of H5 molecules in extended and condensed chicken erythrocyte chromatin. EMBO

J. 1985, 4, 3455–3462. [CrossRef]
61. Stützer, A.; Liokatis, S.; Kiesel, A.; Schwarzer, D.; Sprangers, R.; Söding, J.; Selenko, P.; Fischle, W. Modulations of DNA Contacts

by Linker Histones and Post-translational Modifications Determine the Mobility and Modifiability of Nucleosomal H3 Tails. Mol.
Cell. 2016, 61, 247–259. [CrossRef]

http://doi.org/10.1038/nsmb1050
http://doi.org/10.1093/emboj/16.23.7130
http://doi.org/10.1073/pnas.95.7.3396
http://doi.org/10.1073/pnas.1314905110
http://doi.org/10.1126/science.1251413
http://www.ncbi.nlm.nih.gov/pubmed/24763583
http://doi.org/10.1016/j.molcel.2015.06.025
http://doi.org/10.1016/j.jmb.2016.08.016
http://doi.org/10.1016/j.molcel.2017.04.012
http://doi.org/10.1006/jmbi.1994.1243
http://www.ncbi.nlm.nih.gov/pubmed/8151701
http://doi.org/10.1073/pnas.92.24.11210
http://www.ncbi.nlm.nih.gov/pubmed/7479967
http://doi.org/10.1006/jmbi.1997.0899
http://doi.org/10.1128/MCB.21.2.534-547.2001
http://doi.org/10.1074/jbc.M104733200
http://doi.org/10.1083/jcb.114.1.9
http://doi.org/10.1038/nrg3017
http://doi.org/10.1016/j.jmb.2009.04.079
http://doi.org/10.1016/j.gde.2012.11.008
http://doi.org/10.1038/nrg2522
http://doi.org/10.1146/annurev-biophys-051013-023114
http://doi.org/10.1093/nar/gkab058
http://doi.org/10.1016/0022-2836(91)90384-I
http://doi.org/10.1073/pnas.91.22.10275
http://www.ncbi.nlm.nih.gov/pubmed/7937940
http://doi.org/10.1002/j.1460-2075.1992.tb05365.x
http://www.ncbi.nlm.nih.gov/pubmed/1639066
http://doi.org/10.1016/j.molcel.2020.10.038
http://www.ncbi.nlm.nih.gov/pubmed/33238161
http://doi.org/10.1002/j.1460-2075.1989.tb08398.x
http://doi.org/10.1016/S0021-9258(17)43814-2
http://doi.org/10.1002/j.1460-2075.1985.tb04104.x
http://doi.org/10.1016/j.molcel.2015.12.015


Cells 2021, 10, 2239 17 of 17

62. Hayes, J.J. Site-directed cleavage of DNA by a linker histone-Fe(II) EDTA conjugate—localization of a globular domain binding
site within a nucleosome. Biochemistry 1996, 35, 11931–11937. [CrossRef]

63. Hayes, J.J.; Pruss, D.; Wolffe, A.P. Contacts of the globular domain of histone H5 and core histones with DNA in a chromatosome.
Proc. Natl. Acad. Sci. USA 1994, 91, 7817–7821. [CrossRef]

64. Pruss, D.; Bartholomew, B.; Persinger, J.; Hayes, J.; Arents, G.; Moudrianakis, E.N.; Wolffe, A.P. An asymmetric model for the
nucleosome—A binding site for linker histones inside the DNA gyres. Science 1996, 274, 614–617. [CrossRef]

65. Travers, A.A.; Muyldermans, S.V. A DNA sequence for positioning chromatosomes. J. Mol. Biol. 1996, 257, 486–491. [CrossRef]
66. Woods, D.C.; Wereszczynski, J. Elucidating the influence of linker histone variants on chromatosome dynamics and energetics.

Nucleic Acids Res. 2020, 48, 3591–3604. [CrossRef] [PubMed]
67. Wang, S.; Vogirala, V.K.; Soman, A.; Berezhnoy, N.V.; Liu, Z.B.; Wong, A.S.W.; Korolev, N.; Su, C.-J.; Sandin, S.; Nordenskiöld,

L. Linker histone defines structure and self-association behaviour of the 177 bp human chromatosome. Sci. Rep. 2021, 11, 380.
[CrossRef] [PubMed]

http://doi.org/10.1021/bi961590+
http://doi.org/10.1073/pnas.91.16.7817
http://doi.org/10.1126/science.274.5287.614
http://doi.org/10.1006/jmbi.1996.0178
http://doi.org/10.1093/nar/gkaa121
http://www.ncbi.nlm.nih.gov/pubmed/32128577
http://doi.org/10.1038/s41598-020-79654-8
http://www.ncbi.nlm.nih.gov/pubmed/33432055

	Introduction 
	Materials and Methods 
	Phagemid Construction and Preparation of Single Strand DNA 
	In Vitro Nucleosome Reconstitution and Titration of GH1/GH5 to Reconstituted Chromatin 
	In Vitro Nucleosome Reconstitution at 37 C 
	Monomer Extension 
	Analysis of the Nucleosome Mapping 

	Results 
	DNA Sequence-Directed Nucleosome Positioning Is Determined by the Core Histone Octamer and Is Not Altered by the Addition of Linker Histone Globular Domains 
	Effect of Reconstitution Conditions on Nucleosome Positioning 
	MNase Digestion Patterns of the Linker DNA in Chromatosomes 
	Effects of the Linker Histones Tails on the Nucleosome Positioning 

	Discussion 
	References

