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The dynamic structure of chromatin is linked to gene regulation and many other bio-
logical functions. Consequently, it is of importance to understand the factors that regu-
late chromatin dynamics. While the in vivo analysis of chromatin has verified that histone
post-translational modifications play a role in modulating DNA accessibility, the complex
nuclear environment and multiplicity of modifications prevents clear conclusions as to how
individual modifications influence chromatin dynamics in the cell. For this reason, in vitro
analyses of model reconstituted nucleosomal arrays has been pivotal in understanding the
dynamic nature of chromatin compaction and the affects that specific post-translational
modifications can have on the higher order chromatin structure. In thismini-review, we briefly
describe the dynamic chromatin structures that have been observed in vitro and the envi-
ronmental conditions that give rise to these various conformational states. Our focus then
turns to a discussion of the specific histone post-translational modifications that have been
shown to alter formation of these higher order chromatin structures in vitro and how this
may relate to the biological state and accessibility of chromatin in vivo.

Introduction
Eukaryotic genetic material in the nucleus exists in the form of chromatin. The most basic unit of chro-
matin is the nucleosome. The nucleosome core consists of 147 bp of DNA that wraps around a globular
protein octamer composed of two of each of the core histone proteins H2A, H2B, H3, and H4. Each core
histone has a structured domain that binds DNA and a disordered N-terminal tail that projects into solu-
tion [1]. Chromatin is composed of arrays of nucleosome cores separated by linker DNA. While the first
step in DNA packaging is nucleosome assembly, it is the ensuing steps of chromatin compaction that have
been a source of relentless investigation and debate [2].
The structure of chromatin is dynamic both in vitro and in vivo. In vitro experiments have shown

that this behavior is dependent not only on the salt concentrations present in solution, but additionally by
components of the chromatin itself. Increasing ionic strength alters the behavior of chromatin in vitro, al-
lowing it to be transformed from an extended array of nucleosomes referred to as the 10-nm fiber, through
a folding intermediate, to maximally folded structures (the 30-nm fiber) [3]. At higher ionic strength than
is required to induce chromatin folding, the 10-nm fiber self-associates to form supramolecular oligomeric
globules [4] (Figure 1). In addition to salt, theN-terminal tails are required for both chromatin folding and
chromatin globule formation [3]. Consequently, one of the key ways in which dynamics can be regulated
both in vitro and in vivo is through post-translational modification of the histone tails.
This mini-review focusses on the effects of post-translational histone modifications on chromatin dy-

namics in vitro and their effects on chromatin accessibility in vivo. We will discuss both 30-nm fibers and
chromatin globules and the factors that contribute to their formation, placing an emphasis on the various
histone modifications that affect chromatin dynamics.
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Figure 1. Chromatin structures observed in vitro

The most basic conformation of chromatin is an array of nucleosome core particles connected by regions of linker DNA (the 10-nm

fiber). Under conditions of low salt and adherence to a surface, the 10-nm fiber becomes stretched and takes on a conformation

resembling beads-on-a-string. Under low salt conditions and when free in solution, the 10-nm fiber is an extended zigzag. In 100

mM NaCl or 1 mM MgCl2, the array folds into an intermediate structure that has been predicted to be a contacting zigzag or open

helix. In 2 mM Mg2+, the array becomes maximally folded in a 30-nm conformation. In >2 mM Mg2+, the 10-nm fibers reversibly

self-associate to form supramolecular chromatin globules.

Chromatin dynamics: 30-nm fibers and oligomeric chromatin
globules
The 10-nm fiber represents the in vitro conformational state of chromatin that forms under low salt conditions due
to the maximal repulsion of the negatively charged DNA. In this environment, the chromatin adopts an extended
zigzag structure in which the nucleosomes alternate from side-to-side due to the DNA entry and exit angles at the
nucleosome cores. The 10-nm fiber has also been visualized by EMunder conditions that cause it to become stretched
and take on amore linear conformation resembling ‘beads-on-a-string’ (Figure 1). As the salt in solution is increased,
the negatively charged DNA backbone becomes neutralized and the chromatin forms compact structures. In the
presence of 100 mM NaCl, nucleosomal arrays containing linker histone H1 fold into 30-nm fibers [5]. While these
salt conditions require histone H1 for 30-nm fiber formation, it was later shown that increasing concentrations of the
divalent cation Mg2+ were capable of inducing 30-nm fibers in the absence of any linker histone [6]. The transition
from 10- to 30-nm fibers is referred to as chromatin folding. It has been observed that this process likely transitions
through a folding intermediate described by either a contacting zigzag or open helix state [6–8] (Figure 1). The 30-nm
fiber does not consist of a single structure. Instead a number of different 30-nm fibers have been observed in vitro
depending on linker DNA length [9–11]. Chromatin folding is dependent upon interactions of all the histone tails
with either linker or nucleosomal core DNA [12], and the H4 tail with the nucleosome acidic patch [13–16].
While studying the salt dependence of chromatin folding, it was observed that increasing Mg2+ concentrations

would cause nucleosomal arrays to reversibly self-assemble into large structures that pelleted after only a short pe-
riod of low-speed centrifugation [6,17]. It has since been demonstrated that these structures are in fact supramolecular
chromatin globules that have sedimentation coefficients ranging from 5,000 to 400,000S [4]. It is possible that globule
formation represents a phase separation process. The individual nucleosomal arrays thatmake up the chromatin glob-
ules are packaged as 10-nm fibers in an interdigitated polymermelt structure in which the individual nucleosomes are
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Figure 2. Synopsis of post-translational modification effects on chromatin dynamics

An array of nucleosomes in vitro is in equilibrium between three structural states: extended 10-nm fibers, folded 30-nm fibers, and

oligomeric chromatin globules. Chromatin folding is mediated by nucleosome–nucleosome interactions in cis while formation of

chromatin globules requires nucleosome–nucleosome interactions in trans. The effects of post-translational modifications on each

structural transition are indicated. For chromatin folding, inhibition is defined as inability to form the 30-nm state as judged by

physicochemical analyses. For chromatin globule formation, inhibition is defined as requiring more salt than wild-type to assemble

the globules.

mobile. Like chromatin folding, chromatin globule formation is dependent upon inter-nucleosomal histone–histone
and histone–DNA interactions [12,17,18]. However, whereas chromatin folding involves nucleosome–nucleosome
interactions in cis, globule formation involves nucleosome–nucleosome interactions in trans. Cis refers to local in-
teractions that occur within a single chromatin fiber, and trans refers to interactions made between different 10-nm
fibers or distant portions of the genome. All of the core histone tails have roles in promoting chromatin globule for-
mation by binding to linker and/or nucleosomal core DNA, and acting additively and independently [18]. Lastly, it
has been shown that interactions made between the acidic patch and the H4 tail are important in chromatin globule
assembly [19–22].

Effects of post-translational modification on chromatin
folding in vitro
Histone tail post-translational modifications provide a means in which chromatin structure and composition can be
regulated. There are two ways in which histone tail modifications function. First, they can create a binding site for
chromatin-associated proteins. Second, which will be a focus of this review, is they can directly modulate chromatin
fiber dynamics. Although a variety of histone tail post-translational modifications have been observed, the most
widely studied types in terms of directly affecting chromatin condensation include acetylation, methylation, ubiqui-
tination, and sumoylation (Figure 2). These modifications can directly affect amino acid non-covalent interactions,
alter chromatin dynamics, and have varying effects on gene expression and regulation.
Histone tail acetylation is the most widely studiedmodification for its role in chromatin folding. Histone tail acety-

lation disrupts electrostatic histone tail interactions by neutralizing the basic charge found on lysine residues. Con-
sidering most histone tails can be acetylated at multiple lysine sites, an analysis of chromatin structure under varying
degrees of histone tail acetylation and the modification of individual residues is important to understand its role in
chromatin folding. Characterization of the sedimentation behavior of nucleosomal arrays reconstituted with hyper-
acetylated histones demonstrated that the arrays form 10-nm fibers under salt concentrations that would otherwise
induce chromatin folding [23]. The effect of acetylation was further demonstrated by studying nucleosomal arrays
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containing 2, 6, or 12 acetates per octamer in 2 mMMgCl2. Sedimentation velocity experiments demonstrated that
2 and 6 acetates per octamer resulted in normal chromatin folding. In contrast, the arrays with 12 acetates per oc-
tamer showed a complete loss of the 30-nm conformational state [24]. While these experiments gave insight into the
inhibitory effects of bulk acetylation on chromatin folding, they did not determine the effect of acetylating specific
lysine residues.
Binding of the H4 tail to the nucleosome surface acidic patch is required to form folded 30-nm fibers [16,21]. The

tail residue H4K16 interacts directly with the acidic patch [13,14] and is a significant target for acetylation in vivo
[25]. Sedimentation velocity analyses of reconstituted H4K16ac nucleosomal arrays in 1 mM MgCl2 demonstrated
that this modification was as effective at inhibiting 30-nm fiber formation as complete removal of the H4 tail; neither
the H4 tailless or H4K16ac arrays were able to fold into the 30-nm fiber [26]. The effect of H4K16ac on disruption
of 30-nm fiber formation was confirmed by sedimentation experiments and modeling studies [27,28]. While H4K16
acetylationmay be disrupting charge–charge interactions between the H4 tail and the acidic patch by neutralizing the
positive lysine residue, NMR evidence suggests that H4 residues 15–19 are structured and may be perturbed upon
K16 acetylation [29]. This would explain how a single H4 acetylation could inhibit 30-nm fiber formation to the
extent of a full tail deletion. In this regard, H4K12ac was found to be almost as effective as H4K16ac at inhibiting
chromatin folding [30].
Histone H4 can be di- or trimethylated at Lys20, located where the tail meets the structured core of the nucleosome.

In vitro sedimentation experiments demonstrated that H4K20 trimethylation significantly enhanced 30-nm fiber
formation relative to wild-type [31]. H4K20 abuts the region of the H4 tail that interacts with the acidic patch. Thus,
a possible mechanism for the H4K20me3 effect is that it alters H4 tail flexibility, thereby enhancing the H4 tail–acidic
patch interaction and promoting 30-nm fiber formation. H3K79me3 was also examined in these studies and found
not to affect chromatin folding, indicating that not all specific post-translationalmodifications influence higher order
chromatin structure [31].
H2A can be ubiquitinated onK119 in the C-terminal tail, H2B onK120 on the nucleosome surface, andH4 onK31,

also on the nucleosome surface. Nucleosomal arrays bearing endogenous ubiquitinated H2A did not perturb chro-
matin folding based on sedimentation or electrophoretic analyses [32]. However, a different result was obtained for
H2B and H4 ubiquitination. Synthetically modified H2BK120ub nucleosomal arrays were generated and analyzed by
sedimentation velocity and fluorescence assays. UnderMg2+ conditions that resulted in formation of 30-nm fibers by
wild-type arrays, the H2BK120ub arrays were unable to fold into 30-nm fibers [33]. These results were confirmed by
Machida et al. (2016) [34]. Consistent with these results, H2BK120 ubiquitination has been associated with transcrip-
tion activation and elongation [35–37]. It should be noted that attachment of the structurally similar ubiquitin-like
protein Hub1 did not inhibit folding, demonstrating the significance of specific ubiquitin properties [33]. Consid-
ering H2BK120ub lies in relatively close proximity to the acidic patch, the ubiquitin modification may be sterically
blocking the H4 tail–acidic patch interaction and inhibiting 30-nm folding. Similar to H2BK120ub, Machida et al.
(2016) [34] also showed that H4K31ub inhibits 30-nm fiber formation. The mechanism of this effect has not been
established, but may be the same as H2BK120ub.
H4K12 sumoylation inhibits chromatin folding. Nucleosomal arrays containing H4K12 SUMO-3 do not form

30-nm fibers in vitro [30]. Interestingly, in these experiments ubiquitin could substitute for SUMO-3 in prevent-
ing folding into the 30-nm fiber. This suggests that linking a bulky protein to the H4 tail near tail residues that bind
to the acidic patch function to create a steric hindrance that disrupts this key interaction.

Effects of post-translational modification on assembly of
chromatin globules in vitro
Studies have demonstrated an important role for histone modifications in chromatin globule assembly. In the case of
acetylation, increasing the average extent of acetylation from 2 to 12 acetates per octamer led to a progressive increase
in the amount of Mg2+ necessary to induce globule formation [24]. Later work demonstrated that the amount of salt
necessary to induce assembly of chromatin globules increased linearly with increasing number of H4 tail acetylations
in a variety of polycation solutions. Additionally, mimicking acetylation by mutation of H4 tail lysines to glutamines
were equally as effective at inhibiting globule formation [27]. These results strongly suggest a role for bulk acetylation
in modulating tail–DNA interactions during chromatin globule assembly. Interestingly, H4K16 acetylation is capable
of inhibiting globule formation to the same extent as a complete H4 tail truncation, consistent with disruption of the
H4 tail–acidic patch interaction in trans [26]. Direct involvement of the acidic patch in chromatin globules formation
has been obtained [15,19,22]. Studies ofH4K12ac nucleosomal arrays showed thatmoreMg2+ was needed to assemble
chromatin globules compared with wild-type, and that the effect was equivalent to H4K16ac [30]. The importance
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of acetylation in regulating the packaging of 10-nm fibers within the chromatin globules was demonstrated when it
was shown that H4 acetylation mimics in a single nucleosome within a 25-mer nucleosomal array were capable of
significantly increasing local linker DNA accessibility to restriction digestion within the chromatin globules [38].
The effects of ubiquitination and sumoylation on globule formation also have been examined. H2BK120 ubiq-

uitylation is capable of partially disrupting globule formation to the same extent as H4K16ac [33]. Addition of the
ubiquitin-like protein Hub1 had no effect on globule formation compared with wild-type, demonstrating that the
effect of H2BK120ub on chromatin globule formation was specific to ubiquitin. Moreover, the effects of H4K16ac
and H2BK120ub were additive, suggesting that H2BK120ub does not disrupt H4 tail–acidic patch interactions dur-
ing assembly of chromatin globules. Sumoylation of H4K12 also increases the amount of Mg2+ necessary to induce
globule formation, although the mechanism of H4K12sumo is unknown [30].

Effects of post-translational modifications on chromatin
accessibility in vivo
Histone post-translational modifications have been shown to significantly influence the structural state of chromatin
in vivo. The molecular basis for the effects of post-translational modifications in vivo vary. In some cases, specific
proteins recognize and bind to a specific modification and establish an alternative chromatin structure with unique
biological functions. For example, HP1 binds chromatin modified at H3K9me3 to form transcriptionally repressed
constitutive heterochromatin [39]. Interestingly, HP1 binding appears to promote a highly stable form of the 10-nm
fiber in vitro [40] that phase separates from bulk chromatin in vivo [41]. For excellent reviews of post-translational
modification-mediated protein–chromatin interactions, see [42,43].
Acetylation is the best documented post-translational modification that functions in vivo at the level of regu-

lating chromatin accessibility (and therefore structure). In general, high levels of histone acetylation are associated
with euchromatin, a form of chromatin that is associated with actively transcribed genes. The elegant studies of
Crane-Robinson et al. showed that H4 hyperacetylation precisely overlaps with increased accessibility to DNAse I
digestion over the entire active 40 kb β-globin gene locus [44]. For a review, see Kiefer et al. (2008) [45]. In this case,
H4 hyperacetylation clearly alters chromatin structure globally in vivo in a way that makes the linker DNA more
accessible to nuclease digestion. Additionally, acetylation is prevalent in active promoter regions as well as enhancer
elements, which also are regions of increased nuclease sensitivity [46,47]. Further evidence that histone acetylation
influences chromatin structure in vivo was demonstrated in cells treated with the HDAC inhibitor TSA that showed
hyperacetylation increased the pore size of chromatin to injected fluorescently labeled dextrans [48].
Ubiquitination has also been shown to be involved in transcriptional activation in vivo. H2BK120 ubiquitination

has been associated with the transcribed regions of highly expressed genes [49]. The role of thismodification seems to
function throughmultiplemechanisms to enhance transcription. For exampleH2BK120ub increases themethylation
state of H3 associated with sites of active transcription [50–54]. This modification is also associated with increases in
transcriptional elongation through amechanism involvingH2A/H2B displacement [37,55]. In addition, H2B ubiqui-
tination has been suggested to be involved in chromatin decondensation during DNA repair [56]. Considering H2B
ubiquitination has a functional role in different biological processes involving a more relaxed chromatin state, it ap-
pears that these in vivo results reflect the in vitro experiments showing that ubiquitination disrupts both 30-nm fiber
and chromatin globule formation. In summary, the post-translational modifications that to date have been shown to
disrupt chromatin dynamics in vitro lead to enhanced biological activity in the genome.
Through what mechanisms do acetylation, ubiquitination, and perhaps other histone post-translational modifi-

cations, influence chromatin structure in the nucleus? As of this writing, the answer lies in controversy. For many
years, it has been assumed that post-translational modifications are aimed at disrupting the stability of the 30-nm
fiber [3], thereby increasing accessibility to nucleases and other probes. However, much recent evidence suggests that
30-nm fibers are not found in bulk within chromosomes in vivo [57]. Instead, chromosomes appear to be assem-
bled from 10-nm fibers packaged in an interdigitated polymer melt structure highly reminiscent of that found in the
chromatin globules in vitro. In the new view, histonemodifications may function primarily by disrupting the histone
tail-dependent nucleosome–nucleosome interactions that stabilize the polymer melt structure, creating a more open,
accessible chromatin state [57]. It is certainly possible that 30-nm fibers exist in specific regions of the genome as
has been suggested by studies of chicken erythrocyte and sperm chromatin [58]. This would create a local repres-
sive structure that also could be a target for histone modifications. Ultimately, much more experimental work will
be needed to determine the molecular mechanisms through which histone post-translational modifications affect
chromatin structure in vivo.
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Summary
• Chromatin is dynamic in vitro, forming folded 30-nm fibers and supramolecular globules.

• Formation of both 30-nm fibers and chromatin globules is inhibited by specific acetylation, ubiq-
uitination, and sumoylation, while folding is enhanced by specific methylation.

• All specific modifications studied to date in some way appear to modulate the interaction of the
histone H4 tail domain with the nucleosome acidic patch in cis (folding) or trans (globule formation).

• Post-translational modifications that disrupt chromatin folding and globule formation in vitro en-
hance chromatin accessibility to nucleases in vivo.

• Many more specific post-translational modifications need to be studied in vitro in the future to fully
understand the scope with which modifications affect chromatin dynamics.
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Abbreviations
chromatin folding, the process by which an extended 10-nm fiber adopts a more locally compacted state through interactions
made between histone tails and neighboring nucleosomes. The maximally folded structure is referred to as the 30-nm fiber; chro-
matin globule, the supramolecular structures formed when 10-nm fibers reversibly self-associate; histone H1, a linker histone
that binds to the nucleosome and is associated with stabilization of the 30-nm fiber and chromatin globules; linker DNA, DNA
that connects two nucleosome cores in an array of nucleosomes; nucleosome core, approximately 147 bp of DNA wrapped
around a histone octamer composed of two copies each of the core histones H2A, H2B, H3, and H4; 10-nm fiber, The extended
state of a nucleosomal array with a diameter of approximately 10 nm. Corresponds to an extended zigzag in solution and a
beads-on-a-string structure when stretched.
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