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The emergence of a nucleosome-based chromatin structure accompanied the evolutionary transition from prokaryotes to

eukaryotes. In this scenario, histones became the heart of the complex and precisely timed coordination between

chromatin architecture and functions during adaptive responses to environmental influence by means of epigenetic

mechanisms. Notably, such an epigenetic machinery involves an overwhelming number of post-translational modifications

at multiple residues of core and linker histones. 
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1. Introduction

Chromatin is a polymeric nucleoprotein complex composed primarily of DNA closely associating with positively charged

histone proteins . The basic structural repeating unit is the nucleosome core particle, consisting of 147 base pairs of

DNA wrapped nearly twice in a left-handed toroidal supercoil around a core histone octamer . The latter exhibits a

tripartite organization, which comprises a tetramer containing two copies of H3 and H4, coupled to two H2A-H2B dimers

. Each core histone contains a globular histone fold domain, which mediates heterodimeric interactions, and two amino-

and carboxy-terminal unstructured extensions protruding from the surface of the nucleosome . These flexible domains,

commonly known as the histone tails, provide additional stabilization effects through their contacts with the nucleosomal

DNA backbone and acidic patch of adjacent nucleosomes . As an additional hierarchical level of chromatin compaction,

core particles are further stabilized by the binding of histone H1 at the two linker DNA arms entering and exiting on the

surface of each octamer . Molecular processes establishing such a histone stoichiometry determines the basic

chromatin fiber structure .

Key mechanisms contributing to the dynamic regulation of the degree of chromatin compaction to allow the harmonious

utilization of the genetic information include covalent post-translational modifications (PTMs) of histones . In this

regard, histone tails represent preferential, but not exclusive, targets of a myriad of PTMs that correlate with changes in

gene activity. In fact, the recent improvement of the sensitivity of mass spectrometry-based methods allowed the

discovery of more than two hundred histone modification sites so far ( Figure 1 ), although no functional significance has

been assigned to the majority of them . These modifications are imposed, and can be reversed as well, by an

assortment of histone-modifying enzymes, so that they represent a major mechanism of cellular adaptation to the varying

environmental conditions [ . Broadly speaking, the presence of histone PTMs alters the stereochemical

environment of the nucleosomes and their binding affinity for regulatory complexes that can be recruited or turned away

from chromatin, thereby eliciting functional outcomes.
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Figure 1. Diagrammatic representation showing the distribution of post-translational modifications within the N- and C-

terminal portions of the five canonical histones. The first amino acid methionine was omitted from the sequences. Key for

each histone PTM is included in diagram. Reference sequences of histone proteins were retrieved from the NCBI protein

database (https://www.ncbi.nlm.nih.gov/protein?cmd=retrieve; accessed on 2 October 2021) using the following accession

numbers: NP_005313.1 (H1), NP_003504.2 (H2A), NP_066406.1 (H2B), NP_003520.1 (H3), and NP_003529.1 (H4).

Whether a given histone PTM correlates with gene expression in a positive or negative fashion most likely depends on its

genomic location. To make matters more complicated, it is now becoming clear that the combinatorial nature of histone

PTMs implies both the coalescence of multiple modifications on the same nucleosome and the possibility of functional

promiscuity induced by synergistic or antagonistic cross-talk among them. The simplest example of such a cross-talk is

the direct competition, on the same histone residue, among alternative PTMs associated with functionally opposite

transcriptional readouts. In many other cases, one modification promotes/inhibits the generation/removal of another

modification “in cis”, viz within a distinct site in the same histone, or “in trans”, between distinct histones either within the

same nucleosome or across nucleosomes, as well as between histones and DNA methylation . In addition, different

histone PTMs may cooperate in order to recruit specific complexes efficiently .

2. Acetylation

In the early ‘60s, Phillips pioneered the field of histone PTMs originally reporting the N-acetylation of lysine residues in

histones extracted from calf thymus . Curiously, many authors attributed the achievement of this discovery to Allfrey

and collaborators, although they clearly gave credit to Phillips in their first paper on this topic . Undoubtedly, acetylation

became the most studied histone PTM, so that nowadays we know that selected lysines are acetylated during specific

biological processes, and that the overall histone acetylation level is dynamically modulated by the opposing action of two

families of enzymes, namely the histone acetyltransferases (HATs) and the histone deacetylases (HDACs). This

nomenclature, albeit currently used, is actually inappropriate because these enzymes can respectively transfer or remove

a wide repertory of acyl species, besides the acetyl group, to both histone and non-histone target proteins (see below). In

the case of acetylation, the HATs require acetyl-CoA as a cofactor to catalyse the transfer of an acetyl group to the ε-

amino group of lysine side chains . Based on their subcellular localization, HATs have been traditionally divided in two

distinct types: type-A HATs are directly involved in histone acetylation in the context of nucleosomes, while type-B HATs

acetylate free newly synthesized histones in the cytoplasm to facilitate their incorporation into the newly replicated

chromatin . HDAC enzymes reverse the activity of HATs, restoring the original unacetylated state of histone lysines.

There are four classes of HDACs, whose members typically associate into multiprotein complexes showing rather low

substrate specificity . Collectively, both the mentioned enzyme families modify numerous, but not all, histone lysines in

vivo . Importantly, the HAT activity, differential substrate specificity and recruitment are modulated through multisubunit

complex formation . For example, yeast Gcn5 alone does acetylate free histones in vitro, but only when it is combined

with the Ada2 and Ada3 subunits within the ADA and SAGA complexes, it can preferentially modify H2B enclosed into

nucleosomes .
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In principle, the observation that acetylation of lysine residues neutralizes their positive charge would suggest that HATs

may reduce chromatin compaction by weakening the stabilizing influence of histone-DNA and inter-nucleosomal

electrostatic interactions . Accordingly, acetylation of H4K16 has been demonstrated to directly impact on chromatin

structure by charge neutralization and loss of H4 tail flexibility, collectively reducing interaction with the neighbouring

nucleosome . In support of this evidence, ChIP-seq studies on a genome-wide scale revealed that site-specific

acetylation is frequently associated with enhancers and promoters of actively transcribed genes . However,

there is some variation in the exact distribution of individual acetylation sites along the gene structure. For instance,

H3K9ac peaks at the transcription start site, while H4K16ac shows a broader localization across gene bodies . In sharp

contrast, structural studies highlighted that lysine acetylation itself generally does not provoke major reorganization of

DNA or core histones at the nucleosome level , leading to reasonably suppose that histone acetylation could generate

recognition sites for effector proteins involved in the local regulation of chromatin organization and transcriptional activity.

3. Methylation

Unlike acetylation, histone methylation does not alter the net charge of modified residues and involves additional layers of

complexity, because the side chains of two distinct amino acids can be modified at a different extent. More specifically, the

ε-amino group of lysines can be mono-, di- or tri-methylated, while the ω-guanidine group of arginines can be mono- or di-

methylated either symmetrically or asymmetrically .

Histone methyltransferases (HMTs) and demethylases ( HDMs) enzymes carry out fine-tuning of the methylation state.

Based on the specificity towards lysine or arginine, two major classes of HMTs can be distinguished, each of them

containing a distinctive catalytic domain that transfers a methyl group from the S-adenosylmethionine donor. In contrast to

other histone modifying enzymes, members of both classes are devoted to methylation of highly specific residues to an

appropriate degree. For example, PRMT7 catalyses the formation of only mono-methyl-arginine, while PRMT5 electively

determines symmetrical di-methylation of arginine . Similarly, DIM5 univocally targets H3K9 for tri-methylation, while

SET7/9 can only mono-methylate H3K4 in Neurospora crassa . Notably, unlike acetylation, the different methylated

histone sites may associate with diametrically opposed functional outcomes . For instance, H3K4me3 and H3K36me3

have been primarily linked to a transcriptionally permissive chromatin environment , H3K4me1 is considered a

predictive hallmark of active enhancers , while H3K27me3 and H4K20me3 have been generally associated with

heterochromatin formation and gene silencing . Interestingly, H3K9 provides an emblematic example of the dualistic

association of methylation with repressed and active states of chromatin. Indeed, several studies concordantly showed

that H3K9me3 represents a docking site for the α isoform of the heterochromatin protein 1 (HP1α), which assists the

progress of chromatin condensation in various organisms . Other studies came to apparently conflicting conclusions,

demonstrating that H3K9me3 and the HP1γ isoform co-localize in mammalian euchromatic regions, where they are

involved in transcriptional elongation and are rapidly lost upon cessation of transcription .

Analogously to other epigenetic mechanisms, the histone methylation status varies widely during adaptive responses to

environmental influence. For example, H3K14me3 is not normally found in human chromatin but it is distinctively

generated following infection of lung epithelial cells with the intracellular pathogen Legionella pneumophila .

As with the HMTs, HDM enzymes display a high grade of target specificity, being sensitive to the degree of methylation.

For example, JMJD2A can reverse H3K9me3 to H3K9me2 but not to H3K9me1 . Removal of methyl groups from

mono-methylated and asymmetrically di-methylated arginines is most probably carried out by JMJD6 . To date, this is

the one and only enzyme possessing arginine demethylase activity directed toward histones, although this function has

been questioned by contradictory evidence .
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