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Abstract

Histone nonenzymatic covalent modifications (NECMs) have recently emerged as an understudied 

class of posttranslational modifications that regulate chromatin structure and function. These 

NECMs alter the surface topology of histone proteins, their interactions with DNA and 

chromatin regulators, as well as compete for modification sites with enzymatic posttranslational 

modifications. NECM formation depends on the chemical compatibility between a reactive 

molecule and its target site, in addition to their relative stoichiometries. Here we survey the 

chemical reactions and conditions that govern the addition of NECMs onto histones as a manual to 

guide the identification of new physiologically relevant chemical adducts. Characterizing NECMs 

on chromatin is critical to attain a comprehensive understanding of this new chapter of the 

so-called “histone code”.
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Introduction

Posttranslational modifications (PTMs) on histones regulate gene expression by 

organizing chromatin into conformations ranging from closed and transcriptionally silent 

heterochromatin to open and transcriptionally active euchromatin [1]. In 2000, Strahl and 

Allis proposed a model which they defined as ‘the histone code’, where ‘writer’ enzymes are 

responsible for installing a wide range of site-specific modifications, and ‘eraser’ enzymes 

for removing them [2]. In this model, PTMs can alter chromatin structure directly, by 

modulating the strength of interactions between histones and DNA through charge or steric 
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effects, or indirectly, by recruiting ‘reader’ proteins which translate permutations of PTMs to 

a transcriptional output [3].

In recent years, it has become clear that nonenzymatic covalent modifications (NECMs) 

are prevalent on histones and represent a novel family of PTMs which deviate from this 

established paradigm of the histone code. In contrast to canonical PTMs, NECMs are 

formed when reactive molecules within the nucleus spontaneously form covalent bonds 

to reactive moieties on proteins. Some proteins are particularly susceptible to NECMs, 

such as the propensity of mitochondrial proteins to react with lipid peroxidation products 

because of the higher concentration of reactive oxygen species in these organelles [4]. 

Histones are uniquely prone to accumulating NECMS because of their high percentage of 

basic, nucleophilic residues and extremely long half-lives [5]. As such, rather than being 

enzymatically guided and installed on a specific residue, NECM formation is governed by 

the intrinsic reactivity of the small molecule toward amino acids, its local concentration in 

the nucleus, and the accessibility of these histone residues [6].

While the chemical reactions that occur in histone NECM formation are conceptually 

simple, conclusively identifying these adducts in a biological context, resolving the 

mechanisms for their formation and defining their physiological function have proven 

challenging. To address the first of these issues, powerful tools, including discovery-based 

mass spectrometry (MS) methods and chemical probes, have been developed to detect and 

track NECMs in the complex environment of the cell [7-9]. However, proving a newly 

discovered histone modification is a bona fide NECM is nontrivial; absence of a known 

endogenous writer enzyme is not enough, as it is possible that one has simply not yet been 

discovered. Demonstration of a spontaneous reaction with free histones or reconstituted 

nucleosomes in vitro provides more compelling evidence but is still insufficient as this may 

not be physiologically relevant. Moreover, some PTMs can arise both enzymatically and 

nonenzymatically, and the former may dominate in the cellular context. Finally, as with 

PTMs, conclusively linking an NECM with an epigenetic effect is arduous. Here, we seek 

to highlight recently identified hallmarks of histone NECMs and challenges facing their 

identification. We emphasize the chemical reactions governing these adducts, which may 

guide identification of new small molecules with the potential to form NECMs.

General properties of histone NECMs

Of the twenty canonical amino acids, nucleophilic side chains display the greatest intrinsic 

reactivity toward small molecules. These include residues bearing amino (lysine, arginine, 

and histidine), hydroxyl (serine, threonine, and tyrosine), or thiol groups (cysteine); the latter 

of which is also susceptible to redox reactions [10]. Therefore, reactive electrophiles form 

the bulk of known histone NECMs (Figure 1). In principle, histones may also be subject 

to radical species present in the nucleus; however, in practice, owing to efficient cellular 

defense mechanisms, there are much fewer examples of these NECMs than what might be 

expected.

NECM adducts are formed on accessible, reactive side chains and thus tend to have a broad 

and variable distribution. This is in contrast to enzymatic PTMs, which have well-defined 

sites of distribution across the histone, with most concentrated at the N-terminal tails which 
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protrude from the nucleosome core particle and serve as the primary site of interaction 

with readers. In particular, NECMs accumulate specifically on histones because of their 

longevity; while they occur more readily on the same exposed lysine- and arginine-rich 

N-terminal tails as enzymatic PTMs, they have also been observed in their globular and 

C-terminal domains [11,12].

Examples of histone NECM-forming small molecules

Carbonyl electrophiles

Acyl-coAs—Many cellular metabolic pathways generate reactive carbonyl species as either 

intermediates or by-products. These readily react with nucleophilic side chains and nucleic 

acids and comprise a major class of NECM-forming reactive electrophiles. While some 

species such as formaldehyde participate in simple nucleophilic addition reactions, many 

contain a good leaving group and are capable of addition-elimination reactions to acylate 

histone residues. The most common and biologically relevant example of this is the acyl-

coenzyme As (acyl-coAs) (Figure 2), where -coA can be readily displaced by spontaneous 

nucleophilic attack. However, an important caveat to note is that many acylations also 

occur enzymatically via promiscuous lysine acyltransferases (KATs) such as p300, making it 

nontrivial to distinguish true NECMs [12].

Recent analysis has determined that the balance between an acyl-coA’s intrinsic reactivity 

and how easily it is processed by KATs determines how predominant its corresponding 

acylation NECM is (Figure 2) [12]. In general, KATs can more easily use the smaller, 

linear, and charge-neutral derivatives (acetyl-coA, propionyl-coA, and butyryl-coA). In 

contrast, acidic (malonyl-coA, succinyl-coA, and glutaryl-coA) and bulkier derivatives (β-

hydroxybutyryl-coA, benzoyl-coA) are less compatible with KAT active sites and are more 

likely to be outcompeted by their nonenzymatic counterparts. In addition, some longer 

derivatives (e.g. succinyl-coA and glutaryl-coA) can access a more reactive 5-membered 

ring intermediate; for these, nonenzymatic acylation is particularly rapid. Indeed, some 

modifications which only occur nonenzymatically have been observed to outcompete 

enzymatic PTMs; for example, benzoylation at H4K8 corresponded to a decrease in 

H4K8Ac levels compared with untreated controls [13].

Acidic substrates-malonyl-coA—As a negatively charged electrophile, malonyl-coA 

is a challenging substrate for KATs. Indeed, enzymatic malonylation has not yet been 

identified, leaving open the possibility that this exists as a pure NECM. Interestingly, histone 

malonylation has been detected via MS-based methods in yeast under normal conditions 

on core histones at H2BK116, H3K56, and H2AK119 [11]. The latter modification is 

particularly significant, as the first example of a nonacetyl, and presumably nonenzymatic 

acylation to demonstrate crosstalk with an enzymatic phosphorylation PTM. Ishiguro et al. 

demonstrated that H2AK119mal blocks the Bub1 kinase from interacting with the proximal 

H2AS121 (H2AT120 in humans), preventing its phosphorylation [14]. This prevents the 

subsequent recognition of H2AS121p by the Shugoshin proteins, responsible for ensuring 

sister chromatid cohesion during meiosis, and ultimately leads to chromosome segregation 

defects.
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Bulky substrates—In 2018, Huang et al. reported nonenzymatic histone lysine 

modification in vivo by benzoyl-coA, which is produced by metabolic processing of the 

common food additive sodium benzoate at physiologically relevant concentrations [13]. 

Distributed across common acetylation and crotonylation sites, ChIP-seq analysis identified 

Kbz as an activating mark; its hydrophobicity and bulkiness are speculated to force 

chromatin into a more open conformation and induce the transcription of the embedded 

genes [6]. Moreover, recent studies have identified histone lysine isobutyrylation (Kibu) as 

a novel PTM [15]. While several acyltransferase enzymes have been confirmed as writers 

for this mark, structural similarities to other acyl-coAs known to form NECMs, such as 

β-hydroxybutyryl-coA, suggest isobutyryl-coA may also react nonenzymatically [16].

Reaction via cyclic intermediates-succinyl-coA and glutaryl-coA—Both 

succinyl- and glutaryl-coA are formed during the TCA and amino acid synthesis cycles. 

As 4- and 5-C acidic acetyl-coA derivatives, they are also challenging substrates for KATs 

and able to access cyclic 5- and 6-membered intermediates, respectively, via intramolecular 

general base catalysis [17,18]. However, an enzymatic writer does exist for these marks 

at some sites; Gcn5 (KAT2A) has been shown to install H3K79succ [19] and H4K91Glu 

[20] as part of the Spt-Ada-Gcn5 acetyltransferase complex [21]. Despite the identification 

of Gcn5 sites, several additional modification sites have been detected via MS-based 

characterization [11] for which the mode of attachment has not yet been demonstrated. 

These modifications reverse the charge of histone lysines from positive to negative, 

leading to pronounced chromatin decompaction; perhaps for this reason, machine learning 

predictions of novel succinylation and glutarylation sites favor modification proximal 

to other positive residues [22-26]. Interestingly, desuccinylation at H3K122 by SIRT7 

in response to DNA damage was shown to lead to chromatin condensation in a key 

step in double-strand break repair, suggesting a key role for a potentially nonenzymatic 

succinylation mark in maintaining genome stability [27,28].

Alternative leaving groups-lactoyl-GSH—Glutathione has recently emerged as 

another good leaving group for nonenzymatic acylations. Inspired by the discovery of 

nonenzymatic acetylation of lysines by acetyl-GSH [29], Gaffney et al. demonstrated that 

several H4 lysines can similarly undergo lactoylation (Kla) in vitro by lactoylGSH, a 

by-product of the glycolysis pathway [30]. In parallel, Zhang et al. showed that histone 

lysine lactoylation induces epigenetic changes in M1 macrophages in response to increasing 

anaerobic glycolytic flux, which in turn promotes homeostasis [31].

Complex reaction products

Glycation—The acyl-CoA and acyl-GSH derivatives discussed so far bear only a single 

reactive carbonyl, meaning modification is only possible through one site. In contrast, 

species containing multiple sites for nucleophilic attack, such as dicarbonyls or α,β 
unsaturated carbonyls, give rise to a complex mixture of products. A salient example of 

NECMs with multiple carbonyls is glycation, which has recently emerged as a histone 

NECM with enormous potential for understanding diseases where the glycolysis pathway is 

perturbed, such as cancer and diabetes (Figure 3a).
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Glycation by MGO—Two major sources of histone glycation identified thus far in vivo 
are the 1,2 dicarbonyl species glyoxal (GO) and methylglyoxal (MGO). GO is formed via a 

combination of retroaldol condensation and autooxidation pathways [32], while MGO arises 

from the fragmentation of glyceraldehyde-3-phosphate and dihydroxyacetone phosphate 

[33]. Modification by both species has been identified as particularly prevalent in cells 

under metabolic stress [33]. As dicarbonyls, GO and MGO present two possible sites 

for nucleophilic attack by lysines and arginines, and the resulting permutations lead to 

complex mixtures of products (Figure 3a). At low concentrations, these NECMs neutralize 

the charge interactions between DNA and histones yielding a more open, permissive 

chromatin structure. However, at high concentrations, these adducts rearrange and react 

further to form histone-histone and histone-DNA crosslinks, resulting in a chromatin fiber 

that is constrained, inaccessible, and silenced [34,35]. Moreover, MGO glycation has also 

recently been demonstrated to induce epigenetic dysregulation by competing with essential 

regulatory PTMs such as acetylation, as well as H3K4me3, H3R8me2, and H3K9me3 

[34,36].

Glycation by intact sugars; ribose—In theory, all reducing sugars can exist as aldoses 

and are capable of glycating histones via Maillard chemistry. In practice, ribose has stood 

out as particularly reactive and biologically significant (Figure 3b) [37]. This is thought to 

arise from the high concentrations of ribose and its derivatives in ribonucleotide biosynthetic 

pathways. Moreover, ribose spends more time in its labile linear form than other sugars, 

as its five-membered furanose ring form is sterically frustrated because of a steric clash 

between equiplanar hydroxyl groups. A recent study using an azidoribose probe to track 

glycation in cellulo has shown that ribose glycation (RiboLys) occurs on histones and 

competes with some enzymatic PTMs such as lysine acetylation and H3K9 methylation, but 

not H3K36 methylation [38]. This observation suggests a differential distribution of RiboLys 

rather than simple global competition with all enzymatic lysine PTMs.

Michael addition: 4-HNE and 4-ONE—Lipid metabolism by-products such as α,β 
unsaturated carbonyls are another source of complex reaction products, as nucleophilic 

attack can occur directly at the carbonyl or at the β-carbon (Figure 3c) [39]. Two 

examples which have drawn much attention in recent years in the context of chromatin 

are 4-hydroxynonenal (4-HNE) and 4-oxo-2-nonenal (4-ONE). 4-HNE is one of the most 

abundant and cytotoxic products of lipid peroxidation, a result of oxidative stress in 

the cell. In 2004, it was shown to modify histones in vitro, subsequently disrupting 

nucleosome structure and stability [40]. Similar to glycation, it has been suggested that the 

4-HNE adduct neutralizes DNA-histone charge interactions, as well as disrupts chromatin 

compaction with its steric bulk. Physiological roles for the modification have since been 

identified in age-related degradation of oocytes [41] and osteoarthritis [42]. Intriguingly, 

when the sites of modification were analyzed via MS/MS, it was found to occur primarily 

via Michael addition on histidines, a less common residue for enzymatic PTMs. In 

particular, modifications at H2BH50, H4H76, H2AH83, and H2BH110 were detected, 

which lie in the globular domain center and C-terminal end, part of the DNA-binding 

helix-turn-helix motif [43]. Similarly, adduction by 4-ONE has been shown to prevent 
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nucleosome assembly [44]. Its known sites of modification include lysines H3K23 and 

H3K37, suggesting it competes with enzymatic PTMs such as methylation.

Cellular methods for regulating NECMs

‘Chemical warfare’

Left unchecked, the perturbation of chromatin structure by histone NECMs would pose a 

threat to cell survival as they accumulate over time and can disrupt normal gene expression.

Therefore, various mechanisms have evolved to prevent this by sequestering reactive small 

molecules before they can interact with histones, or by enzymatically erasing the NECM 

once formed. The former strategy is particularly effective for preventing damage due to 

oxidative stress. The latter provides a mechanism for the cell to regulate levels of NECMs on 

histones and has been comprehensively explored in other reviews [45].

Radical reactive oxygen species (ROS) and reactive nitrogen species rapidly modify any 

biomolecules they encounter. This generates several electrophilic species which can then 

go on to react with histone nucleophiles; in addition to the lipids mentioned previously, 

modified DNA bases are a ready source of DNA-histone crosslinks [46]. While they might 

also be expected to react with histones, surprisingly few examples of radical histone NECMs 

have been discovered; a notable exception is tyrosine nitration generated by the peroxynitrite 

radical, which has been identified as an immunogenic modification on H2B [47]. One 

reason for the relative scarcity of direct radical modifications on histones is the presence 

of small-molecule scavengers which are able to quench and sequester these reactive species 

before they are able to reach the chromatin.

Antioxidants

Many of the small molecules produced within the cell have the capacity to act as radical 

scavengers. Melatonin and vitamin D are two endogenous antioxidants found in the nucleus 

which are of particular interest, as additional epigenetic effects have been associated 

with them. Melatonin has been shown to protect against ROS-induced genotoxicity by 

sequestering these reactive species [48] and was also found to stimulate HATs such as p300 

to promote histone acetylation, modulating the epigenetic landscape [49,50]. Vitamin D acts 

as an ROS sensor, with its oxidized form 1,25(OH)D shown to bind vitamin-D responsive 

elements in the genome and stimulate further expression of antioxidant genes [51,52].

Dietary antioxidants, such as ascorbate and vitamin E, are also key for neutralizing radicals. 

Ascorbate in particular is more effective than glutathione at reducing primary ROS and 

reactive nitrogen species such as O2
•‐, •NO2, and •CO3

‐  and is therefore thought to provide a 

major mechanism for removing these species in vivo [53]. Similar to melatonin, it also has a 

direct epigenetic reprogramming function, as it is able to induce the removal of 5-methyl-C 

on DNA as well as histone lysine methylation by stimulating ten-eleven translocation [54] 

and JmjC [55] demethylases, respectively. Carnosine, a β-Ala-His dipeptide, also traps 

ROS via reaction at the histidine [56] and, similar to vitamin D, activates expression 

of antioxidant genes via the Nrf2 pathway [57,58]. In addition, it is known to sequester 
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dicarbonyls such as 4-ONE and GO/MGO, preventing NECM formation by these species 

[59,60].

Conclusions and future directions

Histone NECMs are emerging as a novel family of modifications forming a new key 

component of epigenetic regulation and the histone code. Many new NECMs have been 

characterized in recent years, and we anticipate this trend will continue as methods for their 

detection and study become increasingly sophisticated. Here, we have aimed to highlight 

some of their key identifying features and complicating factors which make verifying true 

NECMs a major technical challenge. In general, the distribution of a modification nearer the 

globular domain, intrinsic reactivity toward nucleophilic residues or in radical reactions, lack 

of an enzymatic writer, and high concentration of the reactive substrate in the nucleus may 

be indicators that a PTM may also be an NECM. However, it is important to also account 

for the mechanisms by which the cell fights NECM addition to histones. We anticipate 

future research into NECM formation, control, and dysregulation will reduce key gaps in our 

understanding of the epigenetic regulation of transcription. As NECMs provide a direct link 

between the metabolic and epigenetic states of the cell, we further expect this knowledge 

will prove a powerful tool in understanding and treating a range of applicable diseases.
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Figure 1. Representative NECM-forming reactions on histones.
Clockwise from top left: reactions with single carbonyl electrophiles including, from top 

to bottom: acetyl-coenzyme A (coA) derivatives via cyclic intermediates (top) or direct 

displacement of coA (bottom, R = variable functional group) (acylations), homocysteine 

(homocysteinylation), and formaldehyde (hydroxymethylation). Top right: reactions with 

carbonyl electrophiles at multiple carbonyls or distal positions, which give rise to complex 

mixtures of products. Electrophiles depicted include methylglyoxal (MGO, top), ribose 

(bottom) (glycation), which both rearrange to form advanced glycation end-products 

(AGEs) and α,β-unsaturated carbonyls (Michael addition, R1 and R2 = variable functional 
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groups), giving rise to crosslinked products. Bottom right: Intranucleosomal reactions. 

Electrophiles depicted include asparagine (deamidation) and damaged DNA bases (DNA-

histone crosslinking). Bottom left: redox reactions. Species depicted include oxidized 

glutathione (glutathionylation) and nitrate radical (nitration). Reactions depicted with lysine 

as the nucleophile may also occur with arginines, and vice-versa. Reactions shown in grey 

are not discussed in depth in this review.
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Figure 2. Spectrum depicting the propensity of selected acetyl-coA derivatives to acylate histones 
ranging from enzymatic (left) to nonenzymatic (right) mechanisms.
Human acyltransferase Gcn5 in complex with propionyl-coA (PDB ID 5H84) is shown 

as a representative example of an acyltransferase enzyme, and reaction with histone 

lysine is shown as a representative nucleophile. Substrates, arranged from left to right 

in order of decreasing amenability to enzymatic reaction and/or increasing propensity 

for nonenzymatic reaction are acetyl-coA, propionyl-coA, butyryl-coA, crotonyl-coA, β-

hydroxybutyryl-coA, succinyl-coA, glutaryl-coA, benzoyl-coA (no evidence for enzymatic 

acylation), and malonyl-coA (no evidence for enzymatic acylation). Adapted from the study 

by Xie et al. [11].
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Figure 3. Selected reactions of histones with substrates bearing multiple electrophilic sites.
(a) Reaction of lysine (left) or arginine (right) with methylglyoxal (MGO) results in a 

mixture of reaction products. The two arginine derivatives (right, pink and teal) can then 

undergo further dehydration and hydride shift to form methylglyoxal derivatives MG-H1, 

MG-H2, and MG-H3, which can undergo further rearrangement to form the AGE CEA. 

The glycated lysine and arginine derivatives can further rearrange to form an array of AGEs 

including inter- and intra-histone crosslinks. At low concentrations, glycation (represented 

by a purple star) induces chromatin decompaction, while at high concentrations, it results 

in crosslinks and condensed chromatin. In both cases, the epigenetic landscape is altered. 

(b) Ribose, present in high concentrations in the nucleus due to its role in nucleic acid 

biosynthesis, rapidly interconverts between two anomers. The linear intermediate (Fischer 

projection) can react with lysines, followed by Schiff base formation and subsequent 

rearrangement. (c) Modification of nucleophilic amino acids (Nu; histidine, cysteine, lysine, 

or arginine) with lipid peroxidation products 4-ONE (left) or 4-HNE (right) gives rise to a 

range of adducts, depending on the modification site. 4-ONE can undergo Michael addition 

(salmon) or nucleophilic addition to the carbonyls at the 1 position (blue-product only 

observed for lysine) or the 4 position (purple). 4-HNE undergoes Michael addition (green). 

While nucleophilic addition at the carbonyl is chemically plausible (orange), it has not yet 

been observed. The lipid adducts can undergo further rearrangement to give advanced lipid 

peroxidation end-products (ALEs). Reactions adapted from the study by Maksimovic et al. 

[38].

Faulkner et al. Page 15

Curr Opin Chem Biol. Author manuscript; available in PMC 2022 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	General properties of histone NECMs

	Examples of histone NECM-forming small molecules
	Carbonyl electrophiles
	Acyl-coAs
	Acidic substrates-malonyl-coA
	Bulky substrates
	Reaction via cyclic intermediates-succinyl-coA and glutaryl-coA
	Alternative leaving groups-lactoyl-GSH

	Complex reaction products
	Glycation
	Glycation by MGO
	Glycation by intact sugars; ribose
	Michael addition: 4-HNE and 4-ONE


	Cellular methods for regulating NECMs
	‘Chemical warfare’
	Antioxidants

	Conclusions and future directions
	References
	Figure 1
	Figure 2
	Figure 3

