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Abstract

In eukaryotes, chromatin remodeling and post-translational modifications (PTMs) shape the local 

chromatin landscape to establish permissive and repressive regions within the genome, 

orchestrating transcription, replication, and DNA repair in concert with other epigenetic 

mechanisms. While cellular nutrient signaling encompasses a huge number of pathways, recent 

attention has turned to the hypothesis that the metabolic state of the cell is communicated to the 

genome through the type and concentration of metabolites in the nucleus that are cofactors for 

chromatin-modifying enzymes. Importantly, both epigenetic and metabolic dysregulation are 

hallmarks of a range of diseases, and this metabolism-chromatin axis may yield a well of new 

therapeutic targets. In this Perspective, we highlight emerging themes in the inter-regulation of the 

genome and metabolism via chromatin, including nonenzymatic histone modifications arising 

from chemically reactive metabolites, the expansion of PTM diversity from cofactor-promiscuous 

chromatin-modifying enzymes, and evidence for the existence and importance of sub-

nucleocytoplasmic metabolite pools.

Genomic DNA in eukaryotes resides within the nucleoprotein complex called chromatin, 

which packages and spatially organizes the genome.1 Chromatin consists of nucleosomes, 

which are stabilized by electrostatic interactions between the DNA and the four canonical 

histones H2A, H2B, H3, and H4. These histones are highly post-translationally modified by 

a diverse array of chemotypes,2,3 which serve as a mechanism to dynamically regulate the 

genome.2–4 Aberrant regulation of histone PTMs is associated with diseases such as cancer 

and developmental and neurological disorders, creating an impetus for elucidating the 

downstream effects of these PTMs on chromatin as well as the mechanisms that dictate their 

deposition, removal, and recognition by binding proteins.5,6 The enzymes responsible for 

carrying out chromatin PTM installation and removal utilize small molecule cofactors to 

perform these functions (Figure 1a–c). Thus, histone status acts as a link between DNA-

mediated processes and cellular metabolism. When the levels of these cellular metabolites 

fluctuate around the KM of a chromatin-modifying enzyme, the abundance of the 

corresponding PTM is affected (Figure 1a).7–9 Similarly, the nuclear localization of 

metabolite-producing enzymes has been shown to affect the activity of the corresponding 
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metabolite-consuming enzyme. For example, nuclear localization of S-adenosylmethionine 

(SAM)- and acetyl-CoA-producing enzymes impacts histone methylation and acetylation, 

respectively.10,11 Conversely, some metabolites are endogenous inhibitors of chromatin-

modifying enzymes that can accumulate to inhibitory concentrations under certain cellular 

conditions and disease states (Figure 1b).12 Since histones are such abundant and extensively 

modified proteins,1,2 they are hypothesized to play a role in maintaining the levels of 

metabolites like SAM and acetyl-CoA (Figure 1c).13,14 Clearly, metabolism and genome 

regulation are central to cellular homeostasis and are inextricably linked by a massive 

number of interconnected pathways (for comprehensive reviews see the following 

references15–17). Nonetheless, the development of sophisticated chemical biology and 

analytical tools are constantly revealing new and unexpected modes of interregulation. In 

this Perspective, we focus on select recent advances in the rapidly growing metabolism-

chromatin axis, highlighting the emerging roles of nonenzymatic histone PTMs, cofactor 

promiscuity in histone-modifying enzymes, and subcellular metabolite pools.

Nonenzymatic histone modifications

While histones are well-known for being post-translationally modified by a variety of 

different enzymes, they also undergo nonenzymatic modification.18 Adducts arise from the 

reaction of nucleophilic amino acids in histones, typically lysine and arginine, with 

endogenous or exogenous electrophiles. These electrophiles include acyl-CoAs,19,20 lipid 

peroxidation products,21 DNA peroxidation products,22 glycolytic by-products,23 and 

environmental toxins such as acrolein, 1,3-butadiene, and diepoxybutane.18 Since these 

adducts are often measured by immunoblotting- or qualitative mass spectrometry-based 

methods, a more quantitative approach will be necessary to address the question of 

abundance in cells.24,25 While it is difficult to imagine that these nonenzymatic PTMs could 

be deposited in a gene-specific manner akin to canonical enzymatic histone PTMs,2–4 it is 

possible that the marks may concentrate in euchromatic regions due simply to histone 

substrate accessibility.4 Regardless, there is still the potential for these marks to influence 

chromatin in other ways, such as by affecting nucleosome structure and stability, the 

subsequent enzymatic deposition of PTMs, and binding of reader proteins to nearby histone 

PTMs, particularly if a mark is chronically elevated in disease.26–29 Detailed mechanistic 

studies will be key to identifying specific mechanisms by which these marks perturb 

chromatin structure and function. Since these electrophilic metabolites are produced in 

pathways such as acyl-CoA synthesis,19,20 lipid degradation,26 and glycolysis,30 the 

corresponding modifications may represent a mechanism by which metabolic activity 

perturbs chromatin regulation. Nonenzymatic histone modifications are frequently 

characterized as undesirable by-products of reactive species accumulation,18 which is 

particularly relevant in the context of diseases that alter metabolism such as cancer31 and 

diabetes.32 To what extent these adducts are merely a symptom of disease or also themselves 

a cause of dysregulation via epigenetic mechanisms remains to be determined. In the latter 

case, modulation of these chemical marks could be an important therapeutic goal, 

particularly in post-mitotic cells such as neurons where histone proteins are long-lived33 and 

possibly more susceptible to the accumulation of adducts.
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Chemical acylation by acyl-CoA

Acyl-CoAs alone are sufficiently electrophilic to acylate proteins on the ε-amines of lysine 

residues, perhaps most commonly in the high pH environment of the mitochondria.34,35 To 

explore nonenzymatic histone acylations, a biochemical characterization using histone 

substrates found that the site and acyl group specificities of nonenzymatic modification 

differed from those determined for GCN5-catalyzed acylations.20 In the enzymatic reactions, 

acetylation (Kac), propionylation (Kpr), and butyrylation (Kbu) were favored primarily on 

the histone tail residues, while malonylation (Kmal), succinylation (Ksuc), glutarylation 

(Kglu), and β-hydroxybutyrylation (Kbhb) (Figure 2a) occurred with similar frequency in 

the enzymatic and nonenzymatic reactions and generally favored the core residues.20 Since 

denatured histone substrates were used, it is unclear if these reactivity profiles would be 

recapitulated in a nucleosome context, although the authors point out that the major sites of 

Kmal and Ksuc they identified agree with the findings in a separate study of these 

modifications in human cells.36 While the authors’ results would seem to suggest that Ksuc, 

Kglu, and Kbhb are largely nonenyzmatic,20 these modifications have been shown to be 

catalyzed by p30036–38 and by GCN5 in the case of succinylation and glutarylation.39,40 

Thus, an important goal for this field is to comprehensively delineate the relative 

contribution of nonenzymatic and enzymatic mechanisms to the acylation of histones, 

ideally in a cellular context, and to determine whether nonenzymatic pathways produce 

functional consequences for chromatin. Histone malonylation36 remains the only one of the 

histone acylations shown in Figure 2a for which no acyltransferase has been identified to 

date.41 Indeed, malonyl-CoA is more electrophilic compared to other acyl-CoAs,19,20 

leaving the possibility that this acylation is primarily or exclusively nonenzymatic. Although 

histone malonylation has not yet been extensively characterized, H2AK119mal has been 

shown to affect chromosome segregation via a crosstalk with phosphorylation at 

H2AS121.41 Since malonyl-CoA is a key player in fatty acid synthesis,42 this study may 

point to a connection between metabolism and the coordination of cell division, although 

this link remains to be investigated.

Ketoamidation

Lipid oxidation by free radicals, reactive oxygen species (ROS), or endogenous enzymes 

leads to the generation of aldehydes such as malondialdehyde (MDA), 4-hydroxyl-2-nonenal 

(4-HNE), and 4-oxo-2-nonenal (4-ONE) that readily form adducts with DNA and proteins 

(Figure 2b).26 While 4-HNE reacts primarily with nucleophiles by a 1,4-addition, 4-ONE 

can form stable adducts by 1,2-addition to lysine residues43 and reacts preferentially with 

the lysine-rich histones to form ketoamide products.21 In colon carcinoma RKO cells, 

H3K23, H3K27, H2BK116, and H4K79 were found by mass spectrometry to be modified 

with 4-ONE, although the abundance of the mark was not measured.21 In the same work, in 
vitro nucleosome assembly assays revealed that modification of H3 or H4 inhibited 

nucleosome formation similarly to histone acetylation. Furthermore, RAW264.7 

macrophages enriched with arachidonic acid displayed modification of H3K27, an important 

hotspot for histone PTMs, by 4-ONE upon treatment with a pro-inflammatory 

lipopolysaccharide mimic,21 suggesting a role for this histone modification in inflammation. 

Importantly, the deacetylase SIRT2 has been shown to remove this adduct from histone in 

cells,44 indicating that cells can reverse this type of oxidative damage to histones.
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Aldehyde products of arachidonic acid peroxidation called levuglandins have also been 

shown to react with lysines in histones.25,45 Cyclooxygenase-2 (COX-2), an enzyme 

expressed during inflammation and associated with the development of multiple cancers, 

produces prostaglandin H2, which can spontaneously rearrange to the highly reactive 

levuglandins.46 Levuglandin adducts (Figure 2b) were identified by mass spectrometry on 

histones at levels reaching nearly 100 picograms of lactam per milligram of histone in 

RAW264.7 macrophages and lung carcinoma A549 cells upon COX-2 expression and 

arachidonic acid treatment.25 An immunoblot assay showed that H4 appears to be 

preferentially modified over H2A, H2B, and H3, although no specific sites of modification 

were identified. Using salt fractionation of nuclei in stimulated and unstimulated cells, the 

authors observed that the modification appears to disrupt H4-DNA interactions, pointing to a 

potential functional consequence of this mark.25 To date, it is unknown if these adducts are 

removed enzymatically or only through histone turnover.

Glycation

Reducing sugars (e.g. fructose, glucose-6-phosphate) and glycolytic by-products (e.g. 

glyoxal, methylglyoxal, 3-deoxyglucosone) containing aldehydes are susceptible to 

nucleophilic addition by lysine or arginine side chains of proteins (Figure 2c).30 These 

aldehydes are produced in multiple metabolic pathways but are made primarily by 

spontaneous decomposition of glycolytic intermediates and thus accumulate under increased 

glycolytic flux or in deficiencies that impair steps of glycolysis.28,30 For example, one 

pathway for methylglyoxal (MGO) formation is by fragmentation of glyceraldehyde-3-

phosphate and dihydroxyacetone phosphate.28 Once these aldehydes react with proteins, the 

adducts become advanced glycation end-products (AGEs, e.g., carboxylmethyllysine, 

carboxylethyllysine, pentosidine) through a series of rearrangements. AGEs accumulate in 

the process of aging as well as in many diseases such as diabetes, cancer, neurodegeneration, 

and cardiovascular disease.28,30,47 These glycated proteins bind to the Receptor for AGE 

(RAGE), which initiates a signaling cascade leading to NFκB and pro-inflammatory gene 

activation.47 The cell possesses some endogenous mechanisms for mitigating the harmful 

effects of AGEs, including glyoxalase 1 (GLO-1), which isomerizes the product between 

MGO and glutathione (GSH) to form an inert species,28 and AGER1, which inhibits RAGE 

signaling.48

Initial work in this area has shown that histones are susceptible to glycation by reducing 

sugars both in vitro and in vivo.49,50 Subsequent studies focused on histone modification by 

the more reactive electrophiles 3-deoxyglucosone (3-DG) and MGO. 3-DG was shown to 

readily glycate histones and to progress to AGE products.51,52 Two recent studies undertook 

a detailed characterization of the glycation of histones by MGO, showing significant adducts 

on H3, H4, and H2B both in vitro and in cells.24,53 The observed modifications included the 

methylglyoxal hydroimidazolone and N7-carboxylethyl arginine (Figure 2c), which were 

identified on histones from cells grown in low glucose (5 mM) conditions.24 These 

modifications were each detected at levels (~1-4 pmol per nmol Leu) comparable to those 

measured for asymmetric dimethylated arginine in histones (~3-7 pmol per nmol Leu) from 

the same cell lines.24 N-ε-(carboxylethyl)lysine was also found on lysine residues (Figure 

2c), although the abundance was an order of magnitude lower compared to the arginine 
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adducts. Glycation of histones H3 and H4, but not of H2A or H2B, was found to disrupt 

nucleosome formation.53 This modification was further shown to affect nucleosome array 

structure, having a decompaction effect akin to acetylation at lower MGO concentrations 

and eventually leading to increased compaction at high MGO concentrations, which was 

attributed to the formation of MGO-mediated chemical crosslinks. The two studies reported 

quite different effects of MGO adducts on other histone PTMs in cells: the authors of one 

study found significant decreases in H2B acetylation and ubiquitylation but not on the other 

histones,24 while another study found that several H3 and H4 marks decreased, while H2B 

ubiquitylation was unaffected.53 Knocking out GLO-1 or DJ-1, a deglycase shown to 

remove MGO lesions from DNA,54 or increasing the glucose supplementation of the 

cultured cells increased the abundance of the MGO-histone adducts, showing that GLO-1 

and DJ-1 protect histones from MGO-glycation and that glycolytic flux directly impacts 

levels of MGO adducts.24,53 Indeed, cancer cells rely on aerobic glycolysis-- the so-called 

Warburg effect31-- suggesting that glycation may play an important role in pathogenesis. 

Even though DJ-1 expression is upregulated in breast cancer cells,55 histone glycation levels 

are still high, leading the authors to propose that these cells depend on DJ-1 to hold 

glycation in check to prevent cell death.53 When DJ-1 was knocked down in these cells, 

survival was quickly compromised, indicating that DJ-1 may be a promising therapeutic 

target in cancer. Importantly, protein glycation is also a hallmark of diabetes, and reduced 

GLO-1 activity is associated with diabetic nephropathy.56 These two studies have 

established the importance of glycation as a nonenzymatic histone PTM and laid the 

foundation for further investigation into the role of this adduct in epigenetic misregulation 

across multiple disease states.

Cofactor promiscuity in histone-modifying enzymes

Histones are decorated with a variety of PTMs that act as a complex signaling code for 

genome regulation.2,3 Diversity in these biochemical signals is achieved through different 

PTM chemotypes and sites of modification, each with its own unique function. For most 

modifications, a class of enzymes utilizes a specific cofactor (e.g., methyltransferases use 

SAM, ADP-ribosyltransferases use NAD+). However, some histone-modifying enzymes can 

use multiple cofactors, leading to multiple possible chemotypes of PTMs from the same 

enzyme.57,58 Thus, the levels of the acceptable cofactors and how effectively the enzyme can 

use them in catalysis are expected to influence the abundance of a modification.

Acylation

Although acetyl-CoA represents the canonical cofactor of histone acetyltransferases (HATs), 

some HATs will accept other acyl-CoAs. The HAT p300 has been shown to transfer 

propionyl,59 butyryl,59 succinyl,36 glutaryl,37 β-hydroxybutyryl,38 2-hydroxyisobutyryl,60 

crotonyl,61 and lactyl62 groups to histone lysines, while GCN5 can propionylate,63 

butyrylate,63 glutarylate,39 and succinylate histones.40 There is even recent evidence that 

GCN5 may prefer succinyl-CoA over acetyl-CoA.40 To date, these different acylations have 

been studied biochemically and in cells to varying extents to try to address questions 

including how their deposition is regulated (e.g., identity of acyltransferases, deacylases), 

how abundant particular modifications are, what is the genomic distribution of these 
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modifications, and what are the functional consequences of each PTM in chromatin 

regulation. While some of these questions have been answered for some modifications, a 

great deal of work remains to be done to fully characterize the ever-growing list of histone 

acylations. From a biochemical standpoint, this field would benefit from a rigorous analysis 

of the deposition and removal of these acylations on physiologically-relevant substrates such 

as mononucleosomes or nucleosome arrays. With regard to abundance, there is increasing 

evidence that the high glucose environment of standard cell culture conditions may 

artificially elevate acetyl-CoA levels compared to that of other acyl-CoAs, suppressing 

histone acylations.61,64,65 Thus, there are many experimental considerations that must be 

taken into account in both biochemical and cell-based studies of histone acylations in order 

for a clear understanding of these modifications to emerge. We refer the reader to recent 

reviews57,66,67 on this topic for a more comprehensive discussion of the current state of the 

field. In this section, we will highlight some recent works that focus on connections to 

metabolism (Figure 3).

Propionylation and butyrylation of histones are activating marks akin to acetylation, 

although the bulkier Kbu has been shown to bind poorly to some bromodomains compared 

to Kac and Kpr, pointing to a distinct functional role for histone butyrylation.68,69 From a 

metabolic perspective, propionyl-CoA derives from odd-chain fatty acid and amino acid 

catabolism, while butyryl-CoA is produced during β-oxidation of fatty acids70 and also 

enters intestinal cells from microbial fermentation (Figure 3).71 Importantly, the levels of 

these short chain acyl-CoAs can fluctuate as a function of cellular and physiological 

conditions.20,69,72 Indeed, knocking out propionyl-CoA carboxylase (PCC), which degrades 

propionyl-CoA, led to increased histone propionylation in mouse livers.69 Conversely, 

knocking out short-chain acyl-CoA dehydrogenase (SCAD), which degrades butyryl-CoA, 

did not lead to changes in butyrylated histone levels even though butyryl-CoA levels and 

nonhistone protein butyrylation did increase.69 Such evidence indicates that there are other 

regulatory mechanisms for controlling histone butyrylation beyond the simple abundance of 

cofactor. While histone glutarylation was first reported several years ago,37 there is still 

relatively little known about this histone mark. p30037 and GCN539 have been reported to 

glutarylate histones, while SIRT537 and SIRT739 can remove this PTM. In a recent study, 

H4K91glu was found to be the most abundant histone glutarylation site in Hela cells and to 

disrupt nucleosome structure in biochemical assays.39 In cells, deglutarylation of this site 

was associated with chromatin condensation, with levels of the mark peaking during S phase 

and dropping during the mitosis.

While protein succinylation is perhaps most widely associated with the mitochondria,34 

histones are also known be succinylated.36 This activating mark localizes to promoters and 

transcription start sites40,73 and was even found in one study to occur on H4K79 in a third of 

nucleosomes in cells.73 The authors further observed that levels of succinyl-CoA and histone 

succinylation increased in a TCA cycle defect resulting in loss of succinate dehydrogenase 

(SDH), which oxidizes succinate to fumarate, linking transcription to the TCA cycle via 

histone succinylation. Additionally, the succinyl-CoA-producing enzyme α-ketoglutarate 

dehydrogenase (α-KGDH), which is also involved in the TCA cycle, has been shown to 

localize to the nucleus and associate with GCN5 to promote histone succinylation.40,74 

Interestingly, succinate inhibits α-ketoglutarate-dependent demethylases,12 suggesting a 
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possible role for histone succinylation in buffering extramitochondrial succinate levels to 

prevent accumulation to inhibitory concentrations.

Histone β-hydroxybutyrylation has been linked to metabolism by the accumulation of the 

ketone body β-hydroxybutyrate through ketogenesis during starvation or diabetes.65 In 

particular, increased levels of H3K9bhb during starvation were found to be associated with 

upregulation of genes involved in metabolism, such as amino acid catabolism and oxidative 

phosphorylation. Lysine 2-hydroxyisobutyrylation occurs on histones75,76 as well as other 

proteins, notably glycolytic enzymes.60,76 The precursor metabolite 2-hydroxyisobutyrate 

was found to be upregulated in the urine of morbidly obese patients77 and pregnant women 

with gestational diabetes mellitus78 and has been shown to be produced by symbiotic gut 

microbes.77,79 Together this evidence suggests a possible connection between the 

microbiome, histone acylation, and metabolic disease.

Histone crotonylation80 is a mark of active transcription81 that is recognized by distinct 

reader domains (e.g., YEATS domain in AF9 and DPF domain in the BAF complex).57,81 

Crotonyl-CoA is present in cells at ~1000-fold lower concentration than acetyl-CoA, well 

below the KM of p300, and is produced from butyryl-CoA, glutaryl-CoA, or directly from 

crotonate by ACSS2 (Figure 3).61 Cells cultured in standard high glucose media exhibit 

much lower levels of crotonyl-CoA and protein crotonylation compared to cells grown under 

lower-glucose conditions, suggesting that histone crotonylation may be artificially repressed 

in many cell culture systems.61 Supplementation of sodium crotonate or knockdown of ATP-

citrate lyase (ACLY) or the pyruvate dehydrogenase complex (PDC) leads to an increase in 

histone crotonylation, while knockdown of ACSS2 leads to decreases in these levels.61 

While all three enzymes can produce acetyl- and other acyl-CoAs, this finding indicates that 

only ACSS2 produces crotonyl-CoA, providing a potential regulatory mechanism for 

controlling crotonyl-CoA levels separately from other acyl-CoAs. Crotonyl-CoA can be 

converted to β-hydroxybutyryl-CoA by the hydratase activity of the chromodomain Y-like 

transcription corepressor (CDYL) negatively regulating histone crotonylation at the substrate 

level as well.82

Recently, lactylation (Kla) was discovered as a new histone acylation.62 The authors 

identified lysine lactylation on all four of the canonical histones in human HeLa cells and 

mouse bone marrow-derived macrophages (BMDMs) by mass spectrometry. They further 

used a pan-lysine lactylation antibody to show that titrating exogenous lactate leads to a 

dose-dependent change in histone lactylation levels. Since lactate is produced from pyruvate 

by lactate dehydrogenase (LDH), high levels of cellular lactate are associated with the 

increased glycolytic activity known as the Warburg effect found in cancer and other diseases.
31 Indeed, the authors observed an increase in histone lactylation as human cell lines were 

exposed to conditions that increase cellular lactate levels including 1) glucose 

supplementation, 2) the inhibitor rotenone, which promotes glycolysis, 3) hypoxia, and 4) 

M1 macrophage polarization. In contrast, treatment with inhibitors of LDH led to a decrease 

in histone lactylation.62 With clear evidence in hand that cellular lactate levels influence 

histone lactylation, the authors next determined the effects of this PTM on gene expression. 

ChIP-seq experiments with H3K18la and H3K18ac antibodies revealed that the PTMs are 

both enriched at promoters, with H3K18Kla enriched at specific genes. Furthermore, the 
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authors demonstrated that upon stimulation of M1 polarization in macrophages genes 

specifically marked by H3K18la were upregulated, indicating that histone lactylation may be 

directly regulating these genes as a function of lactate. In particular, increased histone 

lactylation during M1 polarization was found at the promoter for the M2-like homeostatic 

gene Arg1. Importantly, histone lactylaton was found to exhibit different temporal dynamics 

in this M1 macrophage polarization system than histone acetylation, bolstering the evidence 

that histone lactyation is functionally distinct. Overexpression or deletion of p300 in cells 

attenuated histone lactylation levels, suggesting that p300 is a promising candidate for the 

histone lactyltransferase. Overall this work establishes the importance of lactylation as a 

non-canonical histone acylation that is metabolically regulated and leads to distinct 

transcriptional outcomes from acetylation. Further investigation of this modification will 

elucidate more details about how histone lactylation is deposited in a gene-specific manner, 

how the mark regulates transcription, as well as the identities of the lactyl-CoA-producing 

enzyme/s and of an eraser/s of the mark.

Monoaminylation

A new histone PTM was recently reported on H3Q5 that results from monoaminylation by 

transglutaminase 2 (TGM2).58 TGM2 is a ubiquitously expressed protein that catalyzes the 

transamidation between glutamine residues and a variety of primary amine substrates, 

including serotonin, dopamine, norepinephrine, and lysine (Figure 4a).83 Indeed, prior to 

this report, TGM2 was shown to form histone crosslinks between glutamine and lysine 

residues,84 so it was hypothesized that histones might be monoaminylated by TGM2 using 

nucleocytoplasmic serotonin (Figure 4b).58 By delivering propargylated serotonin to Hela 

cells, the authors enriched for serotonylated proteins, revealing that H3 is modified. 

Exogenous expression of TGM2 in 293T cells, which do not express the enzyme, revealed 

that H3 serotonylation is TGM2-dependent. Using mass spectrometric analysis and later 

mutagenesis, the authors identified H3Q5 as a substrate for serotonylation by TGM2. Based 

on the proximity of H3Q5 to H3K4, the methylation of which is an important mark of 

transcriptional activation, they looked for the co-occurrence of these two marks on the same 

H3 tail and found that, in fact, they frequently occur together in mammalian cells and tissues 

that produce serotonin, including serotonergic neurons. Genomic distribution indicates that 

the H3K4me3Q5ser mark is enriched at promoters, specifically those associated with 

neuronal differentiation and development. H3K4me3Q5ser is enriched in euchromatin and 

correlates with permissive gene expression, possibly by enhancing binding of the general 

transcription factor complex TFIID to H3K4me3. A great deal of work remains to determine 

how histone monoaminylation is regulated and what effects different modifications have on 

chromatin. While histone serotonylation may dominate under high serotonin levels, TGM2 

is able to transfer other monoamines as well,83 and other histone monoaminylations may 

occur in different cell types or conditions depending on the relative monoamine 

concentrations. For example, cell types that produce and store dopamine, such as 

dopaminergic neurons and certain endocrine cells,85 or histamine, such as histaminergic 

neurons or certain immune cells,86 may display significant histone dopaminylation or 

histaminylation. It is worth noting that gut microbiota are known to produce biogenic amines 

including serotonin,87 raising the intriguing possibility that bacterially-produced metabolites 

may find their way onto histones by TGM2-mediated monoaminylation.
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Sub-nucleocytoplasmic metabolite pools

The traditional view of the cellular environment is of a “bag of molecules”; that is, 

metabolites freely diffuse and thus are homogenously distributed.88,89 Of course, some 

membrane-organelles such as mitochondria and certain types of vesicles are well-known to 

restrict the diffusion of metabolites, requiring active mechanisms for transport across these 

membranes. Although the nucleus is also membrane-bound, its membrane contains pores 

that are sufficiently large to allow small molecules to passively diffuse through them.90 

Thus, the entire cytoplasm and nucleus are frequently considered together to be one 

compartment without any barriers to metabolite diffusion within it. However, this notion has 

been challenged by both theoretical models and direct experimental evidence that suggest 

that certain factors may enable the formation of sub-nucleocytoplasmic metabolite domains.
89,91,92 Far from being a dilute and homogenous solution, the nucleocytoplasm is dense and 

crowded with macromolecules, with estimates for cytosolic protein concentrations reaching 

300 mg/mL.93 Small molecule diffusion may be reduced by an order of magnitude under 

these conditions. Moreover, these macromolecules are highly spatially organized within the 

nucleocytoplasm by their interactions with one another (e.g., protein-protein, protein-

membrane, protein-DNA), enabling metabolite micro-compartmentalization and channeling 

by restricting diffusion and by binding metabolites.91

With regard to chromatin regulation, the possibility of distinct nuclear and even sub-nuclear 

metabolite pools is an exciting idea. There is now overwhelming evidence that chromatin 

state and metabolism are inter-regulated by metabolites,15–17 and local generation and 

consumption of small molecules within the nucleus may represent another important piece 

of the puzzle. While direct observation of these metabolite domains in cells has proved 

challenging with existing analytical techniques,89 perhaps the most compelling evidence in 

support of them is indirect. There now exist many examples of metabolite-producing 

enzymes either found localized to the nucleus or translocated there from other cellular 

compartments under certain conditions, and this localization has been shown to impact 

histone modification levels and other aspects of chromatin state.17,94 For example, the 

acetyl-CoA-producing enzymes ACSS2,14 ACLY,11 and PDC95 all translocate to the nucleus 

under specific cellular conditions, leading to increased histone acetylation and gene 

upregulation (Figure 5). Under conditions of metabolic stress like those found in tumors, 

ACSS2, which converts acetate to acetyl-CoA, enters the nucleus and appears to use acetate 

generated from deacetylation of histones by HDACs as a way of redistributing histone 

acetylation in the genome.14 In addition to serving as a major source of nucleocytoplasmic 

acetyl-CoA under normal cellular conditions, ACLY promotes H4 acetylation at 

nucleosomes proximal to DNA double-strand breaks, leading to the recruitment of BRCA1 

and resultant homologous recombination (HR) at the site.96 PDC, which is normally found 

in the mitochondria, enters the nucleus at certain stages of embryonic development95 and 

under other conditions to provide acetyl-CoA from pyruvate.97 In fact, nuclear PDC forms a 

complex with p300 and the transcription factor arylhydrocarbon receptor (ArH),97 again 

demonstrating how the cell spatially organizes metabolite production for efficient generation 

of metabolites close to where they are consumed. What is particularly exciting about this 

example is that the involvement of a transcription factor provides genomic targeting of these 
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activities, promoting deposition of H3K9ac at a specific target locus of ArH and subsequent 

enhancement of transcription of the target gene. Similarly, α-ketoglutarate dehydrogenase 

(α-KGDH), which converts α-KG to succinyl-CoA, localizes to the nucleus and binds to 

GCN5 (also known as KAT2A) to promote succinylation of H3K79.40 While persuasive, the 

evidence described above for nuclear and sub-nuclear compartmentation of metabolites is 

largely circumstantial. Clearly, if these subcellular metabolite domains could be observed 

directly it would allow questions related to the distribution and overall dynamics of the 

putative metabolite pools to be addressed in further detail, including whether there exist any 

spatiotemporal correlations with chromatin structure and organization in the nucleus.

Since precise sub-nucleocytoplasmic fractionation is challenging, methods that can measure 

metabolite levels in situ in live cells represent a promising approach for directly observing 

different metabolite domains.98 Genetically-encoded fluorescent metabolite sensors have the 

potential to perform this task with the necessary spatiotemporal resolution and have already 

been developed for a number of different metabolites. A recent example of this approach 

utilized a genetically-encoded NAD+ sensor to measure changes in cytoplasmic and nuclear 

NAD+ levels during adipocyte differentiation.9 By measuring the levels in these cellular 

compartments separately using a ratiometric sensor, the authors were able to quantitate the 

respective NAD+ concentrations and determine that the nuclear levels fluctuate during 

differentiation below the KM of PARPs and SIRTs, which are NAD+-dependent enzymes, 

while cytoplasmic levels increased. By bringing the nuclear NAD+ concentration below the 

KM of PARP1, its ADP-ribosylation transferase activity is abrogated, which decreases 

PARylation of the adipogenic transcription factor C/EBPβ (CCAAT-enhancer-binding 

protein β) and regulates the factor’s binding to its target genes (Figure 6). By further 

investigation of the expression and activity of nicotinamide mononucleotide 

adenylyltransferase 1 (NMNAT-1, nuclear) and NMNAT-2 (cytoplasmic), which synthesize 

NAD+ from nicotinamide mononucleotide (NMN), the authors conclude that increased 

NMNAT-2 expression during differentiation leads to the increased cytosolic NAD+ as well 

as a decrease in cellular NMN, which regulates the activity of NMNAT-1. In other words, 

the two enzymes compete for cellular NMN, and, by tuning the expression levels of the two 

enzymes, the cell controls the compartmentalized NAD+ levels. The induction of NMNAT-2 

expression is linked to increased glucose metabolism, providing a critical link between 

central metabolism and adipogenesis. Since many genetically-encoded sensors for a variety 

of metabolites already exist and sensor technologies are constantly improving,98 the 

approach used for NAD+ will likely be quickly extended to other metabolites and the 

corresponding histone PTMs.

Conclusion and outlook

The cell must coordinate metabolic, signaling, and epi/genetic pathways for survival and 

growth. While nutrient sensing in higher eukaryotes is traditionally thought of as occurring 

by kinases such as AMPK, GCN2, and TOR99 as well as by nuclear receptors,100 the 

hypothesis that chromatin senses metabolic status and converts that information to specific 

epigenetic outputs has emerged as an additional mechanism. Chromatin remodeling and 

modification require a variety of core metabolites, suggesting that the concentration of 

specific metabolites in the nucleus will impact chromatin state, which in turn regulates gene 
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expression. Nevertheless, the characterization of specific mechanisms that connect 

metabolism and chromatin has remained challenging and many fundamental questions 

persist regarding how this is orchestrated, if and how specificity at the modification and gene 

level is accomplished, and how metabolite sensing by chromatin is integrated with the other 

known nutrient-sensing mechanisms. With the identification of new histone PTMs, such as 

nonenzymatic adducts, novel acylations, and monoaminylations discussed here, the picture 

has become even more complex. Spatiotemporal control of nuclear metabolites is on track to 

be an important piece of this puzzle, but there is a long way left to go toward understanding 

precisely how this is accomplished both biochemically and biophysically. Ultimately, the 

goal of teasing apart these mechanisms is to identify therapeutically targetable pathways, 

particularly ones that can be modulated selectively to effect epigenetic regulation while 

preserving core metabolism in the cytoplasm and mitochondria.
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Figure 1. Metabolites regulate chromatin modifications.
a) The concentration of cofactor with respect to KM of the chromatin-modifying enzyme 

affects that enzyme’s activity. HAT = histone acetyltransferase, KDM = lysine demethylase, 

FAD = flavin adenine dinucleotide. b) Metabolites can be endogenous inhibitors of 

chromatin modifiers. PARP = poly-ADP-ribose polymerase, KDM = lysine demethylase, 

NAM = nicotinamide. c) Chromatin may serve as a storage depot for metabolic capacity. For 

example, acetyl-CoA can be stored as histone acetylation that is mobilized by the action of 
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histone deacetylases and ACSS2. HAT = histone acetyltransferase, HDAC = histone 

deacetylase, ACSS2- acetyl-CoA synthetase short-chain family member 2.
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Figure 2. Non-enzymatic histone modifications.
a) Structures of histone acylations from the corresponding acyl-CoA. b) Oxidation of 

unsaturated fatty acids leads to reactive species that react with histone lysines. COX2 = 

cyclooxygenase 2. c) Methylglyoxyl (MGO) generated from glycolysis reacts with lysine 

and arginine residues, eventually leading to advanced glycation products (AGEs) that 

stimulate inflammatory pathways. DJ-1 = protein/nucleic acid deglycase DJ-1.
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Figure 3. Metabolic pathways that produce and interconvert acyl-CoAs involved in histone 
acylations.
Bold = enzyme, italics = pathway, ACLY = ATP citrate lyase, ACSS2 = Acyl-CoA 

synthetase short-chain family member 2, PDC = pyruvate dehydrogenase complex, TCA 

cycle = tricarboxylic acid cycle, CDYL = chromodomain Y-like transcription corepressor, 

MDC = malonyl-CoA decarboxylase, ACC = acetyl-coA carboxylase, SCAD = short-chain 

acyl-CoA dehydrogenase, GCDH = glutaryl-CoA dehydrogenase, PCC = propionyl-CoA 

carboxylase, α-KG = α-ketoglutarate, α-KGDH = α-ketoglutarate dehydrogenase, SCS = 

succinyl-CoA synthetase, SDH = succinate dehydrogenase, LDH = lactate dehydrogenase.
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Figure 4. Monoaminylation of histones.
a) Examples of biogenic amines that TGM2 can use as cofactors. b) TGM2 transfers 

monoamines to glutamate residues in histones, releasing ammonia. While an enzyme has not 

yet been identified that can remove histone monoaminylation to restore the unmodified 

glutamine, TGM2 may be able to replace the first monoamine with a second depending on 

the relative abundance of the monoamines. TGM2 = tissue transglutaminase 2.
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Figure 5. Spatial control of cellular acetyl-CoA.
ACLY, ACSS2, and PDC use citrate, acetate, and pyruvate, respectively, to generate acetyl-

CoA that is available for histone acetylation. Under certain conditions these enzymes 

translocate to the nucleus where they can provide localized production of the cofactor, 

potentially contributing to chromatin regulation through histone acetylation pathways. 

ACLY = ATP citrate lyase, ACSS2 = Acyl-CoA synthetase short-chain family member 2, 

PDC = pyruvate dehydrogenase complex, HAT = histone acetyltransferase, HDAC = histone 

deacetylase, TCA cycle = tricarboxylic acid cycle.
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Figure 6. Compartmentalized NAD+ synthesis coordinates glucose metabolism and transcription.
In an undifferentiated state (left), NMN is used by the nuclear NMNAT-1 to produce NAD+, 

promoting PARP1-dependent ADP-ribosylation of the transcription factor C/EBPβ to hold 

the cell in this undifferentiated state. Once proper adipogenic signals are received (top), 

cytoplasmic NMNAT-2 is induced to produce NAD+ for glycolysis, depleting the nuclear 

NAD+ pool and initiating C/EBPβ-mediated adipogenic differentiation (right). PARP1 = 

poly-ADP-ribose polymerase 1, C/EBPβ = CCAAT-enhancer-binding protein β, NMN = 

nicotinamide mononucleotide, NMNAT = nicotinamide mononucleotide adenylyltransferase, 

Pparg = peroxisome proliferator activated receptor gamma.
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