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Protein posttranslational modification (PTM) is a biochemical mechanism
benefitting cellular adaptation to dynamic intracellular and environmental con-
ditions. Recently, several acylation marks have been identified as new protein
PTMs occurring on specific lysine residues in mammalian cells: isobutyryla-
tion, methacrylation, benzoylation, isonicotinylation, and lactylation. These
acylation marks were initially discovered to occur on nucleosomal histones, but
they potentially occur as prevalent biomarkers on non-histone proteins as well.
The existence of these PTMs is a downstream consequence of metabolism
and demonstrates the intimate crosstalk between active cellular metabolites
and regulation of protein function. Emerging evidence indicates that these
acylation marks on histones affect DNA transcription and are functionally
distinct from the well-studied lysine acetylation. Herein, we discuss enzymatic
regulation and metabolic etiology of these acylations, ’reader’ proteins that
recognize different acylations, and their possible physiological and patholog-
ical functions. Several of these modifications correlate with other well-studied
acylations and fine-tune the regulation of gene expression. Overall, findings
of these acylation marks reveal new molecular links between metabolism and
epigenetics and open up many questions for future investigation. © 2023 The
Authors. Current Protocols published by Wiley Periodicals LLC.
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INTRODUCTION
Posttranslational modifications (PTMs) of

proteins are fundamental mechanisms that
regulate cellular processes in all domains of
life (L. Meng et al., 2022; Soufi et al., 2012).
Fatty acylations on lysine residues have been
recognized as crucial PTMmarks with various
regulatory effects on key biological pathways
(Barnes et al., 2019; Sabari et al., 2015; Verdin
& Ott, 2015). Lysine acetylation was initially
discovered in histones by Phillips (1963), and
Allfrey et al. (1964) were the first to show

that histone acetylation is linked to regula-
tion of gene expression. Positively charged
lysines in the chromatin can be neutralized via
acetylation, thus weakening the interaction of
negatively charged DNA with histones and
thereby increasing levels of gene expression
(Allfrey et al., 1964). The roles of lysine acety-
lation in signal transduction, transcriptional
regulation, energy metabolism, and mitochon-
drial regulation were further demonstrated by
identifying a number of non-histone protein
substrates, such as tubulin (L’Hernault &
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Rosenbaum, 1985), the HIV transcriptional
regulator Tat (Ott et al., 1999), p53 (Gu et al.,
1997), and other diverse substrates across
nucleus, cytosol, and mitochondria (S. C. Kim
et al., 2006). Furthermore, lysine acetylation
has been reported in organisms ranging from
prokaryote to protozoa to metazoa (G.W. Kim
& Yang, 2011; Soufi et al., 2012), arguing
that the biological regulation through lysine
acetylation is conserved throughout evolution.

In addition to lysine acetylation, ∼20
different types of lysine acylations have
been discovered (Table 1), which include
myristylation (C14) (Bursten et al., 1988),
formylation (Kfo) (T. Jiang et al., 2007), pro-
pionylation (Kpr), butyrylation (Kbu) (Chen
et al., 2007), crotonylation (Kcr) (M. Tan et al.,
2011), succinylation (Ksucc), malonylation
(Kmal) (Z. Y. Xie et al., 2012), methyl-
malonylation (Kmma) (Head et al., 2022),
glutarylation (Kglu) (M. Tan et al., 2014),
2-hydroxyisobutyrylation (Khib) (Dai et al.,
2014), β-hydroxybutyrylation (Kbhb) (Z. Xie
et al., 2016), 3-hydroxy-3-methylglutarylation
(KHMG), 3-methylglutaconylation (KMGc), 3-
methylglutarylation (KMG) (Wagner et al.,
2017), benzoylation (Kbz) (Huang et al.,
2018), lactylation (Kla) (D. Zhang, et al.,
2019), isonicotinylation (Kinic) (Y. Jiang
et al., 2021), methacrylation (Kmea) (De-
laney et al., 2021), and isobutyrylation (Kibu)
(Zhu et al., 2021). Abundances of different
acylation marks are reliant on the cellular
concentrations of corresponding acyl-CoA
metabolites, strongly demonstrating the inti-
mate coupling of epigenetic regulation with
cellular metabolism (Sabari et al., 2017;
Simithy et al., 2017; M. Wang & Lin, 2021).
Notably, some lysine acylations can show
functions different from lysine acetylation.
For instance, p300-catalyzed Kcr stimulates
gene transcription to a larger degree than Kac
on histones (Sabari et al., 2015). Also, p300
regulates glycolysis via Khib rather than Kac
of glycolytic enzymes (Huang et al., 2018).

Molecular regulators of PTM biology
can be functionally separated into three
kinds of proteins: (1) ‘writers’ such as lysine
acetyltransferases (KATs), which attach PTM
marks to proteins; (2) ‘erasers’ such as lysine
deacetylases (KDACs), which remove PTM
marks from proteins; and (3) ‘readers’ such as
acetyllysine binders, which selectively inter-
act with PTMmarks (He et al., 2018). Various
central pathways from metabolism of carbo-
hydrates, proteins, and lipids feed essential
precursors for the formation of acyl-coenzyme
A (acyl-CoA) for use in lysine acylation re-

actions by KATs (Baldensperger & Glomb,
2021). Three major families of KATs that are
now well-established in eukaryotes: GNAT
(the Gcn5 related N-acetyltransferase) mem-
bers such as PCAF, GCN5, and HAT1; the
p300/CBP family members that include p300
and CBP; and MYST (Moz, Ybf2, Sas2, and
Tip60) members including MOF, MORF,
MOZ, Tip60, and HBO1 (Berndsen & Denu,
2008; Dancy & Cole, 2015). GNAT family
members share a similar acetyltransferase do-
mainwith ~160 amino acid residues and a con-
served BRD domain that can attach to lysine
residues (Ud-Din et al., 2016). These enzymes
are often involved in transcriptional activation
and elongation, and DNA damage repair
(Kimura et al., 2005). The MYST family
members share the conserved MYST domain
of 370 residues which includes a zinc finger
domain and an acetyl-CoA binding domain
(Avvakumov&Cote, 2007; Sapountzi &Cote,
2011; Voss & Thomas, 2009). The p300/CBP
family has two members that contain a 500-
amino acid KAT domain with 86% sequence
similarity, a bromodomain, and three cysteine-
histidine-rich domains (TAZ, PHD, and ZZ)
(Dancy & Cole, 2015; X. Liu et al., 2008).
P300/CBP mediate acetyl transfer via stable
binding of the cofactor acetyl-CoA, followed
by transient association of the lysine substrate.
This hit-and-run catalytic mechanism allows
the broad and promiscuous substrate speci-
ficity of p300/CBP (Simon et al., 2016). P300
activity toward catalyzing lysine acylations is
negatively correlated with acyl-chain length-
ening (Kaczmarska et al., 2017). The majority
of the members of theMYST and GNAT fami-
lies appear to have an even more limited range
of acylation activities (Sabari et al., 2017).

18 KDAC members have been identi-
fied, which include NAD+-dependent sirtuin
deacetylases (SIRT1-7) and Zn2+-dependent
histone deacetylases (HDAC1-11). These are
the widely reported ‘erasers’ for removing
lysine acylation marks in the mammalian pro-
teome (Finkel et al., 2009; Haberland et al.,
2009). Some enzymes are more active on
removing specific lysine acylation than lysine
acetylation. For instance, SIRT5 targets neg-
atively charged lysine acylations especially
succinylation and malonylation (Peng et al.,
2011; M. Tan et al., 2014), and SIRT6 prefer-
entially removes long-chain fatty acyl marks
over acetylation from the lysine side chain
(Feldman et al., 2013). The sirtuin orthologs
as KDACs are found in both eukaryotes and
prokaryotes (the same conservation is seen for
the GNAT family members as KATs) (Marsh
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Table 1 A list of Twenty Lysine Acylations Found in Mammalian Proteins

Name Structure
Mass increase
(Da) Year of discovery

Succinylation (Ksucc) +100 2012 (Z. Y. Xie et al.,
2012)

Benzoylation (Kbz) +104 2018 (Huang et al., 2018)

Isonicotinylation (Kinic) +105 2021 (Y. Jiang et al., 2021)

Glutarylation (Kglu) +114 2014 (M. Tan et al., 2014)

3-hydroxy-3-methylglutarylation (KHMG) +144 2017 (Wagner et al., 2017)

3-methylglutaconylation (KMGc) +126 2017 (Wagner et al., 2017)

3-methylglutarylation (KMG) +128 2017 (Wagner et al., 2017)

Myristylation (C14) +211 1988 (Bursten et al., 1988)

Acetylation (Kac) +42 1963 (Phillips, 1963)

Formylation (Kfo) +28 2007 (T. Jiang et al., 2007)

Propionylation (Kpr) +56 2007 (Chen et al., 2007)

Crotonylation (Kcr) +68 2011 (M. Tan et al., 2011)

Methacrylation (Kmea) +68 2021 (Delaney et al.,
2021)

Butyryation (Kbu) +70 2007 (Chen et al., 2007)

(Continued)
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Table 1 A list of Twenty Lysine Acylations Found in Mammalian Proteins, continued

Name Structure
Mass increase
(Da) Year of discovery

Isobutyryation (Kibu) +70 2021 (Zhu et al., 2021)

L-Lactylation (Kla) +72 2019 (D. Zhang et al.,
2019)

Malonylation (Kmal) +86 2012 (Z. Y. Xie et al.,
2012)

Beta-hydroxybutyrylation (Kbhb) +86 2016 (Z. Xie et al., 2016)

2-hydroxyisobutyrylation (Khib) +86 2014 (Dai et al., 2014)

Methylmalonylation (Kmma) +100 2022 (Head et al., 2022)

et al., 2005; Starai & Escalante-Semerena,
2004; Vetting et al., 2005; K. Zhao et al.,
2004). In addition to GNATs, YopJ effector
proteins also exhibited KAT activities in
prokaryotes (Lewis et al., 2011; Ma & Ma,
2016). For KDACs in prokaryotes, only a few
proteins showed deacetylase activity and very
few protein substrates have been identified
(Hildmann et al., 2007). Specifically, CobB, a
Sir2 homolog protein deacetylase, was previ-
ously reported to exist in Salmonella enterica
and Escherichia coli (Starai et al., 2002; K.
Zhao et al., 2004).

Histone PTMs are proposed to regulate
the chromatin-templated processes through
two major mechanisms (Kouzarides, 2007;
Ruthenburg et al., 2007): (1) histone PTMs
directly regulate chromatin packaging and
chromatin structure to modulate the entry of
DNA-binding proteins either through chang-
ing the net charge of histone molecules or
through altering inter-nucleosome interac-
tions; and (2) histone PTM marks serve as
docking signals to recruit reader proteins to
alter chromatin structure and function (M.
Tan et al., 2011). To date, proteins including
bromodomains, PHD fingers, YEATS do-
mains (Yaf9, ENL, AF9, Taf14, and Sas5),
Tudor domains, and chromodomains have
been identified as ‘reader’ proteins (Andrews

et al., 2016). Exploring the comprehensive
roles of ‘writers’, ‘erasers’, and ‘readers’
in regulating lysine acylations is critical to
thoroughly understand mechanisms of lysine
acylation in cellular process regulation.

PTMs on cellular proteins can be detected
either by specific antibodies or by mass spec-
trometry (MS) methods. Owing to simplicity,
convenience, and affordable cost, antibody-
based western blotting (WB) analysis has
been the gold standard for measuring rela-
tive acylation mark changes. However, this
method suffers from several shortcomings:
low-throughput detection of acylation marks
at a time; low antibody specificity to distin-
guish acylation marks that have very subtle
structure differences; interference by nearby
modifications or epitope occlusion; and cross-
reactivity to other modification due to ho-
mologous protein sequence (Huang et al.,
2015; Song et al., 2022). Liquid chromatog-
raphy (LC)-MS-based approaches are used
for detecting acylation marks based on their
presumed mass shifts and can address the
caveats above by not only detecting multi-
ple acylation marks simultaneously regardless
their positions on peptide sequence, but also
distinguishing different acylation marks that
have similar structures. Unbiased MS screen-
ing, without the presumed mass shifts, is anFu, Cat and Zheng
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Figure 1 Distribution of lysine acylations on nuclear histones. Amino acid sequences are shown with the modified Lys
residues in bold.Ac, acetylation;Bu, butyrylation;Cr, crotonylation; Ibu, isobutyrylation;Mea,methacrylation;La, lactylation;
Bz, benzoylation; Inic, isonicotinylation.

alternative approach to find unknown acyla-
tion marks. However, MS methods are diffi-
cult to detect modifications that exist at very
low stoichiometry and are challenging to dis-
tinguish among modifications with the same
mass shift, such as structural isomers, which
require further data interpretation and valida-
tion (Huang et al., 2015). MS/MS and high-
performance LC (HPLC) combined, are effec-
tive to validate a new acylation mark among
multiple structure isomers by pairwise com-
parison between a synthetic peptide and an in
vivo peptide (D. Zhang et al., 2019). Other val-
idation methods include developing specific
antibodies against a PTM and identifying a
possible precursor for the new PTM mark to
confirm it in vivo using immunostaining or
WB analysis (Huang et al., 2015). With the
use of specific antibodies and unbiased mass
spectrometry, several new types of lysine acy-

lation, including isobutyrylation (Kibu) (Zhu
et al., 2021), methacrylation (Kmea) (Delaney
et al., 2021), benzoylation (Kbz) (Huang et al.,
2018), isonicotinylation (Kinic) (Y. Jiang
et al., 2021), and lactylation (Kla) (D. Zhang
et al., 2019) have been identified in the recent
years. These acylation marks are added on dif-
ferent lysine positions in histones (Fig. 1) and
exhibit interesting biological functions in epi-
genetics and metabolism. Signaling pathways
involving distinct lysine PTMs are increas-
ingly recognized to be interconnected in eu-
karyotes (L. Meng et al., 2022). Some of these
acylations have been reported and are highly
conserved across different species. Below, we
highlight recent evidence for these acylations
and discuss how they have unique roles for
the transcription modulation and chromatin
structures. We describe the discovery of these
acylations on histones as well as non-histone
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Figure 2 Distinct pathways for the formation of butyryl-CoA and isobutyl-CoA and the subsequent
steps that lead to protein lysine butyrylation (Kbu) and lysine isobutyrylation (Kibu). (A) Enzymatic
process of Kbu and Kibu. (B) Regulatory functions of Kbu and Kibu.

proteins, and recent studies regarding the
‘writers’, ‘erasers’, and ‘readers’ of these acy-
lation marks. We next discuss the evidence
about how these acylations vary according to
the relative levels of different acyl-CoAs in the
cell. We also discuss how these acylations are
functionally distinct from other acylations.

OVERVIEW OF NEW LYSINE
ACYLATION BIOMARKERS

Lysine Isobutyrylation and
Butyrylation

Lysine butyrylation (Kbu) was early
reported as a linear acyl mark using n-butyryl-
CoA as the acyl donor (Chen et al., 2007). En-
dogenous n-butyryl-CoA is produced by the
β-oxidation of fatty acids in the mitochondria.
Mitochondrial carnitine acetyl transferase
(CrAT) likely promotes the interconversion
of n-butyryl-CoA and butyryl-carnitine to
achieve mitochondrial export (Violante et al.,
2013). Exogenous uptake of butyrate is an-
other source of intracellular n-butyryl-CoA.
Environmental butyrate can be converted to
n-butyryl-CoA with the function of acyl-CoA
synthetase short chain member 2 (ACSS2)
(Abdinejad et al., 1981). Butyryl-CoA can
also accumulate under certain condition
such as short-chain acyl-CoA dehydrogenase
(SCAD) deficiency (Pougovkina et al., 2014).
Butyratemetabolismmainly occurs in the liver
and intestinal epithelia, and previous studies
revealed that butyrate is an abundant short
chain fatty acid (SCFA) in the gastrointestinal
tract (Cummings et al., 1987). Further studies
identified high levels of histone Kbu in intesti-
nal epithelial cells from the cecum and distal
mouse intestine (Gates et al., 2022). More
in-depth studies report the relative changes

of Kbu in different physiological states; star-
vation enhances histone Kbu in the liver of
males, though the basal levels of Kbu is higher
in female mice (Goudarzi et al., 2020). Ad-
ditionally, Kbu levels seem to be sensitive to
dietary conditions in liver. One study reported
an increase in histone Kbu after the ketogene-
sis stimulation followed by starvation in liver
(Goudarzi et al., 2020). However, H3K18bu
levels were downregulated in a high-fat diet-
induced obesity model (Nie et al., 2017). An-
other study revealed that H3K9bu is abundant
at all active promoters and negatively regu-
lated by a high-fat diet (Z. Yang et al., 2021).

The isomer of n-butyryl-CoA, isobutyryl-
CoA, is naturally generated from valine
catabolism and branched-chain fatty acid
oxidation (Fig. 2) (Robinson et al., 1957).
Recently, Zhu et al. (2021) reported that
isobutyryl-CoA acts as a donor for a pre-
viously unexplored PTM—lysine isobu-
tyrylation (Kibu) in histones of mammalian
cells. Exogenous d7-isobutyrate addition to
the cells can induce isobutyryl-CoA abun-
dance in a concentration dependent manner,
which further contributes to Kibu levels
(Zhu et al., 2021). Dairy and ruminant foods
rich in branched chain fatty acids are an-
other source of isobutyryl-CoA (Ran-Ressler
et al., 2014). Of note, the isobutyryl-CoA
abundance was found at a comparative level
to n-butyryl-CoA in HEK293T cells (Zhu
et al., 2021), suggesting that the cellular
butyryl-CoA probably is a mixture of two
isomers that give heterogeneous PTMs on
cellular proteins. Since both isomers can be
derived from food, researching how dietary
conditions affect Kibu, and how Kibu differs
from Kbu in appropriate response to diet-
induced changes in physi(path)ological statesFu, Cat and Zheng
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would be interesting and warrants further
exploration.

Kbu is evolutionarily conserved among eu-
karyotes, with multiple Kbu sites identified in
histones of yeast and mammalian cells (Chen
et al., 2007; K. Zhang et al., 2009). Histone
Kbu formation is enzymatically catalyzed by
various KATs including GCN5, PCAF, p300,
CBP, Tip60, NatA, and MOF (Chen et al.,
2007; Simithy et al., 2017). One study com-
pared acylation activities of KATs on peptides
showing that GCN5 catalyzes ∼78% of bu-
tyrylation on H3K14, whereas acetylation was
found at ∼32%. PCAF exhibited ∼88% bu-
tyryltransferase activity on H3K14, followed
by ∼2% acetylation. Moreover, Tip60 has a
preference to utilize butyryl-CoA as a cofactor
rather than acetyl-CoA (Simithy et al., 2017).
The effects of p300-mediated Kbu formation
have been well studied on non-histone pro-
teins as well (Chen et al., 2007). For Kibu,
HAT1 exhibited an outstanding Kibu activity
(Kcat = 0.4± 0.02min−1, Km = 1.9± 0.5μM,
Kcat/Km = 0.21± 0.06min−1μM−1) with
∼25% of its Kac activity (Kcat = 7.4±
0.3min−1, Km = 5.4± 0.8μM, Kcat/Km = 1.4
± 0.2min−1μM−1) on peptide; and iso-
butyrylation activities of p300 (Kcat = 0.32
± 0.01min−1, Km = 2.4± 0.3μM, Kcat/Km

= 0.13± 0.02min−1μM−1) was ∼13% of its
acetylation activity (Kcat = 33.9± 2.9min−1,
Km = 17.3± 4.8μM, Kcat/Km = 2.0±
0.6min−1μM−1). However, only p300
was found to regulate histone Kibu in the
HEK293T cell model (Fig. 2) (Zhu et al.,
2021). P300 shows both butyryltransferase
and isobutyryltransferase activity possibly
due to its unique binding pocket to accom-
modate larger acyl-CoA molecules (C. Yang
et al., 2013; Y. Yang et al., 2010). A recent
study elucidated additional roles of p300-
mediated Kbu formation in adipogenesis and
the consequent obesity (Bhattacharya et al.,
2022). Specifically, histone Kbu increases in
the promoters of pro-adipogenic genes result-
ing in adipogenesis. Garcinol can efficiently
inhibit p300-driven acetylation (Kopytko
et al., 2021). A specific inhibitor—LTK-14A
(13, 14 dimethoxy isogarcinol)—inhibiting
the slower p300-mediated butyrylation with
minimal effect on faster p300-catalysed acety-
lation, was developed by screening a series
of derivatives of garcinol. The administra-
tion with this specific butyrylation inhibitor
can abrogate adipogenesis by downregulating
pro-adipogenic gene expression and inhibiting
H4K5bu (Bhattacharya et al., 2022). P300-

mediated Kbu formation is also associated
with the regulation of diabetic kidney dis-
ease (DKD). As important pathophysiologic
processes in DKD, fibrosis and inflammation
status can be affected by butyrate (Zhou
et al., 2022). However, histone Kbu inhibi-
tion induced by p300 inhibitor reverses the
anti-fibrosis and anti-inflammatory effects
of butyrate, suggesting that butyrate reduces
renal inflammatory and fibrosis injury at least
in part via histone Kbu (Zhou et al., 2022).
Although p300-mediated Kbu has been
extensively studied, studies on the role of
p300-mediated Kibu have yet to be reported.
Therefore, it is necessary to investigate p300-
mediated Kibu in a broader scope in the future.
Developing specific small molecule inhibitors
targeting p300-mediated Kibu and identifying
p300-mediated Kibu substrates in vivo may be
useful to study the functions of p300-mediated
Kibu. In addition to the ‘writers’ that add Kbu
and Kibu on proteins, ‘erasers’ that are re-
sponsible for removing Kbu on proteins have
been studied. Sirt1, Sirt2, and Sirt3 showmea-
surable catalysis rates with Kbu-containing
peptides (Smith & Denu, 2007). In addition,
Kbu-containing peptides were found to ex-
hibit stronger binding affinity toward Hst2
(KD = 16 ± 3 μM), a HDAC in yeast, com-
pared with the corresponding acetyl-lysine
peptide (KD = 21μM) (Smith &Denu, 2007).
Suberoylanilide hydroxamic acid (SAHA),
an HDAC inhibitor, was shown to induce
Kbu on histones and non-histone proteins
of human cells (Xu et al., 2014). However,
the ‘erasers’ that can remove Kibu marks are
poorly understood and require further study.

Bromodomain-containing proteins can
serve as ‘readers’ for histone Kbu. The second
bromodomain of TAF1 and the bromodomains
of BRD9 and CECR2 have been identified
as Kbu ‘readers’ in vitro and show similar
affinities toward Kbu and Kac. Structural
analysis revealed that these bromodomains
possess a flexible ligand pocket allowing high-
affinity binding to Kbu (Flynn et al., 2015).
Some ‘readers’ of Kbu can recognize other
acylation biomarkers, thus regulating gene
transcription. For example, histone H4K5bu
at gene promoters competes with H4K5ac
to inhibit its binding with BRDT, another
bromodomain-containing reader, thereby me-
diating post-meiotic chromatin reorganization
and stage-specific gene expression (Goudarzi
et al., 2016). However, it is unclear whether
there is any ‘reader’ module that recognizes
Kibu or distinguishes it from Kbu and other
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lysine acylation marks. Given that the isobu-
tyryl mark is structurally specific owing to
its branched-chain structure, its binding prop-
erties with ‘readers’ may be different from
other linear-chain acyl marks. New structural
analysis would be of particular value in un-
derstanding how ‘reader’ proteins recognize
Kibu marks and how the binding correlates
with the changes in metabolic pathways.

RNA-Seq profiling initially indicated that
isobutyrate modulates the expression of genes
involved in many vital biological pathways
such as calcium signaling, diabetes-related
signaling, hedgehog signaling, mRNA splic-
ing, and DNA repair and replication. A caveat
is that the effect of isobutyrate may also come
from its inhibitory impact on cellular HDAC
activities (Zhu et al., 2021). Therefore, it is
necessary to define gene expression changes
mediated by Kibu rather than other mediators.
The crosstalk between different acylations
on lysine of proteins, especially on specific
lysine residues, is important to better under-
stand complicated regulation and metabolism
in cells. For example, H3K14pr and H3K14bu
were previously reported to be preferentially
enriched at promoters of active genes and en-
hance a higher transcriptional output together
with acetylation (Kebede et al., 2017). H3K14
was also identified as a site of isobutyrylation
in vivo (Zhu et al., 2021). How H3K14ibu
interacts with other acylations on the same
lysine, such as H3K14pr, H3K14bu, etc., and
leads to specific biological impacts needs
further study. Isobutyryl-CoA dehydrogenase
(IBD) catalyzes the breakdown of isobutyryl-
CoA in the valine catabolism (Andresen
et al., 2000). IBD deficiency is an inborn
error of valine metabolism caused by genetic
changes in the ACAD8 gene and causes
severe symptoms including developmental
delay, dilated cardiomyopathy, anemia, and
epilepsy (Lin et al., 2018). Therefore, it will
be highly meaningful to elucidate the role of
Kibu in pathological states, such as IBD defi-
ciency causing isobutyryl-CoA accumulation
(Nguyen et al., 2002).

Lysine Methacrylation and
Crotonylation

Lysine crotonylation (Kcr) was reported
some time ago to influence the epigenetics
of gene expression (M. Tan et al., 2011).
Histone Kcr occurs broadly in all the core
histones, and it is evolutionarily conserved
from human to yeast (M. Tan et al., 2011).
Recently, Delaney et al. identified a new type
of PTM on histones, lysine methacrylation

(Kmea), which is a structural isomer of Kcr
(Fig. 3) (Delaney et al., 2021). Similar to
Kcr, Kmea occurs broadly in all the core
histones including H2A, H2B, H3, and H4.
Both Kcr and Kmea formation are enzymatic
processes and dynamically regulated by in-
termediate acyl-CoA metabolites in cells.
CBP and p300 are likely the major ‘writer’
proteins for Kcr in mammalian cells (Sabari
et al., 2015). Furthermore, MOF has been re-
ported as a crotonyltransferase (X. Liu et al.,
2017). In yeast, Gcn5- and Esa1-containing
ADA and Piccolo NuA4 complexes have
been reported as crotonyltransferases (Kol-
lenstart et al., 2019). Distinct from ‘writers’
for Kcr, HAT1 showed a Kcat/Km value for
methacrylyl-CoA (Kcat = 0.6± 0.2min−1,
Km = 30.3± 15.0μM, Kcat/Km = 0.02min−1

μM−1), which is 10-fold lower than
that for acetyl-CoA (Kcat = 1.2±
0.1min−1, Km = 5.9± 2.1μM, Kcat/Km =
0.2min−1μM−1) on peptide. Further studies
identified the role of HAT1 to catalyze lysine
methacrylation in mammalian cells (Delaney
et al., 2021). HAT1 was reported to regulate
cellular metabolism involved in aging phe-
notypes, influence mitochondrial biogenesis,
and act as nutrient sensor (Gruber et al., 2019;
Marin et al., 2017; Nagarajan et al., 2019). An
interesting question is to what degree HAT1
responds to cellular metabolism and makes its
function in part by Kmea. ‘Erasers’ that re-
move Kcr or Kmea on histones have also been
studied; HDAC1-3 and SIRT1-3 can remove
crotonyl moieties from lysine residues (Bao
et al., 2014; Feldman et al., 2013;M. Tan et al.,
2011; Wei et al., 2017). For Kmea, HDAC3
was previously reported to act as an ‘eraser’
for lysine demethacrylation in vitro (Moreno-
Yruela et al., 2018). Further study indicated
that SIRT1 and SIRT2 exhibited the strongest
‘eraser’ activity among the sirtuin family of
enzymes in vitro. The activity of SIRT2 to
catalyze the removal of H3K18mea is further
confirmed in vivo (Fig. 3) (Delaney et al.,
2021). Some evidence suggests that Kcr and
Kmea are linked to distinct regulatory circuits.
Both histone Kcr and Kmea formation can
be metabolically regulated by pathways that
affect cellular concentrations of acyl-CoAs,
including the thioesters of SCFAs, crotonate,
or methacrylate (Delaney et al., 2021; Ntorla
& Burgoyne, 2021). One such example is that
crotonate promotes H3 and H4 crotonyla-
tion in the colon (Fellows et al., 2018). The
biosynthesis of crotonyl-CoA or methacrylyl-
CoA can occur in the mitochondria or the
cytoplasm. Crotonyl-CoA is an intermediate
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Figure 3 Distinct pathways for the formation of methacrylyl-CoA and crotonyl-CoA and the sub-
sequent steps that lead to protein lysine methacrylation (Kmea) and crotonylation (Kcr). (A) Enzy-
matic process of Kmea and Kcr. (B) Regulatory functions of Kmea and Kcr.

metabolite of fatty acid β-oxidation and the
catabolism of tryptophan and lysine in mi-
tochondria (Trefely et al., 2020). Some of
the crotonyl-CoA formed by either the fatty
acid β-oxidation or amino acid degradation
may leak from the mitochondria to generate
Kcr formation in the cytosol and the nucleus
(Gowans et al., 2019). In the cytoplasm, cel-
lular crotonate is converted to crotonyl-CoA
by acyl-CoA synthetase 2 (ACSS2) (Ntorla &
Burgoyne, 2021). Different from the biosyn-
thesis sources of crotonyl-CoA, methacrylyl-
CoA is an intermediate metabolite of valine
catabolism in the mitochondrion (Robinson
et al., 1957). In the cytoplasm, cellular uptake
of methacrylate can lead to methacrylyl-CoA
that in turn drives Kmea formation. However,
the mechanisms responsible for producing the
nuclear pool of methacrylyl-CoA that fuels
histone Kmea production remain unknown.

PHD finger- and YEATs domain-
containing proteins have been reported as
‘readers’ for Kcr on histones. Notably, the
previously identified ‘readers’ for Kac, AF9,
Taf14, and double PHD finger (DPF) proteins
monocytic leukemic zinc-finger (MOZ) and
DPF2, exhibit stronger affinity for Kcr than
Kac (Andrews et al., 2016; Gowans et al.,
2019; Y. Li et al., 2016; X. Xiong et al., 2016;
Q. Zhang et al., 2016; D. Zhao et al., 2016).
The YEATS domain seems to preferentially
bind to longer acyl chains, with ∼2-7-fold
greater affinity for Kcr compared to Kac
(Y. Li et al., 2016; D. Zhao et al., 2017).
A unique “aromatic-π-aromatic” stacking
leads to preferential binding of the YEATS
domain to Kcr, with two aromatic residues
wrapping the planar crotonamide group and

hydrocarbon extension-introduced hydropho-
bic interactions. This recognition mechanism
has been confirmed in the crystal structures
of YEATS2, Taf14, and AF9 in complex with
Kcr (Andrews et al., 2016; Y. Li et al., 2016;
Q. Zhang et al., 2016; D. Zhao et al., 2016).
The DPF domains of the MOZ and DPF2
also exhibit highest binding affinity for Kcr,
with a 4-8-fold increased affinity compared to
Kac (X. Xiong et al., 2016). Distinct from the
underlying mechanism of YEATS domain,
DPF domains interact with Kcr through an
intimate hydrophobic pocket (X. Xiong et al.,
2016). Another study found that the DPF
domain of the MOZ-related factor (MORF)
also has a preferential binding affinity for
H3K14cr compared to H3K14ac. However,
the binding between the DPF domain and
H3K14cr enhances the catalytic activity of
MORF to generate H3K23ac (Klein et al.,
2019). Recognition of histone Kcr by ‘read-
ers’ links metabolic state to gene expression.
P300-mediated histone Kcr formation was
found to be more potent than Kac in stimulat-
ing gene transcription. In lipopolysaccharide
(LPS)-stimulated macrophages, p300 en-
hances inflammatory gene expression, which
is further potentiated by Kcr (Sabari et al.,
2015). Further investigation revealed that
the YEATS-domain protein AF9 plays an
essential role in regulating LPS-stimulated
gene transcription mediated by H3K18cr (Y.
Li et al., 2016). In addition to enhancing gene
expression, histone Kcr is also associated with
negative gene regulation. For example, Kcr
participates in repressing energy-demanding
gene expression after its binding by Taf14
(Gowans et al., 2019). Despite the extensive Fu, Cat and Zheng
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Figure 4 Distinct pathways for the formation of lysine benzoylation (Kbz)/isonicotinylation (Kinic)
and the subsequent regulatory consequences. (A) Enzymatic process of Kbz and Kinic. (B) Reg-
ulatory functions of Kbz and Kinic in cells.

studies on identifying ‘readers’ of Kcr and
its binding consequences, no study yet has
described ‘readers’ for Kmea. Due to the struc-
tural similarity between Kcr and Kmea, some
‘readers’ that recognize Kcr may also bind to
Kmea. However, which ‘reader’ specifically
recognizes Kmea and how the binding is
distinct from Kcr needs further exploration.

Currently, the role of Kcr has been clarified
in acute kidney injury (Ruiz-Andres et al.,
2016), stress-induced depression (Y. Liu
et al., 2019), spermatogenesis (S. Liu et al.,
2017; M. Tan et al., 2011), HIV latency (G.
Jiang et al., 2018), DNA damage response
(Abu-Zhayia et al., 2019), and telomere main-
tenance (Fu et al., 2018). Inherited mutations
in key enzymes from the valine catabolic
pathway such as ECHS1 and HIBCH lead to
the development of Leigh syndrome (Brown
et al., 1982; Loupatty et al., 2007; Peters
et al., 2014). Mechanically, methacrylyl-CoA
accumulated in the setting of these mutations
may be a causative factor of the disease via
its electrophilic capacity to alkylate cysteines
(Brown et al., 1982). Elevated levels of acyl-
CoA under physiological or pathological
changes (e.g., diabetes and hypoxia) correlate
with upregulated lysine acylations, which in
turn regulate the metabolic state in cells (Z.
Xie et al., 2016; D. Zhang et al., 2019). Future
studies are needed to elucidate Kmea targets
on non-histone proteins as well as their effects
on influencing metabolic changes or related
pathological states.

Lysine Benzoylation and
Isonicotinylation

Recently, the influence of food and drugs
on histone PTMs have become of greater
research interest. Sodium benzoate (SB)

is a common preservative worldwide and
an FDA-approved drug for acute hyperam-
monemia treatment (Brusilow et al., 1984).
Inappropriate uptake of SB can cause human
health risks and problems (Park et al., 2011;
Pongsavee, 2015; Praphanproj et al., 2000;
Yilmaz et al., 2009). Huang et al. (2018)
underlined an epigenetic mechanism of SB
effects by identifying and characterizing a
histone mark, lysine benzoylation (Kbz) in
mammalian cells. SB stimulates histone Kbz
by generating cellular benzoyl-CoA as an acyl
donor (Fig. 4). Addition of isotopic D5-SB to
the cells increased D5-benzoyl-CoA in a dose-
dependent manner by the MS-based quantifi-
cation. Further study quantified the changes
of Kbz peptide in response to SB treatment
by MS after chemically labeling of equal
amounts of histones from SB-treated and
control cells with 12C- or 13C-propionic anhy-
dride, respectively. The results indicated that
SB greatly increases Kbz abundance at low
concentration, e.g., 5 mM. Several sites such
as H3K23bz, H4K8bz, H4K5bz, H2AK9bz
increased from 26.25-fold to >50-fold. In
mammalian cells, SIRT2 was reported to
exhibit deacetylase activity of Kbz on peptide
with Kcat/Km (Kcat = 0.17± 0.01min−1, Km

= 0.92± 0.16μM, Kcat/Km = 3162 s−1M−1)
approximately 1/6 of that for deacetyla-
tion (Kcat = 9.71± 0.29min−1, Km = 8.12
± 0.90μM, Kcat/Km = 19,926 s−1M−1). The
debenzoylase activity of SIRT2 has further
confirmed in vivo (Huang et al., 2018). The
DPF domain and YEATS domain, rather
than bromodomains, are ‘readers’ for hi-
stone Kbz (Fig. 4). The DPF and YEATS
family members display unique features in
flexible recognition of different acylation
marks. For example, YEATS2 shows highestFu, Cat and Zheng
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affinity to Kbz over Kcr or Kac (Ren et al.,
2021). Distinct from Kac and Kcr, the Kbz
mark is aromatic, hydrophobic, and larger
in size. These structural characteristics may
explain the unique regulatory role of Kbz,
which mainly occurs at the N-termini of his-
tones (Huang et al., 2018; Ren et al., 2021).
RNA-seq and CHIP-seq analysis did show
the association of the Kbz epigenetic mark
with gene expression, which is distinct from
histone Kac (Huang et al., 2018). In addition,
increased Kbz level is positively related to
ovarian steroidogenesis, glycerophospholipid
metabolism, and phospholipase D signaling
pathways. ChIP-qPCR results further con-
firmed that the Kbz levels at the promoters
of genes from signaling above increased after
SB treatment, however, their corresponding
Kac levels were reduced, indicating Kbz
mediated specific gene upregulation (Huang
et al., 2018). A recent study has revealed that
Kbz is stimulated by SB on histone proteins
in Saccharomyces cerevisiae, suggesting that
Kbz is conserved among species (D. Wang
et al., 2022). In S. cerevisiae, histone Kbz
can be enzymatically added by the Spt-Ada-
Gcn5 acetyltransferase (SAGA) complex
and removed by NAD+-dependent histone
deacetylase Hst2. Unlike ‘readers’ identi-
fied in mammalian cells, bromodomains and
YEATS domains seem to serve as Kbz ‘read-
ers’ in yeast (Fig. 4) (D. Wang et al., 2022).

Isoniazid (INH) has been a first-line anti-
tuberculosis drug since 1952 (Bernstein et al.,
1952). INH is also widely known for its side
effects such as hepatotoxicity and liver failure
risk (Centers for Disease & Prevention, 2010;
F. Li et al., 2016). However, the molecular
mechanisms of the side effects caused by INH
remains largely unknown. One study recently
reported that similar to SB, INH can also
induce a novel PTM on histones, lysine ison-
icotinylation (Kinic), thereby changing chro-
matin structure and promoting gene transcrip-
tion (Y. Jiang et al., 2021). Kinic and Kbz
share some structural similarity, the former
with an N atom in the pyridine ring instead of a
-CH in the benzene ring. However, Kinic and
Kbz as histone marks are distinct from each
other. Kbz marks are predominantly present
on N-terminal tails, whereas Kinic marks are
widely distributed from the N- to C-termini of
histones. Diversity in the distribution of modi-
fied lysine sites may reflect their distinct func-
tions in epigenetic chromatin regulation and
gene expression. Histone Kinic is an enzy-
matic process and widely exists in eukaryotic

cells. However, different from SB-induced
Kbz, INH induces Kinic by generating intra-
cellular isonicotinyl-CoA as the acyl donor,
which is utilized by CBP/p300 for transfer-
ring isonicotinyl groups onto lysine residues
of histones. The removal of isonicotinyl marks
relies on the deacetylase HDAC3 as his-
tone deisonicotinylase (Fig. 4). Histone Kinic
was reported to relax chromatin structure
and enhance gene transcription. INH was re-
ported to induce liver cancer in rats (Szende
et al., 1967). Intriguingly, INH-mediated hi-
stone Kinic is involved in the upregulation
of PIK3R1 gene expression and activation
of the PI3K/Akt/mTOR signaling pathway in
liver cancer cells, explaining the effects of
INH on tumorigenicity in the liver (Y. Jiang
et al., 2021). Additionally, the deficiency of
NAT2, the primary enzyme that metabolizes
INH, was previously shown to increase the
risk of INH-induced liver injury (Yuliwulan-
dari et al., 2016). Further study revealed that
histone Kinic levels were elevated when NAT2
activity was inhibited (Y. Jiang et al., 2021).
This evidence indicates that histone Kinic for-
mation may partially account for the induction
of hepatotoxicity and tumorigenicity by INH.

In addition to modification on the core his-
tones, Kbz and Kinic also modify non-histone
proteins. Over 1,700 Kbz sites on cellular pro-
teins in mammalian cells were discovered (D.
Tan et al., 2022). Kbzmarks formed byHBO1,
a reported ‘writer’ of Kbz in mammalian cells,
have been reported to be involved in multiple
critical processes such as transcription regu-
lation, chromatin remodeling, tumor growth,
and immune regulation (D. Tan et al., 2022). In
yeast, Kbz-modified non-histone proteins are
enriched in glycolysis/gluconeogenesis, ribo-
some biogenesis, and rRNA processing path-
ways (D. Wang et al., 2022). Excessive intake
of SB can increase the risk of diseases, includ-
ing ADHD symptoms and motor coordination
impairment (D. Tan et al., 2022). In terms of
the role of Kinic on non-histone proteins, an-
other study demonstrated the high association
of INH-induced Kinic with certain types of
cancer (Y. Jiang et al., 2021). However, how
Kinic on these proteins may be oncogenic and
the protein identities remain unknown. The
identification of Kbz and Kinic sheds light
on how the intake of an exogenous preserva-
tive or pyridine-containing drug can affect the
gene expression profile and may cause phys-
iological consequences by altering the hu-
man epigenome. Further characterization of
‘writer’, ‘eraser’, and ‘reader’ proteins of Kbz
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Figure 5 Formation of protein lysine lactylation (Kla) and the related physiology. (A) Enzymatic
process of Kla. (B) Regulatory functions of Kla in cells.

or Kinic will be important. Due to their struc-
tural characteristics, Kbz and Kinic represent
a type of PTM containing pyridine/benzene
rings and may endow unique biological func-
tions, which need to be studied further.

The genetic code expansion technique has
been applied to study the defined physiolog-
ical roles of PTMs at desired lysine residues
(C. H. Kim et al., 2012; Neumann et al., 2008;
Xiao et al., 2015). A recent study geneti-
cally encoded benzoyllysine and its analogue
fluorinated benzoyllysines into full-length
histone H3 in a site-specific manner in live
cells to investigate molecular mechanisms of
interactions between site-specific Kbz and
interactomes. The developed strategy allowed
the elucidation of distinct dynamics of deben-
zoylation in the presence of SIRT2 (Tian
et al., 2021). However, how the site-specific
Kbz/Kinic modification on key proteins in-
volved in physiological settings or even patho-
logical diseases has not been well-studied and
should be a goal of future work. Furthermore,
identifying possible endogenous sources of
Kbz/Kinic in cells would be interesting.

Lysine Lactylation
Glucose is metabolized into pyruvate,

which is oxidized to acetyl-CoA for further
metabolism to generate energy. However,
incomplete oxidation of glucose produces
the metabolite lactate through a phenomenon
known as the Warburg effect (Liberti &
Locasale, 2020). The Warburg effect is as-
sociated with various cellular processes such
as polarization of macrophages, hypoxia,
cancer, angiogenesis, and activation of T
cells (Palsson-McDermott & O’Neill, 2013;
Pavlova & Thompson, 2016). The functions

of the Warburg effect have been extensively
studied, involving cell signaling, ATP and
macromolecule synthesis, as well as tumor
microenvironment restructuring (Liberti &
Locasale, 2016).

Lactate is widely known for its role as
an energy source and metabolic by-product.
Recently, a non-metabolic function of lactate
in biology was reported in human cells: ei-
ther exogenous lactate or endogenous lactate
from glycolysis modifies histones by lysine
lactylation (Kla) (D. Zhang et al., 2019). Hy-
poxia, interferon (IFN)-γ, LPS, and bacterial
challenges also stimulate histone lactylation
by inducing the production of lactate as a
precursor (Fig. 5) (D. Zhang et al., 2019).
Twenty-eight Kla sites on core histones
were identified in human HeLa cells and
mouse bone marrow-derived macrophages
(BMDMs) (D. Zhang et al., 2019). Lactyl-
CoA, the donor for Kla, was detected by
MS in mammalian cells and tissues (Varner
et al., 2020). Histone Kla can be installed
and removed by regulatory enzymes: p300
functions as a potential histone Kla ‘writer’
(D. Zhang et al., 2019), and HDAC1-3 serve
as delactylases (Fig. 5) (Moreno-Yruela et al.,
2022). In particular, HDAC3 exhibited the
most efficient delactylase activity at the H3K9
(Kcat = 0.24± 0.02 s−1, Km = 90± 20μM,
Kcat/Km = (2.6± 0.6) × 103 s−1M−1) and
H4K12 sites (Kcat = 0.14± 0.01 s−1, Km =
120± 10μM, Kcat/Km = (1.1± 0.1) ×
103 s−1M−1) when compared to its deacety-
lase activity at the H3K9 (Kcat = 0.32±
0.03 s−1, Km = 23± 8μM, Kcat/Km = (14±
5) × 103 s−1M−1) and H4K12 (Kcat = 0.29±
0.03 s−1, Km = 100± 20μM, Kcat/Km =
(2.9± 0.8) × 103 s−1M−1) (Moreno-YruelaFu, Cat and Zheng
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et al., 2022). Another study revealed that
SIRT2 removes the lactyl group from pyru-
vate kinase M2 related peptides (Jennings
et al., 2021). In a recent study, histone H2B
was produced by semisynthesis with an en-
gineered sortase transpeptidase and incorpo-
rated into nucleosomes to investigate HDAC1
complexes and sirtuins selectivity toward site-
specifically acylated H2B nucleosomes (Z. A.
Wang et al., 2022). Among these deacylases,
MiDAC (V/[E] = 0.0034 min–1) and RERE
(V/[E] = 0.0018 min–1) measurably removed
Kla marks from semisynthetic H2BK11la
nucleosomes. But the deacylation rates of
H2BK11la were comparable or even slower
than the corresponding rates of H2BK11ac
removal by RERE (V/[E] = 0.0023 min–1) or
MiDAC (V/[E] = 0.0023 min–1), suggesting
that the lactyl-Lys group is a nonprimary tar-
get of the sirtuins or HDAC1 complexes (Z. A.
Wang et al., 2022). In addition to enzymatic
reactions involving Kla, non-enzymatic reac-
tions of Kla have been demonstrated as well
(Gaffney et al., 2020; Varner et al., 2020). Lac-
toylglutathione (LGSH) is produced through
the reaction between the glycolytic byprod-
uct methylglyoxal and glutathione by the
thioesterase glyoxalase 1 (GLO1). LGSH then
is hydrolyzed to D-lactate and glutathione by
GLO2. A “LactoylLys” modification on pro-
teins was then generated non-enzymatically
by transferring a lactyl group from LGSH to
protein lysine residues (Gaffney et al., 2020).

Histone Kla levels are sensitive to
metabolic stress and Kla can regulate gene
expression during altered macrophage states.
Histone Kla is different from Kac in terms
of temporal dynamics. Histone Kla increased
over 24 hr, whereas histone Kac reached a
peak at 3 hr and is steady at 6 hr. Moreover,
upregulated histone Kla induces homeostatic
genes that are involved in wound healing, such
as Arg1 in the late phase of M1 macrophage
polarization when exposed to bacteria. This
suggests that histone Kla may act as an
endogenous ‘lactate clock’ to promote the
transition of inflammatory phenotype to
homeostatic phenotype in macrophages (X.
L. Li et al., 2022; D. Zhang et al., 2019).
Macrophages can initiate inflammation to
eliminate invading microbes, then protect host
tissues from damage by downregulating in-
flammatory genes and expressing repair genes.
Kla was reported to be involved in reparative
macrophage transition after clearance of in-
flammatory stimuli states (Irizarry-Caro et al.,
2020). Specifically, B-cell adapter for PI3K

(BCAP), which is a signal adapter for Toll-
like receptors (TLRs), is vital to facilitating
the transition from inflammatory to repara-
tive macrophages. BCAP deficiency reduced
lactate production as well as histone Kla and
led to defective aerobic glycolysis. However,
exogenous lactate addition to BCAP-deficient
BMDMs increased histone Kla and reversed
the effects mediated by BCAP deficiency
(Irizarry-Caro et al., 2020). In another study,
lactate produced by probiotic S. cerevisiaewas
reported to inhibit BMDM activation and re-
duce ulcerative colitis in BMDMs by H3K9ac
andH3K18la (S.Y. Sun et al., 2021). Addition-
ally, lung myofibroblasts promote profibrotic
mediator expression in macrophages through
lactate-induced histone Kla (Cui et al., 2021).
Kla is also associated with dysfunction in
Alzheimer’s disease (Pan et al., 2022); specif-
ically, H4K12la level is upregulated in Aβ

plaque-adjacent microglia and activates gene
transcription to increase glycolytic activity.
Eventually, the glycolysis/H4K12la/PKM2
positive feedback loop accelerates microglial
dysfunction in AD (Pan et al., 2022). Fur-
thermore, Kla on histones is involved in
mediating neuronal activity (Hagihara et al.,
2021). Other studies revealed that histone Kla
can affect cellular metabolic reprogramming
by mediating gene expression in pluripotent
stem cells or in non-small cell lung cancer (J.
Jiang et al., 2021; L. Li et al., 2020). Functions
of histone Kla in promoting tumor develop-
ment were examined recently. YTHDF2 plays
a critical role in promoting tumorigenesis in
ocular melanoma. Kla on histones exacer-
bates tumorigenesis of ocular melanoma and
is related to the poor prognosis by activating
YTHDF2 expression (Yu et al., 2021). In
non-small cell lung cancer, histone Kla alters
gene expression of critical metabolic enzymes
or other factors such as glycolysis-related
enzymes hexokinase (HK)-1 and TCA cycle-
related enzymes like isocitrate dehydrogenase
(IDH) to attenuate glucose uptake and gly-
colysis (J. Jiang et al., 2021). To date, histone
Kla has been reported in other tumor cell
lines, including MCF-7 cells, HeLa cells and
HepG2 cells (X. L Li et al., 2022).

In addition to being an epigenetic mark
on histones, Kla is identified on non-histone
proteins in mammalian cells. High mobility
group box-1 (HMGB1) is a nuclear protein
released by activated macrophages to orches-
trate inflammatory responses (Deng et al.,
2018; H. Yang et al., 2020). High circulating
levels of HMGB1 and lactate are positively
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related to the severity and mortality of sep-
sis (Broder & Weil, 1964; Sunden-Cullberg
et al., 2005). Macrophages can promote
p300/CBP-dependent lactylation on HMGB1
by taking up environmental lactate. The lacty-
lated HMGB1 is released from macrophages
through exosome secretion which increases
endothelium permeability, contributing to
dysfunction of the endothelial barrier and pro-
moting the development of sepsis (K. Yang
et al., 2022). Furthermore, Kla on non-histone
proteins appears to play a critical role in
cancer biology. One study identified 2,375
Kla sites in 1,014 proteins from gastric cancer
AGS cells (D. W. Yang et al., 2022). Further
studies found that Kla levels were greatly
higher in tumor tissues than their correspond-
ing adjacent tissues. Additionally, higher
levels of Kla were detected in poorly differ-
entiated tumors and tumors with lymph node
metastasis, suggesting that Kla was positively
related to a poor prognosis (D. W. Yang et al.,
2022). Another study revealed that lactylation
increased methyltransferase-like 3 (METTL3)
expression in tumor-infiltrating myeloid cells
(TIMs), leading to N6-methyladenosine
(m6A) modification on Jak1 mRNA and
further METTL3/m6A/JAK1/STAT3 axis
activation to promote the immunosuppressive
capacity of TIMs (J. Xiong et al., 2022).

The role of Kla in cerebral ischemia–
reperfusion injury (CIRI) has been elucidated
recently. Extensive Kla modifications were
identified on proteins from cortical proteins
of a CIRI rat, and most of the Kla modified
proteins mediate neuronal apoptosis by their
involvement in Ca2+ signaling pathways (Yao
et al., 2022). In addition to antibody-based
immunoprecipitation coupledwithMS on pro-
teomic studies, the bioorthogonal chemical
reporter strategy has emerged as a powerful
method for studying protein PTMs (Grammel
& Hang, 2013; Parker & Pratt, 2020; Prescher
& Bertozzi, 2005). Specifically, chemi-
cal reporters, such as the azido or alkynyl
derivatives of PTM donor precursors can be
metabolically incorporated into proteins for
labeling with bioorthogonal groups, allowing
for subsequently conjugation with affinity tags
through bioorthogonal reactions for proteomic
identification (Sletten & Bertozzi, 2009; Song
& Zheng, 2020). One recent study developed
YnLac, an alkynyl-functionalized L-lactate
analogue bioorthogonal chemical reporter, for
metabolic labeling and proteomic profiling of
Kla protein substrates in mammalian cells (Y.
A. Sun et al., 2022). With this approach, 114
lactylation sites across 62 proteins including

several previously unidentified lactylation
sites were identified. Specially, lactylation of
PARP1, a newly identified substrate protein,
was found to regulate its ADP-ribosylation ac-
tivity (Y. A. Sun et al., 2022). In another study,
non-enzymatic Kla was reported by using an
alkyne-tagged methylglyoxal analog (Gaffney
et al., 2020). 350 Kla modified proteins were
identified, in which most are enriched on
glycolytic enzymes and play important roles
in regulating glycolysis (Gaffney et al., 2020).

To date, Kla has been extensively identi-
fied in eukaryotes, including humans, mice,
Botrytis cinerea and rice (Gao et al., 2020; X.
X. Meng et al., 2021; D. Zhang et al., 2019).
A recent study reported Kla in prokaryotes,
indicating that the regulatory functions of
Kla are well-conserved (Dong et al., 2022).
YiaC was identified to act as a lysine lactylase
(Kcat = 0.97± 0.03 s−1, Km = 26.6± 1.1μM,
Kcat/Km = 3.6 × 104 s−1M−1), which was
more effective than its acetylase activity
(Kcat = 0.23± 0.04 s−1, Km = 28.7± 1.2μM,
Kcat/Km = 8.0 × 103 s−1M−1). CobB func-
tions as a lysine delactylase (Kcat = 0.99±
0.04 s−1, Km = 25.4± 1.5μM, Kcat/Km = 3.9
× 104 s−1M−1), which is similar to that
of deacetylation (Kcat = 0.97± 0.02 s−1,
Km = 18.7± 1.0μM, Kcat/Km = 5.2 ×
104 s−1M−1) in E. coli MG1655. In addition,
YdiF catalyzes the formation of lactyl-CoA,
which is the acyl donor for Kla. By perform-
ing stable isotope labeling by amino acids
in cell culture (SILAC)-based quantitative
proteomics approach, 79 YiaC-mediated Kla
sites and 446 CobB-targeted Kla candidates
were identified in vivo after normalizing the
detected abundances to their corresponding
proteins. Most lactylated proteins were as-
sociated with metabolism. Specifically, Kla
marks on K382 of PykF can be removed by
CobB to promote glycolysis and the growth
of E. coli (Dong et al., 2022).

CONCLUDING REMARKS
Precision, high throughput MS-based

proteomics has driven the recent discovery
of novel acylation marks on histone and
non-histone proteins and, equally important,
reveals how lysine acylations respond to envi-
ronmental conditions and metabolic changes.
Since the discovery of these novel histone ly-
sine acylations, a major question has been how
prevalent they are andwhat are their functional
consequences. From a structural or metabolic
perspective, these acylations are believed
to be functionally different from previously
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reported acylations and can exhibit unique im-
pacts in terms of the regulation of chromatin
structure and gene transcription. However,
regulation of these acylations in cells is com-
plicated and involves intersection with other
acylations, both at the metabolite precursor
level and on target proteins. For example,
butyryl-CoA can be reduced to crotonyl-CoA
by acyl-CoA dehydrogenase short chain
(ACADS) in the last step of the β-oxidation
spiral (Houten et al., 2016). Kbu and Kcr ex-
hibit similar genome-wide occupancy patterns
and have been connected to the stimulation
of gene transcription in mammals and yeast
(Sabari et al., 2017). Their respective isomers,
isobutyryl-CoA and methacrylyl-CoA are
metabolites generated in the valine pathway.
Owing to the same metabolic sources, they
appear to share overlapping characteristics in
their participation in enzymatic pathways and
biological functions. Nevertheless, how the
dynamic regulation in cells affects the abun-
dance of these metabolites to alter the corre-
sponding acylation marks and how one con-
nects to another in specific physiological and
pathological conditions are largely unknow.

In addition, molecular characterization
of pertinent regulatory enzymes such as
acyl-CoA synthetases, acyltransferases, dea-
cylases, and ‘readers’ are only in the very early
stage. Studies on their regulatory enzymes
and corresponding substrates are necessary
to provide an in-depth understanding on the
biological functions of these novel lysine
acylation marks. Studies on lysine acylation
are frequently and easily performed on syn-
thetic peptide fragments containing acyllysine
residues as substrates to identify ‘writers’,
‘erasers’, ‘readers’, determine kinetics, and
investigate site-specific molecular recogni-
tion as well as binding profiling of acylated
peptides with interactomes. However, studies
using fragment peptides cannot reveal inter-
actions or functions of lysine acylation under
biological environments. Therefore, there is
always a need to develop and incorporate
novel approaches applied to acylated proteins
to gain insight into their interactions with the
interactome and clarify molecular mecha-
nisms in physiological contexts. Furthermore,
several acylations rely on the same enzymatic
mechanism tomodify cellular proteins and can
be recognized by the same ‘readers’ for down-
stream functionality. For example, SIRT2 was
reported as an ‘eraser’ to remove acetyl,
crotonyl, methacrylyl, and benzoyl marks on
histones as well as non-histone proteins (Bao
et al., 2014; Bhaskar et al., 2020; Delaney

et al., 2021; Huang et al., 2018; Ntorla &
Burgoyne, 2021; Serrano et al., 2013; Yi
et al., 2021). Some studies have found that
metabolic enzymes are involved in the patho-
genesis of diseases by targeting more than one
modification (Shang et al., 2022). Therefore,
profiling dynamic changes of different mod-
ifications and elucidating how they compete
with regulatory enzymes for downstream
functionality is important to understand the
underlying mechanisms of diseases.

Last but not the least, a dynamic abun-
dance of SCFAs greatly determines acyl-CoA
levels for acylations. However, some SCFAs
such as butyrate and isobutyrate, also showed
inhibitory effects on HDAC enzymes (Chriett
et al., 2019; Zhu et al., 2021). One relevant ex-
ample is that gut microbiota-derived butyrate
was reported to affect histone decrotonylation
(Fellows et al., 2018). Therefore, it would
be interesting to investigate how SCFAs
are balanced as inducers for corresponding
acylations on proteins versus as inhibitory
mediators for other acylations.
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