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KEYWORDS Abstract Post-translational modifications (PTM) are covalent modifications of proteins or
Butyrylation; peptides caused by proteolytic cleavage or the attachment of moieties to one or more amino
Gene regulation; acids. PTMs play essential roles in biological function and regulation and have been linked with
Histone; several diseases. Modifications of protein acylation (Kac), a type of PTM, are known to induce
Post-translational epigenetic regulatory processes that promote various diseases. Thus, an increasing number of
modification; studies focusing on acylation modifications are being undertaken. Butyrylation (Kbu) is a new
Target treatment acylation process found in animals and plants. Kbu has been recently linked to the onset and

progression of several diseases, such as cancer, cardiovascular diseases, diabetes, and vascular
dementia. Moreover, the mode of action of certain drugs used in the treatment of lymphoma
and colon cancer is based on the regulation of butyrylation levels, suggesting that butyrylation
may play a therapeutic role in these diseases. In addition, butyrylation is also commonly
involved in rice gene expression and thus plays an important role in the growth, development,
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and metabolism of rice. The tools and analytical methods that could be utilized for the predic-
tion and detection of lysine butyrylation have also been investigated. This study reviews the
potential role of histone Kbu, as well as the mechanisms underlying this process. It also sum-
marizes various enzymes and analytical methods associated with Kbu, with the goal of
providing new insights into the role of Kbu in gene regulation and diseases.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Post-translational modification (PTM) refers to the covalent
modification of proteins or peptides via proteolytic cleav-
age or the addition of moieties to one or more amino acids.
PTM changes the complexity of proteins or peptides in
terms of activity state, subcellular localization, turnover,
and interactions with other cellular molecules.” PTM may
reversibly regulate the conformation of proteins via pep-
tides, thereby affecting protein function.” PTMs are clas-
sified based on the type of chemical reactions involved,
which may result in final products such as newly added
chemical components, double bonds, and cross-linked
products, as well as the hydrolysis and pyrolysis of pro-
teins.>* A common PTM in proteins involves the addition of
small or large chemical parts to a side chain.* Hydroxyl-
ation, glycosylation, methylation, acylation, and phos-
phorylation remain the most common PTMs studied.’® PTMs
play essential roles in biological function and regulation.”
For example, glycosylation impacts many biological pro-
cesses, such as cell adhesion, proliferation, and differen-
tiation,® while methylation is a dynamic process that
affects a variety of biological activities, including DNA
damage repair, cell growth, metabolism, and signal trans-
duction.® Phosphorylation potently regulates innate in-
flammatory responses via the activation, cellular
translocation, and interaction of innate receptors, adap-
tors, and downstream signaling molecules in response to
infectious and harmful signals.'®

Previous studies have indicated that PTMs are associated
with several diseases. Crotonylation (Kcr) of lysine residues
plays a role in psychiatric disorders, while the reduction of
histone crotonylation is involved in regulating stress-
induced depression. Crotonylation of lysine 27 on histone
H3 (H3K27cr) is elevated in Alzheimer’s disease, providing
insights into the epigenetic role of crotonylation in Alz-
heimer’s disease."'™'® Methylation of lysine residues in
histones H3 and H4 promotes transcriptional activity. His-
tone methylation is associated with pancreatic cancer
progression and related methyltransferase and demethy-
lase inhibitors may be used to treat pancreatic cancer.'* "
Protein glycosylation is an essential PTM that occurs mainly
in the Golgi apparatus and endoplasmic reticulum (ER)."® O-
ligation-B-N-acetylglucosaminylation (O-GlcNAcylation) is a
reversible dynamic modification that occurs primarily in the
nucleus, cytoplasm, and mitochondria compared with
conventional glycosylation. Studies have indicated that O-
GlcNAcylation may potentially ameliorate cancer, diabetes,
and neurodegenerative diseases.'”2° Moreover, PTMs play

a role not only in regulating human diseases but also in
plants.”' 2 Different PTMs that are related to each other
and involved in dynamic transcriptional reprogramming
play a role in fruit ripening.?> PTMs alter the behavior of
proteins, improving the function of proteomes. Lysine
malonylation, a recently discovered PTM, plays an impor-
tant role in cell metabolism.?® Malonyl modification is
speculated to be regulated by lysine deacetylase and lysine
acetyltransferase. Previous studies have shown that pro-
karyotic and eukaryotic histones displaying malonyl modi-
fications may be involved in regulating gene transcription.
In addition to histones, many other proteins found in
mitochondria, chloroplasts, cytoplasm, and nuclei undergo
malonyl modifications.?’~?° Protein acylation (Kac), the
post-translational and covalent attachment of acyl groups
to proteins, is a widespread protein modification process.
All acyl groups in cells, from acetate to modified long-chain
fatty acids, can be activated and covalently bonded to
different amino acid side chains to modulate protein ac-
tivity.”’ As acylation modifications are known to induce
epigenetic regulatory processes that promote various dis-
eases, an increasing number of studies have begun to focus
on acylation modifications, leading to investigations not
only into the association between each modification and
disease, but also into methods for discovering new types
and sites of protein PTMs, using analytical methods such as
HPLC/MS/MS.

Recently, Zhao et al discovered butyrylation (Kbu), a
newly reported acylation process found in animals and
plants; Kbu is a PTM that involves both histone and non-
histone proteins.>° Butyrylation refers to a biochemical
interaction wherein the butyryl group covalently modifies
the amino acid, lysine. Histone acetyltransferases (HATs)
utilize acetyl-CoA as a coenzyme to catalyze the N-acety-
lation of lysine residues in histones H3 and H4. Moreover,
short-chain fatty acids, such as butyrate, are involved in
the development of human diseases, including vascular
dementia, diabetes, psychiatric disorders, and male epi-
genome features, while several plant-based substances
have also been potentially linked to Kbu of histones.>'33
Several regulatory enzymes have been identified as playing
a crucial role in Kbu modification. Thus, Kbu may generally
be considered a novel PTM that contributes to disease.

In this review, we provide a comprehensive summary of
the recent findings on the role of Kbu in diseases.
Furthermore, we discuss the association between plants
and Kbu. Research techniques aimed at elucidating the Kbu
process are constantly being refined and will likely serve as
the foundation for future research. Moreover, several
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writers, erasers, and readers of Kbu that alter the regula-
tory role of Kbu in histones, have been identified. Drugs
used to treat cancer are reportedly capable of altering the
frequency of Kbu in histones. The current review may
contribute to a better understanding of the role of Kbu in
various diseases and the underlying mechanisms involved.

Enzymes in Kbu
Kbu writers

Enzymes that create histone marks are referred to as histone
writers. Three major HAT families have been identified in
metazoans: p300/CREB-binding protein (p300/CBP), MYST
(Moz, Ybf2, Sas2, Tip60, HBO1, and hMOF), and GCN5-related
N-acetyltransferase (GNAT).>* Chen et al found that p300
and CBP may be used as butyryl-modifying enzymes, causing
histone H4 to undergo both propionylation and butyrylation.
Since CBP and p300 are acetyltransferases, Chen et al*°
incubated the core protein with butyryl-CoA and propionyl-
CoA, and found that CBP and p300 could catalyze histone H4.
To validate lysine, the in vitro modification reaction of acid
residues was used to analyze CBP-catalyzed lysine modifi-
cation residues in histone H4 using nano-HPLC/mass spec-
trometry (MS), and these residues could be propionylated
and butyrylated. CBP and p300 were found to promote lysine
Kbu in vitro.>° In addition, HBO1, a lysine acetyltransferase,
reportedly promotes butyryl modification. HBO1 is the main
source of histone H3 and H4 acetylation. Studies have shown
that HBO1 exists in the form of two multipart complexes,
consisting of ING4/5, hEafé, and the scaffold proteins
JADE1/2/3 or BRPF1/2/3.%%3¢ These two types of scaffolds
enable HBO1 to acetylate the core histones H3 and H4 while
showing different specificities in chromatin. Recent studies
in bacteria that expressed and purified the complex BRPF2-
HBO1, composed of the short N-terminal BRPF2 and the HBO1
MYST binding domain, and then used glucose and serum-
starved Hela cells to prepare the core histone substrate as
the donor, demonstrated that the short N-terminal of HBO1
and BRFP2 are capable of binding to the HBO1 MYST domain
and stimulating HAT activity. After subjecting a single acyl-
CoA to an in vitro acylation assay, histone acylation was
analyzed via western blotting using pantoyl-lysine-specific
antibodies. The results showed that the BRPF2-HBO1 com-
plex catalyzes Kbu, especially Kbu of histones H3 and H4.

Moreover, further analysis of the experimental results indi-
cated that the JADE1-HBO1 complex exhibited acylation
abilities comparable to those of CBP in Kbu. Low HBO1
expression significantly decreased the Kbu of H3 and H4 in
Hela cells, but had no effect on the enzyme levels of other
proteins. Furthermore, when HBO1 was expressed alone, the
effect of Kbu on the scaffold protein JADE1 was insignificant.
Similarly, BRPF2 expression alone had no effect on cell
acylation. These results indicated that co-expression of both
HBO1 and a scaffold protein was required to induce a sig-
nificant increase in Kbu-facilitated PTM.?’

The catalyzation of butyryl modification by p300/CBP is
based on its acyl-binding pocket. Studies have demon-
strated that GCN5, which is also a lysine acyltransferase,
does not have an identical “back pocket,” like that of p300,
that allows the displacement of the acyl chain (Table
1).3%3% Therefore, further research aimed at identifying
more Kbu writers may be warranted.

Kbu erasers

Epigenetic marks induced by histone PTM and DNA covalent
modification are not permanent. These marks may be
deleted according to the expression status of the cell
modification site. This is accomplished by a group of en-
zymes known as “erasers,” which act against writer activ-
ities. Erasers catalyze the removal of epigenetic marks,
thereby reducing their effects on transcription and gene
expression regulation.

Zn?*-dependent histone deacetylases (HDACs) and
nicotinamide adenine dinucleotide (NAD+)-dependent sir-
tuins constitute the two major families of lysine deacety-
lases. Soon after the discovery of Kbu, SIRT enzymes with
debutyrylase activities were identified. Sirt7 is one of the
most important debutyrylation enzymes.?® Location of the
lysine residue influences the deacylase activity of sirtuins.
Tanabe et al reported that sirt7 efficiently removed the
butyryl groups of H3K36 and K37, compared with the
butyryl groups of H3K18. H3K36 and K37 selectivity analysis
of sirt7 indicated that sirt7 binds to DNA on nucleosomes via
the C-terminal alkaline region and enhances the deacyla-
tion of H3K36/37.%"** Little is known about the capacity of
Zn?"-dependent HDACs to deacylate the entire repertoire
of histone acylations, compared to that of sirtuins.

Previous studies have suggested that acetyl-lysine
analog peptides, including butyl-lysine, may bind to the

Table 1 Enzymes participating in butyrylation.
Category Gene Cell Function Reference
p300/CBP 293 cells p53 can be butyrylated by p300/CBP in vitro 30
Writer HBO1-nBRF2/JADE1 Hela and Catalyze butyrylation »
293 T cells
Sirt7 Hela Sirt7 removed acetyl and butyryl groups 39
from H3K36/37 efficiently
Eraser HST2 NA Bind butyryl-lysine peptide and exhibit the A1
slowest debutyrylase activity
Reader BRD9, CECR2, TAF1, NA Associated with transcriptional regulation in SEE

YEATS domain AF9

Kbu
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lysine deacetylase HST2. HST2 binds to butyl-lysine with
greater affinity than to pancreatic lysine peptides,
prompting us to model this binding in the active site of
HST2. A significant spatial conflict exists between butyl-
lysine and the residues in the binding pocket around
HST2, requiring an angular adjustment that would allow a
larger butyl group to be accommodated. Thus, tighter
binding between butyl-lysine and HST2 suggests that
butyl-lysine may act as a substrate of sirtuin, indicating
the need for further investigation into the role of prob-
able deacylation following Kbu modification in order to
gain further insights into the functioning of this protein
(Table 1).%

Because there have been few studies on Kbu deacylases,
more research into Kbu modifications and diacylation ap-
pears to be warranted, to facilitate a better understanding
of the regulatory role of Kbu modification in related pro-
teins and diseases.

Kbu readers

Histone modifications carry key epigenetic information
regarding gene regulation and cell fate decisions. These
modifications are recognized by a large number of histone-
bound “reader” modules.** There are three major classes
of histone Kac readers: bromodomain, YEATS (Yaf9, ENL,
AF9, Taf14, and Sas5), and double plant homeodomain
(PHD) finger proteins.?®*> The discovery of histone lysine
acylation sparked an increased interest in domains that
identify their specificity and functionality. Bromodomains
are the archetypal histone acetylation readers. The bro-
modomain of BRD4 can bind to Kbu, but their binding af-
finities are significantly lower than those of Kac with the
same residues according to a study.“®

Recently identified as a novel Kac reader through the
study of the human ALL1-fused gene from chromosome 9
protein (AF9), the YEATS domain is a conserved protein
domain found in proteins associated with transcriptional
regulation. The YEATS domain shows an enhanced binding

affinity for Kbu compared with the bromine domain. Acyl-
ation isothermal titration calorimetry (ITC) was performed
on H3K27 to elucidate the ability of YEATS2 to bind to
different acylated histones. K27bu ranked second, behind
K27cr, in the binding between the YEATS2 domain and H3,
indicating that the YEATS domain of YEATS2 possessed
certain Kbu-reading properties (Table 2).%7~*°

Functions and potential mechanisms of Kbu in
diseases

Several studies have demonstrated the role of Kbu in
various physiological processes. The functions and mecha-
nisms of butyrylation are summarized in Table 2.

Role of Kbu in reproduction and development

Differential histone acylation plays a key role in cellular
gene programming. Kbu is a ubiquitous modification in
eukaryotic cells, and mouse spermatogenic cells are no
exception. In mammals, highly specific gene expression
programs are activated in meiotic and early post-meiotic
cells during differentiation. Ten sites of histone Kbu were
identified in mouse testis histones via mass spectrometry,
while H4K5bu and H4K8bu were found in spermatogenic
cells.®® During sperm cell differentiation, acetylation
guides the binding of the bromodomain of the testis-spe-
cific bromodomain-containing motif protein (Brdt),
whereas the butyryl group inhibits the binding of the bro-
modomain due to its structure being different from that of
the acetyl group. Goudarzi et al investigated the acylation
of histone H4 and lysines 5 and 8 at the gene promoter. Brdt
stimulates the transcription of specific spermatogenic
genes by recruiting P-TEFb complexes and directly binding
to their transcription start sites (TSSs).>° During late sper-
matogenesis, the first bromodomain of Brdt is necessary to
replace histones with non-histone sperm-specific transition
proteins (TPs) and protamines (PRMs). Previous studies that

Table 2  Functions and mechanisms of butyrylation in diseases.
Disease Cell Function Animal Reference
Type 1 Diabetes HEK 293T Upregulate several genes NA 69
associated with diabetes
and so on
Type 2 Diabetes Primary hepatocytes Increase H3K36me2 in DIO A high-fat diet-induced 66
mice and change obese mice

butyrylation in DIO

Cardiac hypertrophy Hap1 and neonatal cardiac

myocytes

Reduced H3K9bu levels
under an HFD and stress are

Transverse aortic i

constriction (TAC) in mice

detrimental to
cardiovascular health

Male epigenome
features

Mouse spermatogenic cells

The interchangeable use of NA
two closely related histone

48

acylation marks at H4K5

Bladder cancer The human epithelial bladder

cancer cell line 5637

The mechanism by which NA
butyrylation is mediated is

70

not well defined
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explored the effect of histone exclusion acylation on sperm
cell differentiation have described the key role of H4K5 and
H4K8 acetylation in Brdt-driven activity. In elongating
spermatids, Kbu of H4K5 and H4K8 is increased. In advanced
sperm cells, acetylated histones are removed and
degraded. Butyrylated H4 species abolish this wave of
acetylation-dependent histone removal and eventually
disappear in the condensed sperm cells. Kbu lasts longer
than acetylation at H4K5 and H4K8 sites, where H4K5/K8
butyrylated nucleosomes are removed following H4K5/K8
acetylation of nucleosomes. The transcriptional activity of
the corresponding genes determined the enrichment of the
four H4 PTMs on TSSs.>

Role of Kbu in heart diseases

Yang et al found that Kbu of the promoter, H3K9, a histone
modification that is negatively regulated by high fat and
stress in an acyl-CoA dehydrogenase short-chain (ACADS)-
dependent manner, moderates stress-regulated gene
expression.”' ACADS reduces butyryl-CoA to crotonyl-CoA in
the final stages of the B-oxidation spiral.’’ Thus, the
accumulation of butyryl-CoA during B-oxidation and Kbu of
histones depends on the degree of influence exerted by the

Figure 1

activity/abundance of ACADS. Histone acylation is influ-
enced by B-oxidation enzymes, which are localized in both
mitochondria and nuclei. H3K9Bu is enriched at transcrip-
tion start sites and downregulated by dietary fat and stress.
Gene set enrichment analysis results revealed that Kbu of
H3K9 requires B-oxidation, where fatty acids synthesized
from glucose-derived acetyl-CoA serve as a substitute in the
absence of a fatty acid substrate. H3K9Bu was not only
reduced by a high-fat diet but also by pressure overload-
induced stress. With a fat-free diet, the heart exhibited
much higher levels of H3K9Bu, which coincided with a
reduction in the gene expression changes induced by stress.
The responses of ACADS-deficient and wild-type mice to
transverse aortic constriction (TAC)-induced changes in
gene expression were compared. ACADS mice showed
higher promoter-H3K9bu levels following TAC, similar to
mice on fat-free diets, which was consistent with results of
gene expression passivation. The findings suggested that
higher promoter-H3K9bu levels inhibited stress-induced
gene expression changes (Fig. 1), although the underlying
mechanisms remained unclear.>® Although the association
between changes in a high-fat diet and Kbu remains un-
clear, it leads to a better understanding of the role of diet
and stress in the epigenetic modification of heart disease.

Ketogenesis

Regulatory effects of Kbu under HFD and stress. Under HFD and the stress conditions of TAC, the protein level of ACADS

will increase in cells, regulating butyryl-COA accumulation and butyrylation further. H3K9Bu will be significantly reduced, which
will affect the normal systolic function of the mouse heart. Meanwhile, starvation of C57BL/6 mice and stimulation with keto-
genesis resulted in an increase of Kbu in the liver cells of male mice, but there was no significant change in female mice.
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Role of Kbu in vascular dementia

Vascular dementia (VaD) is a heterogeneous brain disorder
caused by stroke or small vessel disease and is considered
to be a universal form of dementia.’*>* Many clinical
drugs have been used to treat vascular dementia®>®;
however, studies have indicated that some of these drugs
did not improve memory or executive ability.’” Some
protein PTMs are associated with neurodegenerative dis-
eases,”®> and a deeper understanding of PTMs is essen-
tial for improving the targeted treatment of vascular
dementia. Donepezil, a cholinesterase inhibitor, is an
approved drug for Alzheimer’s disease.’® Wang et al
examined the effects of donepezil on vascular dementia
and its underlying mechanisms in rats subjected to bilat-
eral common carotid artery occlusion (BCCAO) via liga-
tion.®® The Morris water maze (MWM) and food reward

Donepezil

Figure 2

experiment demonstrated that donepezil reverses BCCAO-
induced memory impairment and cognitive deficits in rats
and attenuates AB1-42 levels. Further analyses showed
that the levels of seven novel PTMs were significantly
lower than those in the BCCAO group. In the donepezil
treatment group, Western blot analysis of rat hippocam-
pal lysates indicated significant changes in crotonylation,
succinylation, propionylation, and butyrylation.
Compared with that in the modification of other proteins,
the Kbu level of the treatment group was significantly
lower than that of the BACCO group. Thus, donepezil may
attenuate AB1-42 levels in the rat hippocampus mainly by
mediating changes in Kbu, thereby improving cognition
and memory in rats (Fig. 2). This suggests that Kbu may
play a potential regulatory role in neurodegenerative
diseases such as vascular dementia, which may reveal
novel targets for preventing VaD onset.

Metformin
[

-

H3K36me2 |

H3K18Bu |

|
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gluconeogenesis
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Regulation of clinical drugs targeting Kbu. Donepezil can reduce the expression of AB1-42 in the hippocampus.

Following donepezil treatment, the modified expression of Kbu in rat hippocampal histone was decreased, and the VaD of rats with
BACCO was improved. In HFD-induced diabetic mice, H3K36me2 levels increased while H3K18bu levels decreased. After metformin
treatment, their expression could be reversed. Moreover, liver gluconeogenesis could be inhibited to reduce blood glucose levels.
In bladder cancer, the level of H4K20Bu in the histone of HTB-9 cells increased. HSP90 inhibitor treatment can promote apoptosis
and necrosis of cancer cells by regulating oxidative stress, autophagy, and apoptosis. ACADS, Acyl-CoA dehydrogenase short chain;
BCCAO, bilateral common carotid artery occlusion; CVDs, cardiovascular diseases; HFD, high-fat diet; Kbu, butyrylation; Kac,
acetylation; Kcr, crotonylation; TAC, transverse aortic constriction; TSS, transcription start site; VaD, vascular dementia.
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Role of Kbu in diabetes

Diabetes mellitus (DM) is prevalent worldwide. DM, com-
pounded by its complications, not only affects the quality of
life of patients but also contributes to a high mortality
rate.®" % A combination of telmisartan and pancreatin
ameliorates type 2 diabetes (T2D)-linked cardiomyopathy by
reversing H3, H2A, and H2B histone modifications.®” This
suggests the importance of decoding the role of epigeneticsin
diabetes. Metformin, which is widely used to treat T2D, is
thought to inhibit gluconeogenesis via lysine acetyltransfer-
ase, which is considered to be its primary therapeutic
mechanism.®® A comprehensive analysis of histone modifica-
tions in the liver tissues of diet-induced obese (DIO) mice and
metformin-treated DIO (DIO-met) mice revealed an associa-
tion between histone H3K36éme2 levels and the development
of prediabetes, and the antidiabetic activity of metformin
(Fig. 2). Kbu levels were altered, and Kbu levels in the liver of
mice in the DIO group were at least 1.5 times lower than those
in the chow group. Kbu alterations were enriched in liver
histones H3, H4, and H2B. There are three modification sites
in histone H3 and H4, five in histone H2B, and one in histone
H1. Therefore, butyrate may play an important role in the
development of diabetes. In addition, the homeostasis of
short-chain coenzyme-As, including malonyl-CoA and butyryl-
CoA, also contributes to the development of diabetes.®%”°
Therefore, changing short-chain coenzymes, which in turn
affects Kbu levels, may present a new technique for
improving insulin resistance and obesity. In addition, iso-
butyrylation is a novel PTM that increases histone iso-
butyrylation levels when treated with isobutyrate.”’ The
ability of isobutyrate treatment to mediate diabetes-related
signaling in 293T cells was analyzed via RNA-seq. A recent
study comparing Kbu and isobutyrylation suggests that these
two modifications may play a regulatory role in diabetes.”"

Role of Kbu in bladder cancer

Bladder cancer is the second-most common malignant
tumor of the genitourinary system among Americans.”?
PTMs regulate bladder cancer, and the mechanisms of
phosphorylation, acetylation, glycosylation, and ubiquiti-
nation are well-defined.”® Overexpression of heat shock
protein 90 (HSP90) in tumors is related to prognosis. Inhi-
bition of HSP90, resulting in the loss of signal transduction,
growth inhibition, anti-angiogenesis, and cell death, leads
to the degradation of many oncogenic proteins. Several
HSP90 inhibitors have demonstrated improved efficacy
against bladder cancer in clinical oncology studies, and
additional research indicates that these inhibitors may
induce histone PTMs leading to global protein changes in
tumor cells (Fig. 2). Kbu was differentially expressed in
cancer cells treated with these inhibitors. Moreover, Kbu
changes with lysine coenzyme A. H4K20 was identified as
the site of histone Kbu modification, with the modified
peptide sequence GAKRHRK(bu)VLRDNI. Kbu neutralizes
the positive charge on the surface of lysine, thereby
reducing histone-DNA contact, indicating that Kbu plays a
regulatory role in bladder cancer. The changes in Kbu that
are dependent on lysine coenzyme A may provide a new
direction for the application of PTMs in the treatment of

bladder cancer, although the precise mechanism underlying
these changes remains unclear.””

Role of Kbu in starvation

Goudarzi et al’* found that after 48 h of fasting, Kbu levels
in the hepatocytes of male C57BL/6 mice were significantly
higher than those of female mice, possibly due to steroid
hormones (Fig. 1). This suggested that higher histone Kbu
levels may be an additional regulatory activity that ensures
differential gene dosage expression in males and females.
B-hydroxybutyrate (BHB), a fasting-induced metabolite,
modifies histones and inhibits HDAC, exerting a regulatory
effect on PTMs. BHB increased the concentration of MDA-
MB231 cells in vitro but did not exert a significant effect on
Kbu levels. Kbu of histones was significantly increased in
hungry male mice, suggesting that butyryl-COA may be
produced by ketones. Considered together, the differential
expression of Kbu in hepatocytes suggests that histone Kbu
contributes to liver metabolism.

Role of Kbu in plants

Rice (Oryza sativa), which is one of the most important food
crops in the world, has recently been considered a monocot
model plant in functional genomics research.”” Lu et al
investigated Kbu and crotonylation of lysine in Arabidopsis,
rice, corn, and tobacco, focusing primarily on Kbu-based
research.’® The sites of Kbu modification were also identified
as the N-terminal tails of rice histone H3 and H4 and the core
region of H2B. Furthermore, Lu et al also investigated the
association between histone acylation and replacement.
Chip-seq analysis using anti-H3K9ac antibodies revealed
more than 30,000 Kbu and Kcr peaks, indicating that Kbu is
widespread in the rice genome. Rice was subjected to
darkness for 48 h or starvation for 6 h, following which ma-
terials were collected for chip-seq analysis. ChIP-seq anal-
ysis revealed that the numbers of modified genes in the
treatment and control groups were approximately similar.
Under starvation and submergence, the Kbu levels of 279 and
277 genes increased, while the Kbu levels of 1260 and 304
genes decreased, indicating that gene expression of Kbu
changes under external stress (Fig. S1). RNA-seq identified
genes showing circadian rhythm expression in rice seedlings
at four circadian time points. Compared with the functions of
acetylation and crotonylation, Kbu is mainly involved in
preparing genes for environmental stress-induced activa-
tion, as demonstrated by its ability to inhibit the expression
of genes induced by external stress.

Previous reports have indicated that 23.87% of the Kbu
modifications in histones were enriched in the promoter and
intergenic regions of Dongjin rice, and the relationship be-
tween DNasel hypersensitivity sites (DHSs) was studied. Over
half the histone Kbu peaks in the rice genome overlapped
with DHSs, indicating that histone Kbu may act as an active
marker of the gene transcription that it promotes. In addi-
tion, considering acetylation modifications, Kbu combina-
tions significantly increased gene expression compared with
another acetylation modification group, indicating that Kbu
was involved in transcriptional regulation and promoted
transcription in cooperation with other modifications. GO
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analysis of specific Kbu-related genes indicated that genes
are enriched in the processes of translation, transportation,
and localization. Histone-modified genes in Dongjin rice are
involved in transcription, binding processes, and stress re-
sponses. This indicates that Kbu is crucial for the growth,
development, and metabolism of rice.®’

In brief, Kbu closely resembles acetylation modification.
The ratio of lysine acetylation to butyrylation is affected by
environmental factors and functions in plants such as rice
to regulate genes in response to starvation and flooding
conditions. Dynamic regulation of metabolic signals may be
a mechanism by which micro-epigenetics regulates the
adaptation of plants to environmental changes.”®

Experimental methods for identification and
detection of butyrylation

Zhao et al contributed to much of the research on acylation
modification. They developed high-energy specific anti-
bodies against different types of lysine acylation, analyzed
them using immunoprecipitation technology, and helped
conduct in-depth research on the functions of these PTMs.
Chemical probes may be used for covalent labeling of PTMs
as a supplementary enrichment method for proteomics
analyses using mass spectrometry. Existing endogenous PTM
chemical proteomics analysis techniques can be roughly
categorized into three types based on the chemical probes
used: “reaction capture” of chemoselective probes, selec-
tion of markers for reactive amino acids in the proteome,
and cross metabolism of PTM-like probes or direct label-
ing.”” In addition, PTM spectra may be used to perform in-
depth chemical proteomics analyses of functional PTMs.

In yeast cells, researchers use the newly developed
computer program PTMap to analyze mass spectrometry and
protein sequence comparison. PTMap is the first method of
sequence comparison algorithm that emphasizes the false
positive identification of mismatched peaks. For the first
time, they discovered multiple sites of propionyl and butyryl
lysine in yeast histones H2B, H3, and H4.”® The presence of
propionyl lysine and butyryl lysine in histones H3 and H4 was
determined by Western blotting. Core histones were
extracted after HDAC inhibitors were treated with yeast
cells in vitro. Furthermore, the butyrylation and propiony-
lation of yeast were confirmed by Western blot and LC/MS/
MS analysis. In addition, HDAC inhibitors were used to
extract core histone proteins from yeast cells via SDS-PAGE
analysis, gel removal, gel digestion, and nano HPLC/MS—MS
analysis. The PTMap algorithm is used for unrestricted
sequence alignment of MS/MS data from yeast histones.
Then, through the unique program of peak selection, auto-
matic mass transfer adjustment, and accurate PTM posi-
tioning, the modification sites are identified by manual
inspection. Subsequently, the sites of lysine butyrylation
and propionylation of histones were further confirmed by
MS/MS spectra of in vivo-derived peptides and synthetic
counterparts. The butyrylation of lysine in histone H3K14
was confirmed by comparing the HPLC retention time of its
corresponding acetylation difference. This study demon-
strated that concentrated yeast histone contains multiple
modification sites, indicating that butyrylation is a
conserved histone marker in eukaryote evolution.

Kbu is essential for cellular regulation and metabolism.
However, due to technical limitations, the identification of
Kbu sites on a large scale is a challenging task. Huang et al
proposed a method for calculating and identifying histone
lysine Kbu based on information entropy, which is consid-
ered the first method developed for predicting Kbu.”® This
is a four-part method. First, the histone sequence to be
predicted is segmented, and the central amino acid is
found. Second, proteins that pass butyrylation are regarded
as positive samples and non-butyrylated negative samples.
Third, the fragments that conform to the corresponding
formula are transformed into numerical features according
to the information entropy coding (IEE) and the k-space
amino acid pair (CKSAAP). Finally, the random forest algo-
rithm is assigned to the classifier according to the numeri-
cal characteristics, and the target protein is then
introduced into the classifier for the final prediction. This
calculation method revealed the potential and hidden
characteristics of histone Kbu, indicating that histone Kbu
modification binds to other molecules, thereby facilitating
the development of systemic lupus erythematosus, viral
carcinogenesis, and other pathways in cancer.

Identification of Kbu sites enables further exploration of
their functions. Currently, analytical methods aimed at
elucidating Kbu are relatively limited, as a result of which
research on Kbu function remains in its infancy. Thus, more
methods capable of predicting the effects of altered Kbu on
diseases are needed in the future,®0-87480-83

Clinic drugs

Currently, no drugs are available to treat butyrylation, but
some clinical acetylation inhibitors have been reported to
regulate butyrylation while exerting a therapeutic effect on
diseases.

Suberoylanide hydroxamic acid (SAHA), an HDAC inhibi-
tor clinically approved for the treatment of cutaneous T-
cell lymphoma, demonstrates promising results in the
treatment of neuroblastoma. A proteomic study by Xu et al
showed that it could alter both acetylation and butyrylation
levels, suggesting that in neuroblastoma, SAHA not only
regulates acetylation but also exerts therapeutic effects,
further suggesting that butyrylation is also involved in
relevant biological pathways and provides insight into
neuroblastoma.?® In addition, a novel HDAC inhibitor
designed and prepared by replacing Val 1 with tyrosine, a
novel largazole derivative, can modulate the level of his-
tone acetylation in human colon cancer cells, thereby
achieving therapeutic effects. HDAC inhibitors have also
been shown to alter the abundance of butyrylation in his-
tones. Nevertheless, specific regulatory mechanisms
remain to be defined.®' Regardless, these drugs alter the
abundance of histone butyrylation. In some cases, the role
of butyrylation in disease can also be investigated.

Isobutyryl-COA deficiency (IBD) is a rare autosomal
recessive metabolic disorder. Genetic metabolic disorders
include those with elevated C4 acylcarnitine levels. IBD
determined by neonatal screening in Korea is mainly asso-
ciated with an ACAD8 mutation in PCR and sequencing an-
alyses.®”83 Moreover, in cases from the UK, the level of C4
carnitine was increased, and the genetic metabolic
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disorder was diagnosed through a neonatal screening pro-
gram. One patient had viral gastroenteritis and hypogly-
cemia and was diagnosed with IBD with dilated
cardiomyopathy and anemia. However, after glucose poly-
mer treatment, the blood glucose level was stable, and no
illness was detected during the 10-year follow-up. Iso-
butyrylation depends on isobutyryl-CoA dehydrogenase,
suggesting that isobutyrylation may regulate disease onset.
Although there is no clinical drug targeting butyrylation,
animal studies have demonstrated a significant role for
butyrylation in disease models. Therefore, targeting
butyrylation is a promising therapeutic approach that needs
to be further studied.

Discussion

Histones are modified by an array of PTMs, including
methylation, acetylation, ubiquitination, small ubiquitin-
like modification, and ribosylation.®~®” Histone coding, the
combinatorial array of histone PTMs, determines the role of
proteins in gene expression and chromatin dynamics. PTMs
of histones have been studied using biochemical techniques
and mass spectrometry. %88

Studies investigating the association between Kbu and
disease have revealed the involvement of Kbu in the regu-
lation of cardiovascular diseases, nerves, male epigenetic
characteristics, certain cancers, the transcription of gluco-
neogenic genes, multiple T2D phenotypes, protein expres-
sion, etc. Despite the fact that these studies have identified
diseases associated with altered Kbu levels, no in-depth
mechanisms have been elucidated, and no patients have
been clinically diagnosed with altered Kbu levels, owing to a
relative lack of diagnostic techniques. Therefore, analytical
methods capable of diagnosing Kbu are required. Donepezil
reduced Kbu levels in total histone of hippocampal lysates,
which accounts for its efficacy in treating vascular demen-
tia. Another study specifically analyzed the change in the
Kbu of a certain histone and its mechanism and observed
that targeted histone Kbu exerted a therapeutic effect on
vascular dementia. Stress and a high-fat diet increased
ACADS expression while decreasing butyryl-COA expression,
lowering the Kbu of histone and causing myocardial damage.
This provides an epigenetic direction for cardiovascular
disease research. However, further research is required to
determine whether the reduction of Kbu is specifically
harmful to downstream proteins.

The degree of Kbu modification also affects changes in
rice and other plants under conditions such as starvation and
water inundation. Studies have demonstrated that Kbu is
involved in the transcriptional regulation of rice, and gene
expression analysis suggests that Kbu in conjunction with
acetylation may regulate gene expression in rice. Gene an-
alyses indicated that molecular functions associated with
genes involved in Kbu may also be involved in the epigenetic
inheritance of phosphorylation, thereby providing direction
for future studies on plant diseases and functions.’®~*?

The dynamic equilibrium of acylation modification is
mainly regulated by related acylases and deacetylases.
Although certain related writers, readers, and erasers
required for the lysine modification are known, knowledge
regarding the molecules specifically recognized by the Kbu

modification is still lacking. Currently, the majority of
molecules recognized by Kbu modification are enzymes
from the KAT family, such as p300, which plays a key reg-
ulatory role in Kbu modification. In patients with advanced
T2D, the acetylation level of blood vessels is excessive,
leading to the production of more ROS, which in turn causes
vascular smooth muscle cell (VSMC) dysfunction. Garcinol,
a lysine acetyltransferase inhibitor, has been recently
shown to inhibit the p300/CBP association factor (PCAF),
reducing ROS overproduction in VSMCs.”> The above-
mentioned studies indicate that metformin affects Kbu
levels in T2D patients. Thus, the regulation of Kbu by p300
may provide a direction for future research on the role of
metformin in T2D-related Kbu as well as on potential tar-
gets for Kbu alterations that would enable more precise
diabetes treatment. Deacetylation is the main activity of
HDACS, including sirtuins, which are enzymes that regulate
debutyrylation. Limited studies have been conducted on
enzymes that modify Kbu or debutyrylation. Therefore, the
role of the dynamic equilibrium between Kbu levels and
debutyrylation levels in the regulation of related diseases
may need further investigation. Additionally, specifically
targeting butyrylation without affecting other types of ac-
ylations is difficult because a protein (writer, eraser, or
reader) always regulates several types of acylations.

In addition to Kbu, the co-existence of two modifications
also exerts a certain effect on the cellular processes. A
dynamic and competitive balance between histone K4K5K8
acetylation and Kbu is a mark of highly active gene pro-
moters. This is the first demonstration of the interchange-
ability of two closely related histone acylation marks at a
specific site, indicating that in protein acylation modifica-
tion, cellular processes are changed, not only by one
modification but also by the competition between the two
modifications, as both of these may affect cell transcrip-
tion. Although some reports indicate that Kbu modification
is associated with some diseases, the specific relationship
between the regulation of Kbu modification and the
occurrence and development of diseases remains unclear,
and the relationship between Kbu modification and disease
regulation needs further exploration.’* "

Conclusions

Kbu is a newly discovered histone modification with multiple
modification sites in eukaryotes. Despite reports that Kbu is
differentially expressed in a number of disease models,
suggesting that it may play a regulatory role, the potential
mechanism underlying Kbu in cellular processes remains
unclear. Therefore, the focus should shift toward more
detailed studies on the specific regulatory roles of Kbu as
well as the mechanisms underlying Kbu in cellular processes
and targeted substrates, which would provide new di-
rections for the precise treatment of associated diseases.
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Abbreviations

ACADS acyl-CoA dehydrogenase short chain

AF9 ALL1-fused gene from chromosome 9 protein
acylation

BCCAO bilateral common carotid artery occlusion

BHB B-hydroxybutyrate

Brdt bromodomain-containing motif protein

CKSAAP k-space amino acid pair

DHS DNasel hypersensitivity sites

DIO diet-induced obesity

DM diabetes mellitus

ER endoplasmic reticulum

GNAT  GCN5-related N-acetyltransferase

HATs histone acetyltransferases

ICT isothermal titration calorimetry

IEE information entropy coding

Kac protein acylation

Kbu butyrylation

Ker crotonylation

MS mass spectrometry

MWM  Morris water maze

NAD™  nicotinamide adenine dinucleotide

PCAF  p300/CBP association factor

p300/CBP p300/CREB-binding protein

PHD double plant homeodomain

PRM protamine

PTM post-translational modification

T2D type 2 diabetes

TAC transverse aortic constriction

TPM tags per kilobase of gene length per million
mapped reads

TPs transition proteins

TSSs transcription start sites

UDP-GlcNAc uridine diphosphate-n-acetylglucosamine
VaD vascular dementia
VSMC  vascular smooth muscle cell
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