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Epigenetic control of gene expression by cellular

metabolisms in plants
Fei Huang' and Yuehui He'#

Abstract

Covalent modifications on DNA and histones can regulate
eukaryotic gene expression and are often referred to as epige-
netic modifications. These chemical reactions require various
metabolites as donors or co-substrates, such as acetyl coen-
zyme A, S-adenosyl-l-methionine, and a-ketoglutarate. Metabolic
processes that take place in the cytoplasm, nucleus, or other
cellular compartments may impact epigenetic modifications in the
nucleus. Here, we review recent advances on metabolic control
of chromatin modifications and thus gene expression in plants,
with a focus on the functions of nuclear compartmentalization of
metabolic processes and enzymes in DNA and histone modifi-
cations. Furthermore, we discuss the functions of cellular me-
tabolisms in fine-tuning gene expression to facilitate the
responses or adaptation to environmental changes in plants.
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Introduction

Chromatin is an assembly of DNA and histone proteins
within the nucleus and is dynamic and highly organized
in nature, carrying out crucial functions in the regulation
of gene expression and preservation of genome stability
in eukaryotes ranging from plants to mammals [1,2]. As
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immobile organisms, plants have developed intricate
chromatin-based or epigenetic mechanisms that enable
them to adjust or adapt to changing environmental
conditions by modulating gene expression, metabolic
processes, cellular activities, and growth and develop-
ment [3]. There are various covalent epigenetic modi-
fications in chromatin, including DNA methylation and
histone modifications. These marks are added and
erased by discrete modifying enzymes such as methyl-
ases (writers) and demethylases (erasers) and histone
acetylases and deacetylases, which utilize specific me-
tabolites as substrates or co-factors for enzymatic ac-
tions. Consequently, fluctuations in cellular metabolism
greatly impact epigenetic modifications and gene
expression [4,5].

Multiple metabolites, including acetyl coenzyme A
(acetyl-CoA), S-adenosyl-l-methionine, o-ketoglutarate
(¢-KG), and nicotinamide adenine dinucleotide (NAD™)
(Table 1), serve as donors or co-factors for various enzy-
matic reactions involved in chromatin modifications
[4,6—8]. Histone acetyltransferases (HATS) transfer the
acetyl group from acetyl-CoA to the g-amino group of
lysine on histones. Thus, the local availability of acetyl-
CoA is a necessity for histone acetylation [9]. SAM-
dependent methyltransferases including DNA methyl-
transferases, RNA methyltransferases, and histone
methyltransferases catalyze the methylation of DNA,
RNA, and histones [10—12]. SAM functions as the
methyl-group donor, and its synthesis and local distri-
bution are closely related to the activity of methyl-
transferases [10—15]. During histone demethylation by
Jumonji C (JmjC) domain-containing histone demethy-
lases (JM]Js) that are o-KG/Fe-dependent dioxygenases
[16,17], the local concentration of o-KG impacts the
activity of JM]Js [18,19]. In addition, during histone
deacetylation by NAD'-dependent deacetylases
including sirtuins such as SIR2 (silent information
regulator 2) and the plant-specific HD2s (type-2
HDAGs) [20], NAD™ is known to be limiting for the
activity of sirtuins, and the biosynthesis and distribution
of NAD™ regulate sirtuins-mediated lysine deacetyla-
tion [21,22].

In addition to methylation/demethylation and acetyla-
tion/deacetylation, other chromatin modifications also
require metabolites as co-substrates or co-factors. For
instance, short-chain lysine (K) acylations including

www.sciencedirect.com
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Table 1

List of abbreviations.

Abbreviation Full name

SAM S-Adenosyl-I-methionine

a-KG a-Ketoglutarate

NAD™* Nicotinamide adenine dinucleotide

HAT Histone acetyltransferase

JMJs Jumoniji C (JmjC) domain—containing
histone demethylases

SIR2 Silent information regulator 2

HD2 Type-2 histone deacetylase

Kbu Lysine butyrylation

Ker Lysine crotonylation

Khib Lysine 2-hydroxyisobutyrylation

Kla Lysine lactylation

MSK Mitogen- and stress-activated protein
kinase

PRK Protein-kinase-C-related kinase

PDC Pyruvate dehydrogenase complex

ACLY Adenosine triphosphate (ATP)-citrate lyase

ACS1 Acetyl-CoA synthetase 1

ACSS2 Acyl-CoA synthetase short-chain family
member 2

NLS Nuclear localization signal

GCN5 General control non-repressed protein 5

P300 E1A-binding protein p300

HATA Histone acetyltransferase 1

AMPK AMP-activated protein kinase

CBP CREB-binding protein

MS Methionine synthase

5-CH3-THF 5-Methyl-tetrahydrofolate

MAT Methionine adenosyltransferase

SAHH S-Adenosylhomocysteine hydrolase

ICDHs Isocitrate dehydrogenases

IDH Nicotinamide adenine dinucleotide
(NAD*)—dependent mitochondria ICDH

cICHD Nicotinamide adenine dinucleotide
phosphate (NADP*)—dependent cytosolic
ICDH

KGDH a-KG dehydrogenase

OGDH Oxoglutarate dehydrogenase

DLST Dihydrolipoamide succinyltransferase

DLD Dihydrolipoamide dehydrogenase

KAT2A Lysine acetyltransferase 2A

NaMN Nicotinate mononucleotide

AO |-aspartate oxidase

Qs Quinolinate synthetase

QPT Quinolinate phosphoribosyltransferase

NMNAT Nicotinate/nicotinamide mononucleotide
adenyltransferase

NADS NAD synthetase

NMN Nicotinamide mononucleotide

NIC Nicotinamidase
NAMN Nicotinic acid mononucleotide

formylation, malonylation, butyrylation (Kbu), crotony-
lation  (Kcr), propionylation, succinylation, 2-
hydroxyisobutyrylation (Khib), B-hydroxybutyrylation,
lactylation (Kla), glutarylation, and benzoylation
(Kbz) involve adding short-chain fatty acids to the K
residues on histones [23,24]. Some of these modifica-
tions were found in plants, such as Kbu, Kcr, Khib, and

Kla, and these modifications are controlled by the me-
tabolisms of different acyl-CoA forms [25—27]. The
cellular levels of these co-substrates may respond to
environmental changes, which in turn regulates gene
expression for adaptation to local environment through
impacting chromatin modifications [23—25]. Histones
can be phosphorylated by adding a phosphate group to
the threonine, serine, and/or tyrosine residues by pro-
tein kinases such as mitogen- and stress-activated pro-
tein kinase (MSK) and Protein-kinase-C-related kinase,
and phosphorylation leads to changes in histone charges
and/or nucleosome conformation, thus regulating chro-
matin accessibility and gene transcription [28—30]. The
adenosine triphosphate (ATP) is the donor of phosphate
group during phosphorylation, which underscores the
interconnection between cellular energy metabolism
and epigenetic regulation [29,30]. Besides phosphory-
lation, ADP-ribosyltransferases can add ADP-ribose
moieties to histones, contributing to the regulation of
gene expression, and NAD™, as a donor of ADP-ribose, is
necessary for ADP ribosylation [31,32].

The abundances and/or activities of the cellular en-
zymes responsible for metabolite production are often
subjected to stringent regulation. This not only main-
tains fundamental metabolic functions but also fine-
tunes the level of epigenetic modifications including
DNA, RNA, and histone modifications [5,18,19,33]. In
this review, we focus on the connections between the
biosynthesis and distribution of metabolites and control
of histone acetylation and deacetylation as well as his-
tone methylation and demethylation.

Acetyl-CoA production,
compartmentalization, and histone
acetylation

The critical role of acetyl-CoA in the regulation of gene
expression is highlighted by its importance as a sub-
strate for histone acetylation. In plant cells, acetyl-CoA
is produced in various cellular compartments, including
mitochondria, cytosol, and the nucleus [5,34]. There are
multiple pathways that generate acetyl-CoA in plant
cells (Figure 1). One pathway involves the beta-
oxidation of fatty acids, leading to the production of
acetyl-CoA as a by-product. The oxidation of pyruvate
through the pyruvate dehydrogenase complex (PDC) is
another route, resulting in the production of acetyl-CoA.
Additionally, acetyl-CoA can be synthesized in the
cytosol and nucleus by ATP-citrate lyase (ACLY)
[5,9,34]. The transformation of acetate by acetyl-CoA
synthetase 1 (ACS1) can also vyield acetyl-CoA
(Figure 1). ACS1 is homologous to the mammalian
Acyl-CoA synthetase short -chain family member 2
(ACSS2) [35]. The levels of acetyl-CoA in plant cells
fluctuate, and these fluctuations have significant effects
on histone acetylation in the nucleus [36]. Changes in
histone acetylation, in turn, can influence other
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Metabolic regulation of histone acetylation and deacetylation. Histone acetylation and SIR2 (sirtuin)-dependent deacetylation are intricately regu-
lated by the availability of acetyl-CoA and NAD™, respectively. Acetyl-CoA, synthesized from citrate, acetate, and pyruvate, is an essential donor for
histone acetylation in the nucleus. A fraction of the enzymes such as PDC and ACLY enter into the nucleus to synthesize acetyl-CoA. In addition, ACS1
may enter the nucleus to synthesize acetyl-CoA through the recycling of acetyl groups. The SIR2 family of deacetylases utilizes NAD* for lysine
deacetylation, whose availability is controlled by NAD™ biosynthesis and distribution. The initial steps of de novo NAD* synthesis occur in plastids, while
the final steps occur in the cytosol involving NMNAT and NAD synthetase (NADS). Notably, the essential role of nuclear NMNAT1 for nuclear NAD*
biosynthesis in mammalian cells indicates that a similar mechanism to synthesize NAD" in the nucleus may exist in plants. Abbreviations: PDC, pyruvate
dehydrogenase complex; ACL, ATP-citrate lyase; ACS1, acetyl-CoA synthase; HAT, histone acetyltransferase; GCN5, general control non-repressed
protein 5; HDAC, histone deacetylase; SIR2, sirtuin 2; NMNAT, nicotinate/nicotinamide mononucleotide adenyltransferase; Ac, acetyl group; NaMN,
nicotinate mononucleotide; NaAD, nicotinate adenine dinucleotide; Ac-ADPR, acetylated adenosine diphosphate ribose.

epigenetic modifications, such as histone methylation
and DNA methylation. These epigenetic modifications
collectively play a role in the regulation of gene
expression and thus control plant growth and develop-
ment as well as stress responses [37—39].

In mammalian cells, there exist nuclear fractions of
PDC, ACLY, and ACSS2, to produce acetyl-CoA locally
for histone acetylation [40—42]. PDC can translocate
from the mitochondrial matrix to the nucleus under
certain conditions [41,43]. Dynamic translocation of
PDC is correlated with histone acetylation and tran-
scription of specific genes [41]. PDC is highly conserved
in plants, and the Arabidopsis PDC exhibits a similar

composition like the mammalian counterparts, with
three structural components: E1 (Ela, encoded by
AT1G59900 and AT1G24180; Elb, encoded by
AT5G50850, AT1G30120, and AT2G34590), E2 (enco-
ded by AT3G52200, AT3G13930, and AT1G54220), and
E3 (encoded by AT1G48030 and AT3G17240) [44,45]
(Table 2). The mutations of PDC components result in
defects in root length, root-hair growth, and embryo
development [44,46].

The enzyme ACLY, responsible for the production of
acetyl-CoA in cytosol, converts citrate into acetyl-CoA,
essential for histone acetylation in response to growth
factor stimulation in mammalian cells [40]. More
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Table 2

List of metabolic enzymes involved epigenetic modifications.

Metabolite Enzyme

Subunit (isoform)

Arabidopsis gene ID

Enzymatic activity

Role on epigenetic
modification

Acetyl-CoA PDC

ACLY

ACSH1

SAM MS

MAT

SAHH

a-KG IDH

clICDH

KGDH

NAD* AO
Qs

QPT

Etla

E1pB

E2

E3

ACLA

ACLB

ACSH

MSH
MS2
MS3

MAT1
MAT2

MAT3
MAT4

SAHH1
SAHH2
IDH |
IDH II
IDH 1l
IDH IV

IDHV
IDHVI

cICDH

E1

E2

E3
AO
Qs

QPT

AT1G59900
AT1G24180
AT5G50850
AT1G30120
AT2G34590
AT3G52200
AT3G13930
AT1G54220
AT1G48030
AT3G17240

AT1G10670
AT1G60810
AT1G09430
AT3G06650
AT5G49460

AT5G36880

AT5G17920
AT3G03780
AT5G20980

AT1G02500
AT4G01850
AT2G36880
AT3G17390

AT4G13940
AT3G23810

AT4G35260
AT2G17130
AT4G35650
AT1G32480
AT5G03290
AT3G09810

AT1G65930

AT3G55410
AT5G65750
AT5G55070
AT4G26910

AT1G48030
AT3G17240
AT5G14760
AT5G50210

AT2G01350

PDC catalyzes the
conversion of pyruvate to
acetyl-CoA and the
reduction of NAD* to NADH
[44].

Catalyzes citrate to
generate oxaloacetate and
acetyl-CoA [76].

Synthesis of acetyl-CoA
from acetate [35].

Synthesis of methionine
from homocysteine [33].

Synthesis of SAM by
utilizing Met and ATP as
substrates [14].

Decomposition of SAH into
Hcy and Ado [6].

Mitochondria IDH complex
catalyzes the oxidative
decarboxylation of ICA into
a-KG [66,67].

Oxidative decarboxylation
of isocitrate into a-KG.

Conversion of a-KG to
succinyl-CoA [74].

Transfer of a succinyl group
from succinyl-CoA to
lipoamide [80].

Oxidation of the reduced
lipoamide [80].

Oxidation of L-aspartate to
iminoaspartate [81].
Conversion of L-aspartate to
quinolinate [82].

Conversion of quinolinate to
NAMN [53].

The mammalian PDC can
translocate to the nucleus,
where its dynamic
movement enables the
synthesis of acetyl-CoA for
histone acetylation and
epigenetic regulation.
Interestingly, there is
currently no evidence
suggesting a similar function
for plant PDC [41].

ACL subunit A2 (ACLA2) is
located in nuclear
condensates in rice and
interacts with HAT1,
functioning in nuclear
acetyl-CoA synthesis and
histone acetylation [49].
Mammalian ACS1 homolog
in the nucleus promotes
histone acetylation [42,50].
Loss of MS1 function results
in decreased DNA
methylation and H3K9me2
[33].

MAT3 and MAT4, found in
the nucleus, are essential
for DNA and histone
methylation processes,
including H3K9me2 and
H3K4me3 [14,62,63].
SAHH1, localized in the
nucleus to metabolize SAH
[6,77].

In cancer cells, mutated
IDHs enable the conversion
of a-KG into D-2-HG, which
competitively inhibits a-KG-
dependent dioxygenases,
including JmjC
domain—containing histone
demethylases [78,79].

Loss of cICDH disrupts the
function of JMJ14, JMJ15,
and JMJ18 leading to an
increase in H3K4me3 [19].
KGDH translocates into the
nucleus and interacts with
various JMJs to inhibit a-
KG-dependent histone
demethylation [18].

Sirtuins use NAD* as a
cofactor, catalyzing lysine
deacetylation on histones
and non-histone proteins.
Their activity is regulated by
fluctuations in free NAD*
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Metabolite Enzyme Subunit (isoform) Arabidopsis gene ID Enzymatic activity Role on epigenetic
modification
NMNAT NMNAT AT5G55810 Synthesis of NAD* from concentrations within cells.
ATP & NMN [83]. Mutations in enzymes of
NADS NADS AT1G55090 Synthesis of NAD* from NAD™ metabolism may
NaAD & ATP [84]. potentially alter cellular
NIC NIC1 AT2G22570 Production of nicotinic acid NAD* levels, impacting
NIC2 AT5G23230 [83]. sirtuin function [22].
NIC3 AT5G23220
NIC4 AT3G16190

Note: NAD*, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide (reduced form); Met, methionine; SAM, S-adenosylmethionine;
SAH, S-adenosylhomocysteine; Hcy, homocysteine; Ado, adenosine; ICA, Isocitric acid; a-KG, alpha-ketoglutarate; NAMN, nicotinic acid mononucleotide;

NMN, nicotinamide mononucleotide; NaAD, nicotinic acid adenine dinucleotide.

interestingly, the mammalian ACLY may function with
the histone acetyltransferase GCNS5 (for General Con-
trol Non-repressed protein 5) or P300 (for E1A-binding
protein p300) to promote the expression of specific
genes by increasing histone acetylation at the target loci.
This indicates that the subnuclear distribution of ACLY
is preferentially targeted to specific genes through the
association with particular partners [40,47]. In Arabi-
dopsis, ACLY is composed of two subunits, ACLA
(encoded by AT1G10670, AT1G60810, and
AT1G09430) and ACLB (encoded by AT3G06650 and
AT5G49460) ('Table 2) [48]. It is anticipated that the
holoenzyme will exhibit a configuration of A(4)B(4) as a
hetero-octamer [48]. It has been shown that in rice, a
fraction of ACLY is translocated to the nucleus [49].
ACLY directly interacts with histone acetyltransferase 1
(HAT1) and promotes the acetylation of specific histone
lysine residues such as histone 4 lysine-5 (H4KS5) at
specific regions, which is required for DNA replication
and gene transcription in specific tissues such as endo-
sperm [49]. Thus, there is also a nuclear fraction of
ACLY in plant cells, which plays a role in the regional
acetyl-CoA synthesis and local histone acetylation to
further regulate chromatin structure and func-
tion (Figure 1).

ACSS?2 is also evolutionarily conserved in plants. In
mammalian cells, the nuclear translocation of ACSS2
depends on the exposure of the NLS within the ACSS2
protein, which relies on the AMP-activated protein
kinase (AMPK)—mediated phosphorylation [42].
Through a direct association with transcription factors,
ACSS?2 can produce acetyl-CoA at specific gene regions
for histone acetylation [42]. The histone acetyl-
transferase CBP (for CREB-binding protein) directly
interacts with ACSS2 that provides acetyl-CoA locally
for histone acetylation [50]. The homologs of mamma-
lian ACSS2 are named ACS1 in plants, and a loss-of-
function mutation in ACS/ also results in a decrease of
acetyl-CoA level, which further affects plant growth and

bolting time in Arabidopsis [35]. ACS1 (AT5G36880)
functions in acetyl-CoA synthesis in Arabidopsis, but the
function of ACS7 on histone acetylation remains un-
known in plants [51].

NAD™* production, compartmentalization,
and histone deacetylation

NAD™ serves as a core coenzyme in redox reactions and
cellular metabolism of energy [52]. Furthermore, NAD™
is a co-substrate for several enzyme families, such as
sirtuins  (SIRTs) [22]. SIRTs are NADT'-dependent
deacetylases that are involved in histone deacetylation
and regulation of chromatin structure and gene expres-
sion [22]. In addition, SIRTs also function as mono-
ADP-ribosyltransferases that utilize NAD' as a co-
substrate [31]. NAD™" is synthesized @ novo from the
amino acid aspartate (Asp) by the ASP-to-quinolinate
pathway in plants [53]. The early steps of NAD™
biosynthesis include the conversion of l-aspartate to
nicotinate mononucleotide (NaMN) through the serial
actions of l-aspartate oxidase (AO, AT5G14760),
quinolinate synthetase (QS, AT5G50210), and quinoli-
nate phosphoribosyltransferase (QPT, AT2G01350).
Subsequently, NaMN is converted to NAD™ by nicoti-
nate/nicotinamide mononucleotide adenyltransferase
(NMNAT, AT5G55810) and NAD synthetase (NADS,
AT1G55090). In addition, NAD™ can be degraded to
nicotinamide or nicotinamide mononucleotide (NMN)
by the action of nicotinamidase 1 to 4 (NIC1 to NIC4,
encoded by AT2G22570, AT5G23230, AT5G23220, and
AT3G16190, respectively) (Table 2). Furthermore, the
recycling of nicotinamide and NMN back to NAD™ or
their interconversion via unidentified biochemical re-
actions contributes to the maintenance of cellular
NAD™ levels in Arabidopsis (Figure 1) [53,54].

Mammalian cells possess three NMNATs including
NMNAT1 to NMNAT3, which catalyze the adenylation
of nicotinamide mononucleotide (NMN) or nicotinic
acid mononucleotide (NaMN) to generate NAD™ [55].
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Interestingly, NMNAT1 is the nuclear NAD " -biosyn-
thetic enzyme, responsible for maintaining the level of
nuclear NAD™ for sirtuin-mediated histone demethy-
lation [55,56]. It is likely that NMNATs may play a
similar role in the nucleus in plants.

SAM production, compartmentalization,

by methyltransferases to methylate DNA, RNA, and
proteins such as histones [58]. Methionine synthase
(MS) synthesizes methionine by transfer of a methyl
group from 5-methyl-tetrahydrofolate (5-CH3-THF) to
homocysteine, and subsequently, SAM is synthesized by
methionine adenosyltransferase [14,39,59,60]. After the
methyltransferase-mediated methyl transfer reactions,

demethylated SAM was converted into S-adenosylho-
mocysteine [3,6]. S-Adenosylhomocysteine hydrolase
(SAHH) further breaks SAH down into homocysteine
and adenosine, and homocysteine was reused for SAM
synthesis (Figure 2) [61].

and methylation

The metabolic function and biosynthesis of SAM are
largely conserved from plants to mammalians. SAM
originates from the one-carbon (C1) metabolism pathway
and functions as a methyl group donor [57]. SAM is used
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Metabolic regulation of histone methylation and demethylation. Jmj-C type histone demethylases (JMJs) require the co-substrate a-KG, which is
derived from isocitrate through the action of IDH in mitochondria and cICDH in the cytosol. Upon exposure to light, KGDH translocates into the nucleus
and interacts with JMJs, thereby inhibiting histone methylation by restricting the availability of a-KG for JMJs. S-Adenosyl methionine is an essential donor
for histone methylation. Histone methyltransferases including the COMPASS-like H3K4 methyltransferase complex, the H3K36 methyltransferase EFS,
the H3K9 methyltransferases SUVH4/5/6, and the H3K27 methyltransferase complex PRC2, utilize SAM as a methyl donor, and their activities are
inhibited by S-adenosylhomocysteine [3]. The cellular level of SAM is maintained through the interplay of methionine synthase (MS), MATs, and S-
adenosylhomocysteine hydrolase (SAHH). The presence of a nuclear fraction of both MATs and SAHH1 indicates the existence of a nuclear one-carbon
metabolism pathway. Abbreviations: KGDH, a-ketoglutarate dehydrogenase; IDH, NAD*-dependent isocitrate dehydrogenase; cICDH, cytosolic isocitrate
dehydrogenase; COMPASS, complex of proteins associated with Set1; EFS, EARLY FLOWERING IN SHORT DAYS; PRC2, Polycomb repressive
complex 2; SUVH, SU(VAR)3-9 homolog; Topo VI, DNA topoisomerase VI; MT, methyltransferase; MAT, methionine adenosyltransferase; ICA, isocitric
acid; a-KG, alpha-ketoglutarate; Met, methionine; SAM, S-adenosyl methionine; HCY, homocysteine.
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In Arabidopsis, there are three MS isoforms, namely
ATMS1 to ATMS3 (AT5G17920, AT3G03780, and
AT5G20980), among which, ATMS1 plays a dominant
role in met biosynthesis and further regulates DNA
methylation and H3K9 methylation [33]. Methionine
adenosyltransferase [39] also controls methylation.
There are four MATS in Arabidopsis, including MAT'1 to
MAT4 (encoded by AT1G02500, AT4G01850,
AT2G36880, and AT3G17390, respectively) (Table 2).
MAT4 plays a predominant role in the control of cellular
SAM content, which impacts DNA and histone H3K9
methylation, while MAT3, highly expressed in pollen
cells, affects the methylation of transfer RNA and his-
tones [62]. More interestingly, all four MATS are partly
localized in the nucleus, and MAT?3 directly interacts
with DNA topoisomerase VI for the maintenance of
H3K9 dimethylation at heterochromatic elements,
indicating that MATs may locally produce SAM in spe-
cific nuclear regions for methylation [14,63]. SAH can
inhibit methyltransferases through competition with
SAM, so SAHH is able to promote methylation by the
removal of SAH to promote SAM production [6]. There
are two SAHHs in Arabidopsis, SAHH1 and SAHH2
(AT4G13940 and AT3G23810) (Table 2). It has been
shown that SAHHI1 is required partly for DNA and
histone methylation (Figure 2) [6,64].

o-KG production, compartmentalization,

and histone demethylation

o-KG is a rate-limiting substrate for JMJs-mediated
demethylation of lysine residues [16,65]. The biosyn-
thesis of 0a-KG mainly relies on isocitrate de-
hydrogenases (ICDHs) in plants, which are classified
into two types, nicotinamide adenine dinucleotide
(NAD')—dependent mitochondria ICDH (IDH) and
nicotinamide  adenine  dinucleotide  phosphate
(NADPﬂ—dependcnt cytosolic ICDH (cICDH)
[19,66,67]. In Arabidopsis, there are six genes to encode
IDH subunits, including four regulatory subunits
AdDH [-AdIDH IV (AT1G32480, AT2G17130,
AT3G09810, and AT4G35260) and two catalytic sub-
units AtIDH V (AT4G35650) and VI (AT5G03290), and
one catalytic subunit and one regulatory subunit form a
functional heteromeric IDH (Table 2) [67]. In
mammalian cells, mutated IDHs convert a-KG to D-2-
hydroxyglutarate that inhibits a-KG-dependent deme-
thylation of DNA and histones, but the function of
IDHs in epigenetic modifications is unclear [68—70].
Different from IDH, there is only one cICDH
(AT1G65930) in Arabidopsis (‘Table 2) [71,72], and the
loss-of-function mutations in cICDH give rise to a
decreased o-KG level and further impact histone
demethylation in a JM]J-dependent way (Figure 2) [19].

o.-KG dehydrogenase (KGDH) is a rate-limiting enzyme
in the tricarboxylic acid cycle. The KGDH enzyme
complex consists of three subunits: oxoglutarate
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dehydrogenase (OGDH, encoded by AT3G55410 and
AT5G65750), dihydrolipoamide  succinyltransferase
(DLST, encoded by AT5G55070 and AT4G26910), and
dihydrolipoamide dehydrogenase (DLD, encoded by
AT1G48030 and AT3G17240) (Table 2). OGDH is the
E1 subunit, DLST is the E2 subunit, and DLD is the E3
subunit. These three subunits assemble together to
form the KGDH holoenzyme that catalyzes the decar-
boxylation of a-KG, the formation of succinyl-CoA, and
the dihydrolipoamide dehydrogenation [73,74]. In
addition to its vital role in the TCA cycle, the KGDH
complex plays an important role in the control of chro-
matin modifications (Figure 2) [18,73]. In mammalian
cells, it has been shown that a fraction of KGDH
translocates into the nucleus and directly interacts with
lysine acetyltransferase 2A (KAT2A, also known as
GCNS5), to provide succinyl-CoA locally for histone
succinylation [73]. In plants, nuclear KGDH associates
with JM]Js. By catalyzing the decarboxylation of local a-
KG, it restricts the accessibility of o-KG to JM]s,
thereby inhibiting their enzymatic activity [18], and the
interaction between KGDH and JM]Js is conserved in
mammalian cells [18]. More interestingly, the E2 sub-
units of KGDH possess an NLS, and the nuclear
translocation of KGDH is further promoted by light
signals. This light-induced nuclear translocation subse-
quently regulates the expression of numerous genes that
are associated with environmental fitness [18]. This
light-induced nuclear translocation of KGDH is an
interesting mechanism that links light signaling with
gene regulation and  environmental  response
and adaptation.

Summary and perspectives

In both mammals and plants, various metabolites are
involved in the control of DNA and histone modifica-
tions and thus regulation of gene expression. These
metabolites enter into the nucleus either through
diffusion or aided by specific transport proteins [4].
Furthermore, certain metabolites are synthesized within
the nucleus by nucleus-localized metabolic enzymes
[4,34]. Thus, cellular metabolism can regulate gene
expression through the control of covalent modifications
of DNA, RNA, and histones. In the sessile plants,
cellular metabolisms exhibit intricate sensitivity to
environmental stimuli. Metabolic control of gene
expression serves as an important regulatory system that
enables plants to respond and adjust to environmental
changes by integrating a range of biochemical processes
with various chromatin modifications.

Recent progresses have revealed that the translocation
of metabolic enzymes into the nucleus plays a crucial
role in metabolic regulation of gene expression in plants
as well as animals. This previously unrecognized process
has shed light on direct interactions between metabolic
enzymes and key transcriptional regulators including
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transcription factors, DNA topoisomerases, and chro-
matin modifiers. Various metabolic enzymes in the TCA
cycle, acetyl-CoA synthesis, S-adenosylmethionine
synthesis, and NAD synthesis can move into the nucleus
[4,7,75]. These enzymes typically interact with chro-
matin (DNA and histone) modifiers and/or transcrip-
tional regulators to control the local availability or
concentrations of essential co-substrates such as acetyl-
CoA, SAM, o-KG, and NAD" and thus regulate local
chromatin modifications and the expression of target
loci. This expanding understanding of that nucleus-
localized metabolic  enzymes  control  gene
expression presents a paradigm shift of gene regulation,
highlighting the intricate interplay between plant
metabolism and epigenetic regulation. In summary, the
nuclear compartmentalization of metabolic processes
and enzymes provides another layer of control of gene
expression and thus specific biological processes,
particularly in response to environmental stimuli.

In addition to the synthesis of DNA, RNA, and covalent
chromatin modifications, the nucleus is emerging as a
compartment of various metabolisms. Currently, how
the nuclear translocation of various cytoplasmic meta-
bolic enzymes is regulated in response to endogenous
and environmental signals is unclear. This will be an
interesting topic for future study. Furthermore, how the
activities of nuclear metabolic enzymes are regulated to
modulate the levels of local metabolites around
chromatin  is  another  topic  warranted for
further exploration.
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