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Hydrogen peroxide (H,O,) promotes reversible oxidation of
specific cysteines from proteins to sulfenic acid (RSOH),
which is considered an important post-translational mod-
ification (PTM) of proteins known as sulfenylation. De
Smet et al. (2025) explored the role of the nucleus in cel-
lular redox homeostasis by analysing nuclear sulfenylated
proteins (sulfenome). They identified the histone acetyl-
transferase GCN5 as a sulfenylated target and deciphered
the functional importance of this redox modification of
specific cysteine residues. Their findings highlight GCN5
as a key regulator at the intersection of ROS-dependent
stress signalling and genetic reprograming.

Epigenetics and histone acetylation

Histone acetylation is an important process in the regulation of
chromatin structure, and contributes to epigenetic regulation and
gene reprogramming (Shen et al., 2016; Jiang et al, 2020; Wu et al.,
2023). Epigenetics involves stable chromatin state changes during
meiosis or mitosis which can alter gene expression and therefore
phenotypic traits independent of DNA sequence changes (Shen ef
al.,2016). In addition to histone acetylation, other histone modi-
fications such as methylation, ADP-ribosylation, SUMOylation,
and phosphorylation, as well as small or long non-coding
RNAs, are epigenetic modifications (Shen et al., 2016). The level
of histone acetylation is regulated by the activities of histone

acetyltransferases (HATS) and histone deacetylases (HDACs; Shen
et al., 2016). In general, histone acetylation has been associated
with activation of gene expression, whereas histone deacetylation
represses it (Jiang et al., 2020; Wu ef al., 2023). Histone acetyla-
tion relaxes histone—DINA interactions by neutralizing the positive
charge of histone tails, thus allowing transcription factors to access
chromatin (Jiang ef al., 2020; Grasser et al., 2021).This process also
serves as a recognition motif for bromodomain-containing pro-
teins, thus allowing the recruitment of downstream transcriptional
activators and chromatin remodellers (Mutlu and Puigserver,
2021). GCNS5 acetyltransferase mediates histone acetylation and
transcriptional activation in eukaryotes, cooperating with HDACs
to maintain endogenous histone acetylation homeostasis (Wu et
al., 2023). GCNS5 is part of the transcriptional co-activator Spt—
Ada—Gen5 Acetyltransterase (SAGA) complex which is organized
in four distinct modules: histone acetylation (HAT), deubiqui-
tination (DUB), and a structural core including SPT and TAF
(Grasser et al., 2021; Wu et al., 2021, 2023). In addition to the
HAT domain, GCN5 contains a bromodomain that recognizes
acetylated histone and thereby promotes the histone acetylation
activity of SAGA (Wu et al., 2023). Additionally, GCN5 makes
up part of the plant-specific PAGA complex which, apart from
GCNS5, contains ADA2A and four subunits (SPC, ING1, SDRL,
and EAF6; Wu ef al., 2023). PAGA and SAGA act independently
in mediating moderate and high levels of histone acetylation, re-
spectively, thereby promoting transcriptional activation (Wu et al.,
2023). PAGA and SAGA display an antagonistic effect, repressing
or derepressing gene expression. SAGA 1s implicated in both de-
velopmental and stress programmes, while PAGA regulates plant
morphology (Wu ef al., 2023).

Reactive oxygen species: oxidative
damage versus signalling

Reactive oxygen species (ROS) are by-products of aer-
obic metabolism and comprise different reduced derivatives
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of molecular oxygen, giving rise sequentially to superoxide
(O,7), H,O,, and hydroxyl radicals (-OH) (Fig. 1A; Sies et
al., 2022). The chemical reactivity and biological functions of
the different ROS differ and, according to their concentra-
tions and chemical properties, they can participate in signal-
ling processes, cellular damage, and cell death (Mittler et al.,
2022; Sies et al., 2022). ROS production occurs in various
cell compartments including mitochondria, chloroplasts, per-
oxisomes, the plasma membrane, the endoplasmic reticulum,
and nuclei (Smirnoff and Arnaud, 2019; Fig. 1B), and their
accumulation is controlled by enzymatic and non-enzymatic
antioxidants. Under stress conditions, excessive ROS accumu-
lation can overwhelm the antioxidant defences, causing ox-
idative damage to macromolecules, consequently disrupting
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Fig. 1. Scheme of reactive oxygen species (ROS) production and H,O,-
dependent epigenetic transcriptional regulation. (A) Sequential reduction of
O, leads to the formation of various ROS, including the superoxide anion,
hydrogen peroxide (H,O,), and the hydroxyl radical. H,O, can oxidize
cysteine residues in proteins, resulting in sulfenylation modifications. (B)
H,0O, produced by NADPH oxidases (NOXs; also known as RBOHSs) in
chloroplasts (Chl), mitochondria (Mit), the endoplasmic reticulum (ER),
and peroxisomes (Per) can alter H,O, levels in the nucleus under stress
conditions. This promotes the sulfenylation of nuclear proteins, such as
GCNB5, thereby affecting its activity and fine-tuning gene transcription and
cellular responses. PM, plasma membrane. Green colour, acetylation.
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metabolism and potentially leading to reduced growth or
even plant death. However, H,O, acts as secondary messenger
through reversible oxidation of specific cysteines from pro-
teins to sulfenic acid (RSOH), which is considered an im-
portant PTM known as sulfenylation, and subsequent redox
relay mechanisms (Huang et al., 2018; Smirnoff and Arnaud,
2019; Sies et al, 2022). Nowadays, one of the main challenges
in redox research is the molecular identification of targets of
redox signalling and the redox networks at the cellular, sub-
cellular, and intercellular level, mainly under conditions of
oxidative stress imposed by adverse conditions. Therefore, the
development of a subcellular atlas of redox network responses
as well as the analysis of redox dynamics and redox proteomes
are required to understand the mechanisms involved in accli-
mation to changing environmental conditions. Sulfenylated
proteins take part in these redox networks. This PTM is re-
versible and acts as a dynamic molecular switch that can mod-
ulate protein structure, function, stability, and location, thereby
amplifying the complexity of the proteome, and enhancing
the regulatory potential of cells (Huang et al., 2018; Sandalio
et al.,2019; Muleya et al., 2022).

The nuclear sulfenome and redox
regulation of epigenetics

Advances in redox proteome analysis techniques have enhanced
our understanding of plant regulation under changing metabolic
and environmental conditions. To identify sulfenylated proteins,
several redox proteomics methods have been developed, in-
cluding labelling with dimedone, a nucleophilic reagent that
selectively reacts with the electrophilic sulfur atom in sulfenic
acid to form a stable thioesther bond (Huang ef al., 2018). An
alternative approach uses the genetic Yeast Activation Protein-1
(YAP1) probe to identify sulfenylated cysteines which can be
targeted to different subcellular locations (De Smet et al., 2019).

Using the YAP1 approach, De Smet et al. (2025) carried
out a pioneering study identifying the nuclear sulfenome in
Arabidopsis plants exposed to H,O,, revealing 225 putative
redox-active nuclear proteins. Among the enriched Gene
Ontology categories, cell cycle processes, nuclear transport,
histone methylation, and translational initiation were repre-
sented (De Smet ef al., 2025). Recent studies suggest that
the altered redox status affects epigenetic changes, although
the exact mechanisms remained unclear (Shen et al., 2016;
Ramakrishnan et al., 2022). However, the interplay of redox
regulation with DNA methylation, histone methylation and
deacetylation, and miRINA biogenesis has been reported
(Auverlot et al., 2024; Plskova et al., 2024). Additionally, epi-
genetic changes induced by stress conditions are also linked
with primary metabolism which supplies intermediates and
donor compounds required for these modifications, such as
acetyl-CoA, S-adenosyl-methionine (SAM), and NAD(P)H
(Auverlot et al., 2024; Plskova et al., 2024). Several enzymes
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involved in the SAM cycle have been reported to be redox
regulated (reviewed in Auverlot et al., 2024; Plskova et al.,
2024), as well as some enzymes involved in peroxisomal
P-oxidation (Sandalio et al., 2019). Additionally, various
HDACs have been reported as targets of redox-dependent
PTMs (Auverlot et al., 2024; Dard et al., 2024). Notably,
eight HDAs out of the 18 proteins annotated as HDACs in
Arabidopsis have been shown to undergo redox-dependent
PTMs (Dard et al., 2024). The effects of redox-dependent
PTMs in HDACs were first analysed in mammalian cells,
where redox-regulated Cys residues have been identified
in several HDACs (Auverlot et al., 2024; Dard et al., 2024).
Interestingly, these redox-sensitive Cys residues are conserved
between mammals and plants (reviewed in Auverlot et al.,
2024; Dard et al., 2024). Nitric oxide (NO) donors induce
redox changes in various HDACs from both mammals and
plants; however, the outcomes of NO-dependent PTMs vary
depending on the specific HDAC, with results ranging from
activation to inactivation (Dard et al., 2024). Additionally,
other enzymes involved in histone acetylation, such as HAG2
and HAG3, have been shown to contain redox-regulated Cys
residues (Dard et al., 2024). However, unlike HDAC:s, direct
evidence of redox regulation and its functional significance in
HATSs remains very limited.

De Smet ef al. (2025) have now demonstrated that the HAT,
GENERAL CONTROL NON-REPRESSED PROTEIN
(GCND), is a target of sulfenylation, and the authors have
studied the functionality of this PTM. The acetyltransferase
GCNS5 is one of the most studied HATs. GCN5 mediates
the acetylation of histone H3 at Lys9, Lys14, and Lys27, and
also acetylate several non-histone targets such as ADA2 (Wu
et al., 2023;Yu et al., 2024). De Smet et al. (2025) modellled
the three-dimensional structure of Arabidopsis AtGCN5. This
model revealed the unstructured, plant-specific N-terminal
region, as well as the HAT and bromodomain structures,
which are connected via a linker. AtGCIN5 contains seven
Cys residues, three of which—Cys293, Cys368, and Cys400—
were identified as sulfenylated. This PTM negatively affected
GCNS5 enzymatic activity in vitro (De Smet et al., 2025).
Furthermore, a mutagenesis approach demonstrated that
Cys293, located within the HAT domain, is essential for oxi-
dative stress response induced by paraquat treatment, although
it does not appear to play a significant role in plant growth and
development under controlled conditions. However, substitu-
tion of Cys293 did not significantly alter the GCN5 protein
interactome with the complexes SAGA and PAGA. None of
the three Cys residues affected GCNS5 subcellular localization.
Thus, the authors conclude that GCNS5 sulfenylation mainly
affects GCN5 enzymatic activity specifically under oxidative
conditions. In fact, gcn5 mutants have been reported to be
sensitive to other stress conditions, such as heat and salt stress,
which involve alterations in redox homeostasis (Hu et al.,2015;
Zheng et al., 2019; Sachdev et al., 2021). Additionally, GCN5

modulates the cellular response to oxidative stress in yeast and

human cells (Gaupe et al., 2015). Therefore, GCN5 could be
considered an ubiquitous cornerstone in the oxidative stress
response.

GCNS5 acetyltransferase: multilevel
regulation?

Studies carried out in mammals and yeast have shown that
PTM is crucial for regulating GCN5 activity, and three PTM
types have been described so far: phosphorylation, ubiquitina-
tion, and acetylation (Xiao et al., 2023). In mammalian tissues,
GCN5 is activated by phosphorylation, giving rise to an in-
crease in HAT activity. However, in some cases, the inhibi-
tion of GCN5 acetyltransferase activity by phosphorylation
of the bromodomain has been reported (reviewed in Xiao et
al., 2023). In Arabidopsis, a phosphatase 2C protein interacts
with GCN5 (Servet et al, 2008), suggesting that phosphoryl-
ation/dephosphorylation could regulate GCN5 activity, and
putative phosphorylation of GCN5 has been reported using
the PTM viewer (Willems et al., 2024), although specific anal-
ysis of its functionality has not been addressed. De Smet ef
al. (2025) have identified a phosphatase between the GCN5
interactors which alters the phosphorylation status of GCN5,
inhibiting its enzymatic activity. Ubiquitination acts by direct-
ing the target protein to the proteasome for further degrada-
tion, and Chen et al. (2023) have demonstrated ubiquitination
of GCN5 in Fusarium. De Smet et al. (2025) add complexity
to the GCN5 regulation by sulfenylation and demonstrate the
negative effect of GCN5 oxidation on its activity, indicating
the integration of redox signalling mechanisms with chromatin
control of transcriptional activity through direct GCN5 redox
changes. However, further analysis is required to fully establish
the mechanism. ADA2-GCNS5 interaction increases GCN5
binding to acetyl-CoA, stimulating its HAT activity, and recent
studies show that lysine acetylation of ADA2 (associated with
SAGA) by GCNS5 affects ADA2 stability (Yu et al., 2024). The
potential impact of GCNS5 sulfenylation on ADA?2 stability and
functionality warrants further investigation.

In summary, De Smet er al. (2025) provide crucial insights
into the regulation of epigenetic processes by redox changes,
identifying GCN5 as a key element in the redox epigenetic
circuit. This information advances our understanding of plant
responses to abiotic and biotic factors, showing how plants
and possibly other organisms integrate oxidation processes
and epigenetics, thus positioning GCN5 as a key regulator at
the intersection of developmental and stress programmes (De
Smet et al., 2025). Whether sulfenylation could interact with
other PTMs such as phosphorylation and their role in reg-
ulating dynamic changes in histone acetylation needs to be
explored in depth. Understanding how different modifications
work together to regulate spatio-temporal GCN5 function-
ality deserves further analysis involving GCN5 activity, pro-
tein structure, localization, and protein—protein interactome



analysis. This information will provide a framework for un-
derstanding gene re-programming regulation under oxidative
stress conditions.
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