Open Access Article. Published on 24 April 2025. Downloaded on 07.01.2026 18:02:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 9049

All publication charges for this article *abc
have been paid for by the Royal Society

of Chemistry

Jing Yang

I ROYAL SOCIETY
PPN OF CHEMISTRY

Towards site-specific manipulation in cysteine-
mediated redox signaling

Cysteine sulfenic acid (SOH) modifications are pivotal in redox signaling, yet establishing their causal

biological roles remains challenging due to methodological limitations. Traditional approaches often lack
precision or disrupt non-redox cysteine functions. This perspective highlights two innovative chemical
biology strategies to address these challenges: (1) integrating bioorthogonal cleavage chemistry with

genetic code expansion for site-specific SOH incorporation in proteins of interest, enabling controlled
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activation of redox events, and (2) developing redox-targeted covalent inhibitors (TCls) to selectively

block SOH modifications. By bridging technological innovation with mechanistic inquiry, these strategies
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Cells sense and adapt to interior environmental changes or
external stresses through intricate signaling mechanisms."
These processes often begin when signaling molecules bind to
receptors on or within the cell, triggering cascades of biological
events that amplify and fine-tune cellular responses. A corner-
stone of signaling regulation is post-translational modification
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not only help elucidate SOH-mediated signaling networks for a better understanding of redox biology,
but also hold therapeutic promise for precise redox medicine.

(PTM), a mechanism first elucidated in the 1950s by Edmond
Fischer and Edwin Krebs.? Their work revealed how adrenaline
binding to its receptor initiates a phosphorylation cascade—
a reversible enzymatic process mediated by kinases and phos-
phatases that ensures specificity in this canonical signaling
pathway (Fig. 1A).

Over time, our understanding of signaling has expanded to
include diverse signal molecules, such as reactive oxygen
species (ROS).> Hydrogen peroxide (H,0,), a non-radical ROS,
exemplifies this complexity.* While H,0, is recognized as
a signaling molecule, its reactive nature sparks debate. Specif-
ically, H,O, generally leads to non-enzymatic chemical reac-
tions with specific atoms of target proteins, particularly
cysteinyl thiols (SH). Among various products of H,0,-mediated
oxidation, cysteine sulfenic acid (SOH, also known as sulfeny-
lation) may serve as both a sensor and amplifier of H,0, signals,
playing a pivotal role in redox signaling pathways. Due to its
labile nature, SOH is often considered an intermediate en route
to additional cysteine redox modifications such as sulfinic acid
(SO,H), sulfonic acid (SO;H), and persulfides (SSH). Thus,
various chemical approaches have been developed for stabi-
lizing this oxidative intermediate, serving as the method-of-
choice for reliable detection of endogenous SOHs. Notably,
the last decade has witnessed tremendous progress in the
development of chemoselective SOH probes and chemo-
proteomic technologies to enable global mapping of SOH
modifications in intact cells, revealing relative specificity in
their formation.> This specificity arises from factors such as
cysteine intrinsic reactivity, protein structural motifs, and local
microenvironments.' Seminal studies underscore the biolog-
ical relevance of SOH. For example, the Toledano group
demonstrated in 2002 that yeast cells employ a “redox relay”
mechanism (Fig. 1B): the peroxidase Gpx3 senses H,0,, forms
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Fig. 1 Schematic of canonical signaling (A) and cysteine-mediated redox signaling (B).

SOH, and transfers oxidative signals via disulfide bonds to the
transcription factor Yapl, regulating redox homeostasis.™
Similar mechanisms, mediated by peroxidases, operate in
plants and mammals.”>™® Beyond these canonical pathways,
site-specific SOH modifications are proposed to influence
diverse physiological processes. Mitochondrial H,0,, for
instance, induces SOH on thermogenic protein UCP1 C253 in
brown fat, enhancing energy expenditure.”” In plants, SOH on
C51 of the transcription factor CHE boosts salicylic acid
production, enabling systemic disease resistance.'® Given that
ROS production is thought to be a hallmark of pathogenesis
and disease progression in many human diseases, additionally,
emerging evidence demonstrates that site-specific SOH modi-
fications play important roles in pathophysiological
processes.** For instance, the elevated SOH levels of pyruvate
kinase M2 (PKM2) at C358 were observed in disease models of
hyperglycemia and diabetes, and this specific cysteine oxidation
event was potentially associated with the progression of diabetic
glomerular pathology by decreasing PKM2 activity.*

Despite these advances, skepticism persists regarding the
causal link between SOH modifications and biological
outcomes. Current experimental approaches face limitations
(Fig. 2A): gain-of-function methods (e.g., adding exogenous
oxidants or expressing H,0,-generating enzymes) lack preci-
sion, while loss-of-function strategies (e.g., chemical alkylation
or genetic mutagenesis) disrupt non-redox cysteine roles, such
as structural disulfide or metal binding. To address these
challenges, new methodologies are warranted to selectively
induce or block SOH modifications in specific proteins without
perturbing other redox processes in living systems. This
perspective highlights emerging chemical biology strategies for
site-specific manipulation of SOH and discusses their potential
to resolve longstanding debates in cysteine-mediated redox
signaling. We further explore the translational promise of
redox-based, targeted covalent inhibitors (TCIs), which could
target dysregulated pathways in diseases linked to oxidative
stress. By bridging mechanistic insights with innovative tools,
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this field is poised to redefine our understanding of redox
biology in health and disease.

Gain-of-function manipulation of
specific SOH events on target proteins

Bioorthogonal cleavage chemistry, combined with genetic code
expansion, has emerged as a transformative tool for precise
protein manipulation in living systems.” This approach
enables spatially and temporally controlled activation of
proteins by releasing functional groups on demand.****
Building on these advances, we propose leveraging bio-
orthogonal cleavage chemistry and genetic code expansion to
achieve site-specific incorporation of SOH within a protein of
interest (POI). By replacing a target cysteine residue with
chemically “caged” unnatural amino acids (UAAs), the redox-
sensitive SOH modification could be masked during protein
synthesis and later activated via bioorthogonal cleavage chem-
istry under controlled conditions (Fig. 2B). Current bio-
orthogonal cleavage chemistry strategies predominantly focus
on releasing amine or hydroxyl groups through transition-metal
catalysis or small-molecule triggers, limiting their application
to residues like lysine, serine, or tyrosine.?® However, traditional
photocaged cysteine derivatives offer a versatile solution.”® For
instance, light-controlled activation of catalytic cysteines has
been demonstrated in enzymes such as DNA methyltransferase
(DNMT), where a photocaged UAA temporarily blocks enzymatic
activity until UV irradiation restores function.”” This principle
could be adapted to redox biology by developing analogous
systems for SOH formation.

Despite this potential, photoactivation of Cys-SOH remains
underexplored. Pioneering work by the Carroll group intro-
duced photocaged cysteine sulfoxide analogs, where ultraviolet
(UV) light cleaves photolabile groups (e.g., ortho-nitrobenzyl,
ONB or 4,5-dimethoxy-2-nitrobenzyl, DMNB, Fig. 2B) to
generate SOH quantitatively in aqueous environments at
neutral pH values.”® Notably, these precursors resist reduction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Traditional and emerging strategies for functional interrogating of cysteine-mediated redox signaling. (A) Traditional thiol-oriented
strategies for manipulating cysteine-mediated redox signaling and their limitations. (B and C) Emerging sulfenic acid (SOH)-oriented manipu-
lation strategies for site-specific interrogating of the causal link between cysteine-mediated redox signaling and biological outcomes in living
systems. (B) Integrating bioorthogonal cleavage chemistry with genetic code expansion for site-specific SOH incorporation. For example,
DMNB-caged cysteine sulfoxide could be used as an unnatural amino acid for site-specific incorporation of SOH in a protein of interest (POI) via
genetic code expansion, and the photocaged SOH modification could be activated by ultraviolet irradiation. (C) Developing a redox-based target
covalent inhibitor (TCI) to selectively block SOH modifications. For example, the nitroacetamide group could be used as a moderately reactive

warhead for nucleophilic TCI design.

by using methionine sulfoxide reductase, ensuring intracellular
stability. While incorporated into peroxidase Gpx3, such pho-
tocaged sulfoxides enabled controlled SOH formation, high-
lighting their potential utility for studying redox signaling. To
extend this strategy to genetic encoding, orthogonal synthetase/
tRNA pairs must be developed. While EcLeu synthetase—
previously used to incorporate DMNB-caged serine**—could
theoretically adapt to DMNB-caged cysteine sulfoxide, experi-
mental validation is needed. Alternatively, directed evolution of
synthetases may yield systems with enhanced specificity. On the
other hand, a key limitation of UV-dependent decaging is its
unintended generation of ROS. Future efforts should prioritize
bioorthogonal decaging methods that avoid ROS induction,
ensuring precise SOH activation without perturbing redox
homeostasis.

Loss-of-function manipulation of
specific SOH events on target proteins

The success of covalent kinase inhibitors, such as the FDA (US
Food and Drug Administration)-approved drugs afatinib and
ibrutinib, demonstrates the feasibility of designing covalent

© 2025 The Author(s). Published by the Royal Society of Chemistry

small molecules with high target specificity.** These inhibitors
selectively bind to cysteine residues (Cys797 in the epidermal
growth factor receptor and EGFR and Cys215 in Bruton's tyro-
sine kinase, BTK) through a two-step mechanism. First, the
inhibitor reversibly associates with its target, positioning
a weakly electrophilic group (“warhead”) near a nucleophilic
residue (typically cysteine in a reduced form). This proximity
enables covalent bond formation, irreversibly blocking protein
function. With this in mind, we reasoned that it is also possible
for developing TCIs to afford loss-of-function manipulation of
SOH events in a site/target-specific manner (Fig. 2C).

Progress in bioconjugation methods for chemoselective
labeling and detecting SOH modifications has laid a foundation
for such efforts.>* However, existing tools are primarily designed
for broad profiling of SOH across the proteome, rather than
selective targeting. A key challenge lies in balancing reactivity:
while state-of-the-art chemoselective SOH warheads or probes
prioritize strong labeling efficiency, TCIs require warheads with
precisely tuned, moderate reactivity to avoid off-target effects.
Early examples of redox-dependent TCIs include dimedone-
based compounds, which pair this nucleophilic warhead with
binding modules targeting protein tyrosine phosphatases
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(PTPs).*>** However, these initial designs lack proteome-wide
specificity, and their biological impact on SOH-mediated PTP
regulation remains unexplored. Peroxidases—critical sensors of
H,0, as aforementioned—represent another promising yet
challenging target class for redox-based TCIs. These enzymes
rely on reactive cysteine residues for catalysis, but their struc-
tural complexity has hindered small-molecule inhibitor devel-
opment. Most known peroxidase inhibitors are discovered by
serendipity or high-throughput screening rather than de novo
structure-based design.***” Notably, they typically contain
electrophilic groups that covalently modify catalytic/peroxidatic
or resolving cysteines. Replacing these groups with nucleophilic
warheads reactive toward SOH could offer a novel route to probe
peroxidase-mediated redox signaling.

Beyond target-centric approaches, recent advances in
combining covalent ligand screening and activity-based protein
profiling (ABPP, a chemoproteomic strategy that employs
covalent probes to directly interrogate protein function within
complex proteomes*®) have provided versatile opportunities to
discover reactive ligandable hotspots across complex proteomes
and to generate small molecules that selectively bind chal-
lenging protein targets.*>*® This strategy was pioneered by
Cravatt using ABPP to identify proteome-wide targets of a library
of electrophilic covalent ligands by using competing individual
ligands against a broad-spectrum thiol-reactive probe (i.e.,
iodoacetamide-alkyne).** Since its first report in 2016, the
strategy has been widely used for ‘high-throughput’ serendipi-
tous discovery of ligandable cysteines, leading to the identifi-
cation of cysteine-oriented TCIs of proteins previously viewed as

“undruggable”.***®* Moreover, this strategy has also been
adapted by targeting other amino acid residues including
lysine,***~** tyrosine,*** serine,” aspartate and glutamate,*
and extends beyond cysteine as a source for TCI development.
Inspired by these efforts, we reasoned that this compound-
centric strategy could also be adapted to expand the ligand-
ability map of the oxidized cysteine proteome and enable
discovery of SOH-reactive ligands. Thus, we recently developed
a library of 65 SOH-reactive compounds based on cyanoaceta-
mide and nitroacetamide scaffolds (Fig. 2C), which exhibit mild
reactivity toward SOHs.*” Screening this library against
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thousands of cellular SOHs identified 524 liganded sites on 441
proteins. Functional studies revealed that select compounds
disrupt protein interactions: one ligand blocked oxidized
PRXL2A from suppressing MAPK signaling, while others
inhibited nuclear transport of HDGF or DNA repair by BCCIP.
Though further optimization (e.g., designing more advanced
chemical probes through traditional structure-activity
relationship-based methods) is needed to enhance specificity,
this global map of ligand-SOH interactions provides a roadmap
for developing TCIs that selectively inhibit SOH-driven
signaling pathways.

Future outlook

Causal validation of SOH-mediated redox signaling remains
a critical frontier in biology. While advances in SOH-specific
probes and chemoproteomics have greatly expanded catalogs
of SOH sites, their functional consequences in living systems
are often obscured by technical limitations inherent to tradi-
tional methods. To address this, we propose two complemen-
tary chemical biology strategies: (1) integrating bioorthogonal
cleavage chemistry with genetic code expansion to enable site-
specific SOH incorporation in POIs, and (2) designing redox-
dependent TCIs to selectively block site-specific SOH modifi-
cations in POIs. These approaches not only establish causal
links between SOH events and their biological outcomes but
also empower global mapping of SOH-driven protein interac-
tion networks. For instance, POIs engineered with inducible
SOHs could serve as baits for affinity purification-mass spec-
trometry (AP-MS)*® or proximity labeling-mass spectrometry
(PL-MS)* to identify downstream redox-relaying effectors or
redox-dependent interacting partners that may empower the
identification of ‘erasers’ (e.g., reductases) of specific SOH
events and redox-independent ‘readers’ of this type of modifi-
cation (Fig. 3). In a complementary way, using a redox-
dependent TCI allows us to chemically perturb one specific
SOH event on a POI, followed by the measurements of resulting
changes in the interacting partners of this target.

Beyond basic research, redox-based TCIs hold therapeutic
promise. For example, oxidized cysteines in oncogenic targets
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Fig. 3 Expanding SOH-driven protein interaction networks. (A) Combining the site-specific SOH release strategy and affinity purification (AP)-
mass spectrometry to directly capture and identify redox-relaying partners of a specific SOH event on a protein-of-interest (POI); (B) combining
the site-specific SOH release strategy and proximity labeling (PL)-mass spectrometry to identify redox-dependent interacting partners (e.g.,
‘readers’ or ‘erasers’) of a specific SOH event on a POI. IDs: identifications.
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like EGFR or KRAS G12C may drive resistance to conventional
electrophilic inhibitors, which fail to engage oxidized
residues.®*** Nucleophilic TCIs targeting these oxidized states
could circumvent such resistance. However, challenges remain:
the transient nature of SOH demands careful consideration of
stoichiometry and irreversible oxidation, while distinguishing
functional roles of reduced versus oxidized protein states adds
complexity. Conversely, the context-dependent increase in SOH
in disease states (e.g., cancers with elevated oxidative stress)
offers opportunities for disease-state-specific targeting.
Expanding libraries of nucleophilic warheads paired with opti-
mized binding modules will accelerate discovery of druggable
SOH sites and refine lead compounds.

Collectively, these strategies bridge technological innovation
with biological inquiry, poised to transform our understanding
of redox signaling. By engaging chemists and chemical biolo-
gists in refining precision tools, this nascent field promises not
only mechanistic insights into redox biology but also novel
therapeutic avenues for precise redox medicine.
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