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Abstract

Protein S-glutathionylation is emerging as a central oxidation that regulates redox signaling and
biological processes linked to diseases. In recent years, the field of protein S-glutathionylation

has expanded by developing biochemical tools for the identification and functional analyses

of S-glutathionylation, investigating knockout mouse models, and developing and evaluating
chemical inhibitors for enzymes involved in glutathionylation. This review will highlight recent
studies of two enzymes, glutathione transferase omega 1 (GSTO1) and glutaredoxin 1 (Grx1),
especially introducing their glutathionylation substrates associated with inflammation, cancer, and
neurodegeneration and showcasing the advancement of their chemical inhibitors. Lastly, we will
feature protein substrates and chemical inducers of LanC-like protein (LanCL), the first enzyme in
protein C-glutathionylation.
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1. Introduction

Reactive oxygen species (ROS) intricately change the local or global redox state, thereby
regulating signaling pathways (i.e., redox signaling) [1]. Due to a high intracellular
glutathione (GSH) concentration, disulfide formation of protein cysteines with glutathione in
response to ROS, termed protein S-glutathionylation (SSG), has been observed for decades
[2,3]. Research in glutathionylation has been extensive in identifying oxidation-susceptible
proteins and understanding the functional outcome of glutathionylation, where chemistry
has been instrumental in developing various chemical tools that enable the identification of
protein SSG with proteomics [4]. Previous studies demonstrated that SSG is involved in all
major functional categories of biological processes, including metabolism (e.g., glycolysis
[5]), signal transduction (e.g., G-protein, kinase, and phosphatase [6-8]), cytoskeletal
organization (e.g., actin [9]), inflammation (e.g., IKK- [10,11]), and transcription (e.g., p53
[12]). Biological studies also demonstrated that SSG regulates physiology (e.g., SERCA in
calcium signaling [13], actin for cell migration [9], and titin in muscle contraction [14,15])
and contributes to pathologic disorders [16-19].

From a chemistry perspective, SSG can form via complex sulfur chemistry without
enzymes: nucleophilic cysteine thiolate can react with glutathione disulfide (GSSG) via
thiol exchange. Alternatively, protein cysteine can be oxidized to reactive intermediates,
including sulfenic acid, which reacts with GSH forming SSG [20]. In contrast, intracellular
GSH can reverse protein SSG to reduced cysteine (SH) in proteins while forming GSSG
[20]. However, intracellularly, these chemical reactions are facilitated by redox enzymes that
catalyze the formation and reduction of SSG (SSG enzyme hereafter) [20]. For example,
glutathione transferase pi (GSTP) [21] increases SSG formation, whereas glutaredoxin (Grx)
[22] and glutathione transferase omega (GSTO) [23] catalyze deglutathionylation (see a
review for other enzymes [20]). Recently, new SSG biology with these enzymes was
uncovered, especially combined with knockout (KO) mouse models. In addition, the first
enzyme catalyzing protein C-glutathionylation (C-SG), namely LanC-like protein (LanCL),
emerged. In parallel, the advancement of developing inhibitors for SSG enzymes unfolds
therapeutic opportunities in diseases. This review will focus on the chemistry and biology

of SSG enzymes, highlighting 1) emerging protein substrates of SSG enzymes (GSTO1 and
Grx1) and their biological implications and 2) recent development of inhibitors for SSG
enzymes (GSTOL1 and Grx1). Lastly, we will introduce 3) emerging biological roles and
chemical ligands of LanCL.
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2. Substrates and inhibitors of enzymes in protein glutathionylation

2.1. Glutathione transferase omega 1 (GSTO1).

GSTOL1 is a member of a broad family of glutathione transferases (GST) primarily involved
in phase Il detoxification via GSH conjugation [24]. In humans, GSTO1 and its isozyme
GSTO2 were identified with a high sequence homology (64%) and a typical GST-fold
structure [24]. However, unlike other GST classes, GSTO1/2 are unique for having catalytic
cysteine (both C32) in the active site and catalyzing thioltransferase reaction (primarily
deglutathionylation) similar to glutaredoxin (see a review for other GSTO reactions) [25,26].
In recent years, GSTOL has stood out with evidence supporting its roles in positively
regulating inflammation [27-30], contributing to cancer progression [31,32], and protecting
from neurodegeneration [33,34], primarily via its deglutathionylation activity. This section
will showcase selected examples of GSTO1 substrates for SSG while updating recent
development of GSTOL1 inhibitors.

Fused in sarcoma (FUS).—FUS was named after its fusion to a transcription factor

(i.e., CHOP) in human myxoid liposarcomas, playing as an oncogene [35]. FUS translocates
to the nucleus and regulates transcription, RNA splicing, and DNA repair response [36].
Interestingly, FUS genetic mutations are causatively linked to neurogenerative diseases,
especially amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [36,37].
FUS protein is intrinsically prone to form aggregation and pathological inclusion bodies
[38]. Therefore, FUS overexpression or mutations increase its cytosolic accumulation and
deposition, which causes cytosolic toxicity responsible for pathological degeneration [38].

Cha et al. reported that Drosophila expressing neuronal FUS shows FUS-induced neuronal
toxicity (e.g., reducing locomotive activity and lifespan) and mitochondrial dysfunction
(e.g., mitochondrial fragmentation and reduced complex I and 111) [33,34]. Importantly,
FUS-expressing flies dramatically reduced GstO2 protein (a Drosophila homolog of human
GSTO1) (Figure 1a), whereas GstO2 expression prevented neurotoxicity and mitochondrial
dysfunction, suggesting the neuroprotective role of GstO2. Subsequently, FUS was found
glutathionylated at conserved cysteine 447 (C447) at the zinc finger domain (ZnF) (Figure
1a). FUS SSG enhanced its aggregation in the cytoplasm, whereas GstO2 expression
prevented FUS SSG and aggregation (Figure 1a). Likewise, human GSTO1 WT expression
in mammalian neuronal cells reduced FUS aggregation by deglutathionylation, decreasing
cytoplasmic FUS localization and delaying neuronal toxicity. Lastly, human GSTO1

level was significantly reduced in patients carrying FUS mutations associated with ALS,
supporting the roles of GSTO1 and SSG in ALS pathogenesis. These findings suggest that
modulating GSTO1 expression may be a therapeutic direction to treat neurodegenerative
diseases and ALS.

NIMA-related kinase 7 (NEK7).—NEK?7 is one of the mammalian NIMA-related kinases
implicated in mitosis [39]. Recently, NEK7 was found to be an essential activator of NLRP3
inflammasome [40], a multiprotein complex that plays a central role in the innate immune
system and inflammatory diseases [41]. NLRP3 inflammasome activation involves two

steps [41]: pathogen or damage-associated molecular patterns, including lipopolysaccharide
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(LPS), increase expressions of NLRP3 and cytokines (pro-IL-1p and pro-IL-18) (step 1,
priming). Next, various stimuli, including extracellular ATP and nigericin, activate and
lead to NLRP3 inflammasome assembly, where NEK7-NLRP3 binding induces NLRP3
oligomerization with ASC and pro-caspase 1 (step 2, activation) (Figure 1b). Eventually,
activated caspase-1 cleaves and increases pro-inflammatory IL-1p and 1L-18.

Board and O’Neill’s group reported that macrophages in GSTO1 KO mice show impaired
NLRP3 inflammasome activation in response to LPS/ATP [27]. In addition, GSTO1
inhibitor (C1-27) or siRNA caused similar outcomes, decreasing inflammatory cytokines.
Biochemically, NEK7 was found to be glutathionylated at cysteine 253 (C253) (Figure
1b). LPS/ATP stimulation increased the association of GSTO1 with NEK?7, causing NEK7
deglutathionylation (Figure 1b). In agreement, bone marrow-derived macrophage (BMDM)
with GSTO1 KO versus WT showed higher NEK7 SSG, supporting GSTO1 in reversing
NEK SSG. Lastly, compared to WT, cells with NEK7 C253A showed higher IL-1p release
in response to nigericin, suggesting that NEK7 without SSG (similar to C253A) enhances
NLRP3 inflammasome assembly and activation (Figure 1b). In an independent study, ASC
SSG was also observed in macrophages where GSTO1-induced ASC deglutathionylation
was necessary for NLRP3 inflammasome assembly and activation [29], suggesting several
layers of SSG regulation in NLRP3 inflammasome. In addition to NLRP3, GSTO1 was
previously shown to regulate TLR4 and Nf-kB inflammatory pathways, supporting the
pro-inflammatory role of GSTO1 [30].

Interferon genes and tissue factor.—Compared to inflammation, GSTO1’s role in
cancer is less understood. The Neamati group surveyed GSTO1 expression in 9,718

patients (34 tumor types), supporting GSTOL1 upregulation in selected cancers (e.g.,

glioma, renal carcinoma, melanoma) correlated with decreased patient survival [31].

To validate experimentally, three cancer cell lines (A172, HCT116, U87-MG) with

GSTO1 KO were produced. Xenograft studies showed suppressed tumor growth of

GSTO1 KO cell lines versus WT, albeit dependent on individual cell types. Interestingly,
GSTOL1 depletion in HCT116 impeded three-dimensional (3D) tumor growth but not its
proliferation in two-dimensional (2D) culture, suggesting that GSTO1 may regulate the
tumor microenvironment. Transcriptional profile and proteomic analyses identified that
GSTOL1 KO cell lines enrich interferon (IFN) genes. In addition, GSTO KO significantly
correlated with the downregulated tissue factor (TF) gene (known as factor 11l or F3), a
transmembrane glycoprotein in the clotting cascade. Notably, IFN genes play a significant
role in tumor cells by inhibiting proliferation, inducing apoptosis, and stimulating antitumor
immunity [42]. Likewise, TF expression in tumor cells facilitates hematogenous metastasis
and angiogenesis [43]. Although direct GSTO1 substrates for SSG were not determined,
this report demonstrates that GSTO1 KO upregulates IFN genes and downregulates TF gene
impeding cancer progression, suggesting the therapeutic potential of GSTO1 in cancers. It is
worth indicating that GSTOL1 also exerts its roles in cancers without its deglutathionylation
activity. For example, GSTO1 was shown to mediate breast cancer stem cell enrichment
potentially via protein-protein interaction [44,45].
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Chemical Inhibitors.—GSTO1 upregulation in many tumors and its pro-inflammatory
roles spurred the development of GSTOL1 inhibitors. The active site of GSTOL, like a GST
fold, retains a GSH-binding site (G-site) and a hydrophobic pocket (H-site) (Figure 1c) [24].
Notably, catalytic C32 in GSTOL1 is one of the highly nucleophilic cysteines based on its
reactivity with many electrophiles [46]. Therefore, various electrophilic scaffolds, including
a-chloroacetamide [47,48], acrylamide [49], fluorosulfate [50], and cyclopropene [51], were
utilized to develop GSTOL1 inhibitors (see a review for inhibitors) [46].

C1-27.: Among many inhibitors, recent development and evaluation of C1-27 and

its derivatives are notable (Figure 1c) [47]. Based on an a-chloroacetamide scaffold

for cysteine reactivity, the Neamati group searched and screened a library of a-
chloroacetamide-containing compounds, identifying C1-27 as a potent GSTOL1 inhibitor
(ICsq of 31 nM) that forms covalent conjugation with C32 (Figure 1c) [47]. Because of
covalent inhibition, a C1-27 derivative with BODIPY was developed and used in proteome
labeling, demonstrating that C1-27 is selective (up to 1 UM concentration) toward GSTO1
but with weak affinity or reactivity to protein disulfide isomerase (PDI). Co-crystal structural
analysis showed that C1-27 primarily binds to H-site but with additional interactions with
G-site (Figure 1c). Subsequently, evaluation in a panel of cancer cell lines (e.g., HT29 and
HCT116) demonstrated that C1-27 inhibits cancer cell proliferation (Glgg of 1.2-4.3 M)
and the clonogenic survival of HCT116 (C1-27 in 0.2-3 uM). Additionally, C1-27 was
tested for in vivo efficacy with colon cancer cell line-derived xenograft, where C1-27 (25—
45 mg/kg) showed significant inhibition of tumor growth without toxicity or weight loss at
its high concentration (45 mg/kg). C1-27 also showed modest inhibition of colorectal cancer
patient-derived xenograft (KRAS-mutant CRM-13-180 PDX), demonstrating its anti-cancer
activity.

The Board group recently used C1-27 to investigate the role of GSTO1 in NLRP3
inflammasome activation (Figure 1b) [27]. C1-27 inhibited IL-1p release in BMDM and
peripheral blood mononuclear cells (PBMC) in response to LPS/ATP without affecting IkB
degradation or TNFa production, supporting its selective modulation of NLRP3 complex
than TLR4 signaling or other inflammasomes. Moreover, C1-27 reduced NLRP3 activation
(i.e., IL-1pB release) in mice with colitis and decreased the clinical score in mice with
experimental autoimmune encephalomyelitis (EAE), supporting its in vivo efficacy.

49.: Although C1-27 shows potent GSTOL1 inhibition, it was noted that C1-27 appears to
have many off-targets, especially at high concentrations, likely due to a-chloroacetamide
reactivity, thus retaining cytotoxicity even with GSTO1 knockdown [47]. Therefore, the
Neamati group sought to replace a-chloroacetamide in C1-27 with acrylamide [49], which
retains cysteine selectivity and is observed in many FDA-approved drugs [52]. However,
co-crystal structural analyses indicated that simply installing acrylamide in C1-27 in place
of a-chloroacetamide changes its binding orientation, thus impairing the binding potency.
Therefore, through co-crystal structural analysis and synthesis, the group came to develop
compound 49 (Figure 1c), which showed remarkable inhibition potency (ICsg = 0.22 nM)
[49]. Despite its high potency, it is insightful to learn that highly potent compounds in vitro,
including 49, did not display significant cytotoxicity (ICsq > 30 uM for 49) in HCT116
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and HT29, an observation also seen with KT53 [53]. Despite such observation, 49 may
be effective in 3D tumor models versus 2D cultures, as shown by GSTO1 KO cancer

cell lines [31]. Alternatively, 49 would be an excellent candidate for GSTO1 inhibition in
inflammatory diseases.

25.: The Board and Baell group independently developed selective GSTO1 inhibitors
derived from C1-27, especially with drug-likeness analysis [48]. It was noted that

C1-27 metabolic stability is low (half-life 2—7 min in human or mouse microsome).
Pharmacokinetics (PK) analysis of C1-27 indicated its rapid absorption (maximum plasma
concentration achieved at 5 min post-dose) and fast elimination (half-life < 15 min),
suggesting its PK improvement is necessary. Through synthesis and evaluation, compound
25 (Figure 1c¢) was developed with high inhibitory potency for GSTO1 (ICgy = 0.25 uM;
Kinact = 0.85 min~1; K| = 0.61 pM) comparable to C1-27 (ICsq = 0.13 pM; Kipact = 0.78
min~1; K, = 0.44 uM). Impressively, 25 showed significant inhibition of IL-1p release in
BMDM (IL-1pB = 3.4% relative to untreated at 5 uM) than C1-27 (IL-1p = ca. 65% at 5
UM). In addition, 25 showed improved PK with its higher concentration in plasma (half-life
= 1.4 h) and slower elimination than C1-27, which is encouraging but still shows a limited
in-vivo half-life. Nevertheless, both compounds would be instrumental for analyzing GSTO1
inhibition in inflammatory diseases and cancers.

2.2. Glutaredoxin 1 (Grx1)

Grx1, a mammalian glutaredoxin member, is a ubiquitous oxidoreductase with a redox-
active CXXC motif [54]. Extensive mechanistic studies demonstrated Grx1 selectivity for
glutathionylated cysteines or proteins as substrates, primarily via an encounter catalytic
mechanism [55], while retaining two GSH bindings sites [56]. Therefore, Grx1 presumably
has broad substrates for deglutathionylation and stands out as a central player of SSG,
especially associated with inflammation [57-60] and fibrosis [61-63]. In this section, we
highlight recent studies revealing the role of Grx1 and SSG in fibrosis while showcasing
Grx1 inhibitors.

SMAD family member 3 (SMAD3).—SMAD3 is a member of the SMAD family that
plays a central role in TGF-p signaling [64]. In the canonical TGF- signaling (Figure 2a),
TGF-B binds to TGF-B receptor | and Il (TGFBR1 and TGFBR2) complex, which recruits
and phosphorylates SMAD2 and SMAD3. The phosphorylated SMAD2 and SMAD3

gain interaction with SMADA4. The trimer increases its translocation to the nucleus for
transcriptional activation of genes associated with diverse biological processes, including
fibrosis [64].

Xi and Xie et al. reported that liver fibrosis correlates with low expression of Grx1 and high
SSG, whereas pirfenidone, an anti-fibrotic drug, inhibited liver fibrosis via Grx1 elevation
[62]. Grx1 KO mice increased sensitivity to liver fibrosis and showed high activation

of hepatic stellate cells (HSC) that produce profibrogenic cytokines. Conversely, Grx1

WT overexpression, but not inactive Grx1 C23S, to mice or HSC inhibited liver fibrotic
progression and HSC activation. Biochemically, Grx1 overexpression in HSC reduced
SMAD3-TGFBRL1 interaction, SMAD3 phosphorylation, and SMAD3 nuclear localization

Curr Opin Chem Biol. Author manuscript; available in PMC 2024 August 01.
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in response to TGF-B. Subsequent analysis demonstrated that SMAD3 is a Grx1 substrate
and susceptible to forming SSG at potentially C332, C338, and C370 in its MH2 domain
(Figure 2a), which is responsible for interacting with protein partners, including TGFBR1/2
[64]. Accordingly, a SMAD3 cysteine mutant (SMAD3 C332A/C338A/C370A) failed to
induce basal or TGF-B-stimulated gene expression [62], suggesting SMAD3 SSG increases
TGF-p-stimulated SMAD3 phosphorylation and fibrogenic gene expression (Figure 2a).
This observation reports the significant role of Grx1 and SSG in the progression of

liver fibrosis and suggests the therapeutic potential of Grx1 overexpression in fibrotic
pathogenesis.

Fas.—Fas is a cell-death receptor belonging to the tumor necrosis factor receptor (TNFR)
superfamily with a conserved death domain (DD) in its cytoplasmic tail [65]. Fas activation
by Fas ligand stimulates signaling complex formation comprised of Fas, Fas-associated
DD (FADD), and pro-caspase-8, resulting in activation of caspase-8 and -3 and subsequent
apoptosis (Figure 2b) [65]. Previously, Fas SSG was observed at its cysteine 295 (murine
Fas C295) (Figure 2b) as a consequence of Grx1 degradation, promoting Fas aggregation
and signaling complex formation, and propagating apoptosis [66].

Recently, the Janssen-Heininger group reported that Grx1 expression was significantly
decreased in lung tissues of individuals with idiopathic pulmonary fibrosis (IPF) in
accordance with Fas SSG elevation (Figure 2b) [61]. Similarly, mice lacking Grx1 were
more susceptible to pulmonary fibrosis induced by TGF-p or bleomycin while displaying
Fas SSG elevation and caspase-3 activation. Notably, direct administration of recombinant
Grx1 WT, not C23S, into the mouse airway resulted in Grx1 elevation in alveolar regions
while reducing IPF progression. Therefore, this report supports that Fas SSG may enhance
lung epithelial cell apoptosis, increasing lung fibrogenesis, which suggests the anti-fibrotic
effect of Grx1. Similarly, Fas SSG elevation and Grx1 ablation were also observed in hepatic
injury with ethanol exposure [67].

Chemical Inhibitors.—The central role of Grx1 in SSG and redox biology, along with its
pro-inflammatory role, drove the development of Grx1 inhibitors. However, a lack of deep
substrate binding pockets in the Grx1 active site (Figure 2c¢), combined with its encounter
mechanism that indicates no significant substrate binding interaction during catalysis [55],
challenges developing selective inhibitors with high binding affinity. Therefore, available
inhibitors mainly depend on their reactivity with redox-active C23 in Grx1 [68,69], thus
difficult to achieve high selectivity considering many nucleophilic cysteines in the proteome.
In this section, recent examples of Grx1 inhibitors are introduced.

CWR-J02.: Screening >500 thiol-reactive compounds in Grx1 enzyme assay identified

a chloroacetamide-derived covalent inhibitor, named CWR-J02 (Figure 2c), with modest
potency (ICsq = 32 UM, K; = 40 UM, Kinact = 0.5 min~1 for Grx assay), which conjugates
with C23 [68]. Molecular dynamics suggested potential reversible interactions of CWR-J02
with Grx1 before covalent inactivation. CWR-J02 (32 uM) was then shown to inhibit

Grx1 activity and LPS-induced inflammatory cytokines (TNF-a., IL-6, and IL-1B) in BV2
microglial cells. However, the anti-inflammatory effect of CWR-J02 was also observed even
after Grx1 knockdown (siRNA), suggesting CWR-J02 exerts its effects via other targets in
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addition to Grx1. For example, the chloroacetamide in CWR-J02 may inhibit GSTO1 by its
cysteine reactivity.

Peptide 2GTP1.: Although non-covalent Grx1 inhibition without cysteine conjugation

was considered impractical [68], our group developed a peptide-based non-covalent Grx1
inhibitor devoid of an electrophilic group [70]. Phage library with linear 7-mer peptides was
screened against Grx1 or Trx1, evolving peptide binders of Grx1 and Trx1, which resulted
in finding one 7-mer peptide (ETRWPNT, named 2GTP1, Figure 2c) that binds to both
Grx1 (Kp =1.2 uM) and Trx1 (Kp = 2.5 uM). 2GTP1 showed its selective binding to Grx1
and Trx1 over Grx3. Interestingly, 2GTP1-Grx1 interaction was preserved upon incubating
GSH (1-5 mM), whereas 2GTP1 did not retain its binding with oxidized Grx1, supporting
2GTP1’s binding to reduced Grx1. The enzyme assays confirmed that 2GTP1 inhibits

in vitro Grx1 deglutathionylation activity (ICsg = 11 uM) and Trx1 disulfide reduction
activity, albeit only ca. 50% Trx1 inhibition even at high concentrations, suggesting more
selective inhibition of Grx1 than Trx1. Interestingly, TAT-derived 2GTP1 (TAT-2GTP1) did
not induce ROS elevation nor endoplasmic reticulum (ER) stress, as opposed to electrophilic
compounds, suggesting that it may not induce or change global SSG in the proteome.
However, 2GTP1 is unique for its non-covalent interaction with Grx1, thus suggesting its
potential use in developing selective Grx1 inhibitors.

2.3. LanC-like protein 1 and 2 (LanCL 1 and 2)

Eukaryotic LanCLs are orthologs of bacterial LanC enzymes that catalyze thioether
formation in lanthipeptide biosynthesis [71]. However, such bacterial enzyme activity is

not conserved in eukaryotic LanCL [72], and the biochemistry of LanCL has been a mystery
for many years. Nonetheless, LanCL interaction with GSH was noted early [73], suggesting
LanCL may be involved in redox biology. Recent findings report that LanCL catalyzes C-
glutathionylation (C-SG). This section will present LanCL substrates for C-SG and chemical
ligands.

MEK and ERK.—It has been observed that phosphoserine (pSer) and phosphothreonine
(pThr) in long-lived proteins in the eye and other tissues spontaneously undergo -
elimination of phosphate, resulting in 2,3-dehydroalanine (Dha) or 2,3-didehydrobutyrine
(Dhb), respectively (Figure 2d) [74]. Dha and Dhb can react and form a thioether bond with
intracellular GSH via the Michael addition, called C-SG (Figure 2d) [75]. Alternatively,
pathogenic bacteria retain pThr lyases (e.g., SpvC, OspF, VirA, and HopAL), which
catalyze the formation of Dhb in phosphorylated kinases, likely disrupting kinase signaling
during pathogenesis [76,77]. Recently, the van der Donk and Davis group reported that
LanCL catalyzes C-SG between GSH and Dha/Dhb in kinases (Figure 2d) [78]. LanCL1/2
were found to interact physically with many kinases, including MEK1/2 and ERK1/2.

To investigate LanCL biochemistry in vitro, recombinant MEK1 and ERK1 with Dha

or Dhb at the sites of pSer and pThr in activation loops were prepared (Figure 2d).
LanCL1/2 increased the rate of C-SG formation in Dha/Dhb-containing MEK1 and ERK1.
Functionally, MEK1 with Dha in the activation loop displayed higher activity, whereas
MEKZ1 with C-SG reduced its kinase activity versus its Dha form (Figure 2d), suggesting
that LanCL prevents MEK1 hyperactivation via forming C-SG. Structural and biochemical

Curr Opin Chem Biol. Author manuscript; available in PMC 2024 August 01.
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analyses support that LanCL binds first with GSH (Kp = 9 uM) in the active site, where a
zinc ion increases GSH nucleophilicity, and His277 and His219 play a role in stabilizing and
interacting with an enolate intermediate (Figure 2d) [79]. Notably, the active site recognizes
a p-turn posed by dehydroamino acid in substrates without significant sequence preference
[79], suggesting a broad range of LanCL1 substrates for C-SG.

Chemical Inducers.—Besides LanCL’s role in C-SG, LanCL2 has been known as a
target for a terpenoid hormone, abscisic acid (ABA) (Figure 2e), for many years [80].
Studies demonstrated that LanCL2 (and likely LanCL1) is necessary for ABA’s actions in
anti-inflammation (e.g., activating PPARy) and anti-diabetes (e.qg., insulin-releasing activity)
[80,81]. In addition, irrespective of ABA, LanCL is also implicated in pro-survival (i.e.,
stimulating Akt via mTORC?2) [82] and anti-apoptosis (i.e., suppressing JNK) [83]. Thus,
these analyses stimulated the development of LanCL2 chemical ligands.

BT-11.: The Bassaganya-Riera group used virtual screening with LanCL2, identifying the
compound NSC61610 (Figure 2e), which induced PPARy genes for anti-inflammatory
function in immune cells and mice with inflammatory bowel diseases (IBD) [84]. Next,

due to the limited solubility of NSC61610, its derivatives with drug-likeness were sought,
resulting in developing BT-11 (Figure 2e) [85]. BT-11 directly binds to LanCL2 (Kp

=7.7 uM). BT-11 suppressed TNF-a-stimulated inflammation in splenocytes expressing
LanCL2 versus its KO. BT-11 also showed protective efficacy in several IBD models

of mice expressing LanCL2 versus KO [85]. Further studies demonstrated BT-11’s anti-
inflammatory effects via stabilizing CD4* T cell subsets, namely lamina propria regulatory
T cells (Tregs), and suppressing inflammatory cytokines in PBMC isolated from Crohn’s
disease patients [86]. BT-11 is orally active and did not cause clinical signs of toxicity

in rats and dogs [87]. Phase I clinical trial (healthy volunteers, n=7) was positive without
serious adverse events or dose-limiting toxicities up to 100 mg/kg [88]. Interestingly, BT-11
is considered a LanCL2 activator probably because it increases LanCL2 expression level
[86], although its exact mechanism of action is unclear. Therefore, it is not known whether
the anti-inflammatory effects of LanCL2 or BT-11 are related to glutathione, C-SG, or redox
biology. However, because of its direct binding affinity to LanCL2 (and likely LanCL1 due
to their high structural similarity), BT-11 could be a useful chemical tool to investigate
LanCL1/2 in the research of C-SG.

Conclusion

Protein SSG is a central protein oxidation regulating physiology and contributing to diseases
[4]. The field of SSG has broadened with the development of proteomic approaches

[89-91] for identifying glutathionylated cysteines (n > 2,000 in databases [92]) and
functional analyses of SSG in individual proteins. Impressively, recent biological studies

of SSG enzymes (i.e., Grx1 and GSTO1) unveiled significant roles of SSG in regulating
inflammation, fibrosis, and neurodegeneration. In parallel, chemistry has enabled significant
progress in developing selective SSG enzyme inhibitors while demonstrating their positive
therapeutic potential. Although not discussed here, it deserves to point out important SSG
biology associated with other SSG enzymes (e.g., Grx2 [93,94] and GSTP [95,96]). Lastly,
LanCL and C-SG open up new research directions in the field of SSG. Future studies will
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continue investigating SSG and its regulatory enzymes while developing their therapeutic

inhibitors.
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Abbreviation
Nf-kB
IkB
IKK-B
SERCA
CHOP
NIMA

NLRP3

IL-1B
IL-18
ASC
TLR4
TNFa
SMAD
TGFB
Trxl
TAT
MEK1
ERK
PPARY
Akt
mTORC2

JNK

nuclear factor kappaB

inhibitor of Nf-kB

IkB kinase beta subunit

sarcoendoplasmic reticulum calcium ATPase
CCAAT/enhancer-binding protein homologous protein
never in mitosis gene a

nucleotide-binding domain, leucine-rich-containing family, pyrin
domain containing 3

interleukin-1p

interleukin-18

apoptosis-associated speck-like protein containing a CARD
toll-like receptor 4

tumor necrosis factor alpha

suppressor of mothers against decapentaplegic
transforming growth factor beta

thioredoxin 1

trans-activator of transcription

mitogen-activated protein kinase kinase
extracellular signal-regulated kinase

peroxisome proliferator-activated receptor-gamma
Ak strain transforming or protein kinase B
mammalian target of rapamycin complex 2

Jun N-terminal kinase
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Highlights
. GSTO1 and Grx1 are central players of protein S-glutathionylation

. Protein S-glutathionylation substrates of GSTO1 and Grx1 regulate
inflammation, fibrosis, cancer, or neurodegeneration.

. Chemical inhibitors of GSTO1 and Grx1 were developed and investigated in
inflammatory diseases and cancers.

. The first regulatory enzyme, LanCL, for C-glutathionylation was uncovered.
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Figure 1.
GSTOL substrates and Inhibitors. A. GSTO1 regulates FUS SSG associated with

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). FUS is susceptible
to SSG at C447 (bound to zinc) in the zinc finger domain (ZnF, PDB: 6G99). FUS SSG
increases its aggregation, causing toxicity in motor neurons linked to neurodegeneration.
GSTO1 reduces FUS SSG and protects from FUS-induced toxicity. B. GSTO1 activates
NLRP3 inflammasome via NEK7 deglutathionylation. NEK7 was found glutathionylated

at C253 (kinase C-lobe, PDB: 6NPY) in macrophages. GSTO1 binds to NEK7, causing

its deglutathionylation. NEK7 deglutathionylation enables its interaction with NLRP3,
inducing NLRP3 inflammasome complex formation with ASC and pro-caspase-1. The
NLRP3 inflammasome activates caspase-1, which activates inflammatory cytokines (IL-1p
and IL-18). C1-27 inhibits GSTO1, thus increasing NEK7 SSG and reducing NLRP3
inflammasome-mediated IL-1p release. C. GSTOL inhibitors. GSTO1 has reactive cysteine
(C32) with a GSH binding site (G-site, orange) and a hydrophobic site (H-site, cyan) (PDB:
1EEM). C1-27 inhibits GSTO1 by primarily binding at the H-site (cyan) while covalently
conjugated to C32 (PDB: 4YQM). Dotted lines indicate a distance less than 4 A. C1-27 was
used as a lead compound to develop GSTOL1 inhibitors, acrylamide-containing compound
49 with the highest potency (ICgsg = 0.22 nM) and a-chloroacetamide derivative 25 with
improved microsomal stability (half-life = 1.4 h).
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Figure 2.
Grx1 and LanCL substrates and chemical modulators. A. Grx1 reduces SMAD3 SSG and

decreases TGFp-induced liver fibrosis. Liver fibrosis decreases Grx1 expression, which
increases SMAD3 SSG. Glutathionylated SMAD3 increases its interaction with TGFBR1,
enhancing SMAD3 phosphorylation. Phosphorylated SMAD3 forms a trimer made of
SMAD2/3/4, which translocates to the nucleus and induces fibrotic gene expression.
SMAD3 forms SSG potentially at C331, C337, and C369 in the MH2 domain (PDB:
1MJS) responsible for protein interactions (e.g., TGFBR1). C331 is within 4.0 A from
C319, which may form disulfide. B. Grx1 reduces lung fibrosis that correlates with Fas
SSG elevation. Fas forms SSG at C295 (murine Fas) at its cytoplasmic death domain (DD).
C295 in mouse Fas (mFas, green, UniProt alpha-fold structure) is equivalent to C304 in
human Fas (hFas, blue, PDB: 1DDF). Fas SSG enhances Fas complex formation with
FADD and pro-caspase-8, which activates caspase-3 and induces lung epithelium apoptosis
responsible for stimulating lung fibrosis. C. Grx1 inhibitors. Grx1 has two GSH binding
sites, a GSH scaffold site (cyan) and a GSH activator site (including K19, pink), with
catalytic C23 that forms disulfide with GSH during deglutathionylation (PDB: 1B4Q).
a-chloroacetamide-containing Grx1 inhibitor, CWR-J02, was developed that covalently
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inhibits Grx1. 7-mer peptide Grx1 inhibitor (ETRWPNT, named 2GTP1) was developed
that reversibly inhibits Grx1. D. LanCL-induced C-glutathionylation (C-SG) in MEK1

and ERK1. pSer and pThr in the activation loops of MEK1 (PDB: 3EQD) and ERK1

(PDB: 2Z0Q) are susceptible to forming Dha/Dhb, which increases kinase activity. LanCL
catalyzes C-SG formation between GSH and Dha/Dhb, which reduces kinase activity, thus
preventing kinase hyperactivation. The co-crystal structure shows LanCL (light pink) and
GSH (green) conjugated to Dhb-containing peptide (GFL-Dhb-EY, yellow) derived from the
activation loop (GFL-T202-EY) in ERK1 (PDB: 8CZK). His219 and His277 (pink) play a
role in stabilizing an enolate intermediate, while the zinc atom (gray sphere) activates GSH
nucleophilicity. Dotted lines indicate a distance less than 4 A. E. LanCL ligands. Hormone
abscisic acid (ABA) exerts anti-inflammatory and anti-diabetic roles via binding to LanCL2
(and likely LanCL1). Two compounds (NSC61610 and BT-11) were developed that bind to
LanCL2, showing their anti-inflammatory activities.
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