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Abstract 

Cystathionine γ-lyase (CSE) is a pyridoxal 5’-phosphate (PLP)-dependent enzyme responsible for the 
biosynthesis of cysteine from cystathionine in the final step of the transsulfuration pathway. 
Additionally, CSE also plays a crucial role in the production of cysteine hydropolysulfide (Cys-S-
(S)n-H), known as supersulfides, by metabolizing cystine under pathological conditions. We
previously reported that, during cystine metabolism, CSE undergoes self-inactivation through
polysulfidation at the Cys136 residue. Here, contrary to the anticipated role of L-S-nitrosocysteine (L-
CysNO) as a nitric oxide (NO) donor, we demonstrate that it serves as a substrate for CSE and that
its metabolites inhibit its activity. The in vitro incubation of CSE—but not the Cys136/171Val
mutant—with L-CysNO resulted in the dose-dependent inhibition of supersulfide production, which
was not reversed by the reducing agents. Notably, CSE activity remained unchanged upon pre-
incubation with other NO donors, such as S-nitrosoglutathione or D-CysNO, but was inhibited when
co-incubated with cysteine. Furthermore, when PLP was removed from the CSE/L-CysNO premix,
L-CysNO no longer inhibited CSE activity, suggesting that CSE metabolizes L-CysNO and that its
metabolites contribute to enzyme inactivation. Indeed, we identified thionitrous acid and pyruvate
as the primary CSE/L-CysNO reaction products. Thus, we establish L-CysNO as a CSE substrate and
demonstrate that its metabolites act as enzyme inhibitors through a novel irreversible modification
at the Cys136/171 residues.

Keywords: cystathionine γ-lyase (CSE); supersulfides; nitric oxide (NO); S-nitrosocysteine (CysNO); 
redox regulation 

1. Introduction

Supersulfides are sulfur species with catenated sulfur atoms, which include hydropersulfides
(RSSHs) and polysulfide species (RSSnR; n > 1, R = hydrogen, and alkyl or cyclic sulfurs) [1,2]. They 
have strong nucleophilic and antioxidant properties, surpassing those of thiols and thereby acting as 
redox-signaling molecules [3–6]. They also serve as electron acceptors, with cysteine hydropersulfide 
being reduced to H2S in the mitochondrial electron transport chain. This process is closely associated 
with energy metabolism and lifespan [4,7]. In mammals, endogenous cysteine hydropersulfide can 
be synthesized by the pyridoxal 5′-phosphate (PLP)-dependent activity of cysteinyl-tRNA synthetase 
using cysteine as a substrate [4,8]. Cysteine is synthesized via the transsulfuration pathway involving 
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the PLP-dependent enzymes, cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE), where 
CSE catalyzes the conversion of cystathionine, produced by CBS, into cysteine.  

CSE has also been reported as another enzyme that generates cysteine hydropersulfide using 
cystine—instead of cysteine—as a substrate in oxidative stress conditions [5] and produces H2S using 
ergothioneine, a dietary thione/thiol that improves the health and lifespan of aged animals [9]. CSE 
was upregulated in response to short-term 50% dietary restriction, contributing to oxidative stress 
resistance under sulfur amino acid restriction in mice [10]. Thus, CSE may serve as a simple molecular 
biomarker associated with longevity [11]. CSE can be regulated by post-translational modifications. 
Specific phosphorylation sites have been identified, resulting in either enhanced or reduced CSE 
activity under hypoxic conditions in endothelial cells [12] or normoxic conditions in the carotid body 
[13], respectively. CSE has also been identified as a cysteine-based redox-sensitive enzyme, as the 
endogenous S-nitrosylation of CSE at Cys136/171 has been reported in mouse liver [14]. In human 
aortic vascular smooth muscle cells, H2O2-triggered stable disulfide bond formation between Cys252 
and Cys255 enhances the H2S-producing activity of CSE [15]. CSE nitration and polysulfidation have 
also been reported, although the significance of these site-specific modifications has yet to be fully 
investigated [16,17]. It was also shown that the physiological NO donor, S-nitrosoglutathione 
(GSNO), suppresses the H2S-generating activity of human CSE from cysteine through S-nitrosylation 
at Cys137 (equivalent to Cys136 in mice and rats) [18]. We recently reported that CSE self-inactivates 
through polysulfidation at the Cys136 residue during cystine metabolism [19]. 

Therefore, our initial objective was to determine whether GSNO can directly affect the cysteine 
hydropersulfide-producing activity of CSE, given that cysteine hydropersulfide can be synthesized 
by CSE independently of H2S [2,20]. Experiments were also performed to analyze whether L-S-
nitrosocysteine (L-CysNO) affects the cysteine hydropersulfide-producing activity of CSE in the 
presence or absence of PLP, since L-CysNO—but not GSNO—altered this activity. We propose that 
L-CysNO is an endogenous CSE substrate and suggest that the reaction products, rather than acting 
as NO donors, are the main factors responsible for decreased CSE hydropersulfide-producing 
activity.  

2. Materials and Methods 

2.1. Materials 

The cDNA for rat liver CSE was a generous gift from Dr. Nozomu Nishi [21] (Life Science 
Research Center, Kagawa University, Kagawa, Japan). The anti-CSE antibody was prepared as 
described previously [22]. Sulfane sulfur probe 4 (SSP4) was obtained from Dojindo laboratories 
(Kumamoto, Japan). All other materials and reagents were of the highest quality available from 
commercial suppliers. 

2.2. Plasmid Construction 

The rat CSE mutants C136V, 171V, or C136V/C171V (i.e., a mutant bearing both Cys136 and 
Cys171 replacement with Val residues) were subcloned into a pME18S vector. The nucleotide 
sequences of each mutant were confirmed by DNA sequencing. 

2.3. CSE Purification 

Recombinant rat CSE was expressed in E. coli (DH5α) using pGEX-6P and purified by using 
GSH accept (Nacalai Tesque, Kyoto, Japan). Protein concentrations were determined by the Bradford 
method, using BSA as the protein standard. 

2.4. Measurement of CSE Activity 

The Cys-SSH produced by CSE, with cystine as a substrate, was measured by using SSP4. We 
initially performed an enzyme titration curve and a time course for SSP4 assay. The experiment was 
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performed with a cystine substrate concentration of 1 mM. The velocity was obtained from the slope 
of the linear part of the curve. Thus, an enzyme concentration of 50 μg/mL and assay time of 20 min 
were selected for the assay. Recombinant CSEs (50 μg/mL) were incubated in 20 mM Hepes (pH 7.5), 
containing 50 μM PLP with buffer alone or 1 mM cystine for 20 min at 37 °C. Samples of interest were 
reacted with 10 μM SSP4 in 20 mM Tris-HCl (pH 7.4) in the presence of 1 mM 
cetyltrimethylammonium bromide in the dark for 10 min at room temperature. The fluorescence 
intensities of the resultant solutions were determined using a microplate reader (BioTek Synergy 
HTX Multimode Reader, Agilent Technologies, Inc., Santa Clara, CA, U.S.A.) with excitation and 
emission wavelengths of 485/20 nm and 528/20 nm, respectively. In some studies, it was necessary to 
remove the polysulfide donor which reacts with SSP4 and reducing agent, which decomposes Cys-
SSH produced by CSE to cysteine. Thus, we established an immobilized CSE assay. GST-CSE was 
expressed for use in E. coli (DH5α) using pGEX-6P, which was subsequently immobilized with GSH-
agarose. Cys-SSH and Na2S4 treatments and reducing agents were removed by centrifugation, and 
immobilized CSE was washed three times with 50 mM Hepes (pH 7.5), followed by incubation with 
50 μM PLP, as well as 1 mM cystine, at 37 °C for 20 min. The Cys-SSH contents in the samples of 
interest were analyzed, as described above. The cysteine produced by CSE from cystathionine was 
measured by DTNB assay. Briefly, purified CSEs (30 μg/mL) were incubated with 1 mM cystathionine 
in 40 mM borate buffer (pH 8.2), containing 50 μM PLP and 1 mM DTNB at 30 °C for 10 min. We 
measured the absorption development at 412 nm due to the formation of the nitrobenzene thiolate 
anion. 

2.5. HSNO Measurement Using TAP-1 

The HSNO produced by CSE from CSNO as a substrate was measured by using TAP-1 [23]. The 
experiment was performed with a substrate concentration of 1 mM CSNO. Thus, an enzyme 
concentration of 50 μg/mL and assay time of 20 min were selected for the assay. Recombinant CSEs 
(50 μg/mL) were incubated in 20 mM Hepes (pH 7.5), containing 50 μM PLP with buffer alone or 1 
mM cystine for 20 min at 37 °C. Samples of interest were reacted with 10 μM TAP-1 in 20 mM Tris-
HCl (pH 7.4) in the presence of 1 mM cetyltrimethylammonium bromide in the dark for 10 min at 
room temperature. The fluorescence intensities of the resultant solutions were determined using a 
microplate reader (BioTek Synergy HTX Multimode Reader, Agilent Technologies, Inc., Santa Clara, 
CA, U.S.A.) with excitation and emission wavelengths of 485/20 nm and 528/20 nm, respectively.  

2.6. Live-Cell Fluorescence Imaging of Cys-SSH 

COS-7 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 
10% fetal calf serum (FBS) and 1% penicillin–streptomycin, under humidified conditions at 37 °C. 
Cells were initially plated onto 6 cm dishes at a density of 5 × 10⁵ cells per dish. Transient transfection 
was carried out using Lipofectamine 3000 (Thermo Fisher Scientific). In brief, 1 μg of plasmid DNA 
was mixed with 2 μL of P3000 reagent and 3 μL of Lipofectamine 3000 in Opti-MEM, which was then 
added to the cells. After 24 hours of incubation, transfected COS-7 cells were re-plated for imaging 
and protein analysis: 5 × 10⁴ cells per well in an eight-well chamber slide (μ-Slide 8 Well High, ibidi 
GmbH, Gräfelfing, Germany) for microscopy, and 5 × 10⁵ cells per 6 cm dish for Western blotting. 
Following an additional 48-hour incubation, the cells were rinsed once with serum-free DMEM, then 
incubated for 15 minutes at 37 °C with 20 μM SSP4 in serum-free DMEM containing 500 μM 
cetyltrimethylammonium bromide. Excess probe was removed by washing the cells with HBSS. 
Fluorescence imaging was performed using a Nikon A1R+ confocal laser scanning microscope 
mounted on an ECLIPSE Ti-E inverted microscope equipped with a 20× objective lens. The excitation 
wavelength was set to 488 nm and emission was detected at 500/50 nm. Image fluorescence intensity 
was quantified using NIS-Elements software (Nikon, Tokyo, Japan). 

3. Results 
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3.1. L-CysNO, but Not Other NO Donors, Inhibits CSE’s Cysteine Hydropersulfide-Producing Activity 

It was shown that CSE-mediated H2S production was inhibited by either diethylamine (DEA)-
NONOate or GSNO when cysteine was used as a substrate [18,24]. Therefore, we first evaluated the 
ability of these NO-donors, along with L-CysNO, to inhibit the cysteine hydropersulfide-producing 
activity of CSE; this was achieved using cystine as a substrate and a sulfur-specific fluorescent probe, 
SSP4. When we tested the effect of various concentrations of L-CysNO on CSE activity, suppression 
was shown to occur in a dose-dependent manner, with an apparent IC50 value of 10 μM (Figure 1a). 
Although DEA-NONOate or GSNO alone did not inhibit CSE activity, the co-incubation of these NO-
donors with L-cysteine resulted in attenuated CSE activity (Figure 1b). Next, we determined whether 
D-CysNO, a stereoisomer of L-CysNO, could also inhibit CSE activity. Although equal amounts of 
D-CysNO and L-CysNO produced a similar amount of NO (data not shown), L-CysNO alone 
inhibited CSE activity, whereas D-CysNO inhibited it only in the presence of L-Cys (Figure 1c). 

 
Figure 1. Effect of NO donors on CSE activity. (a) Concentration-dependent inhibition of CSE activity by 
incubation with L-CysNO. Purified CSE (50 μg/mL) was incubated at 30 °C for 30 min with varying 
concentrations of NO donor compounds in a buffer containing 50 mM Hepes/NaOH (pH 7.5) and 50 μM PLP. 
Enzyme activity was subsequently measured by adding 1 mM cystine, and the resulting Cys-SSH levels were 
quantified using the SSP4 probe. (b)(c) Effect of cysteine on NO donor-mediated modulation of CSE activity. 
Purified CSE (50 μg/mL) was incubated at 30 °C for 30 min with 10 μM NO donor compounds in the same buffer, 
in the presence or absence of 10 μM cysteine. Results are the mean ± SE of four independent experiments. **** p 
< 0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05, unless otherwise indicated in the figure, compared with the 
controls of each sample. n.s.: not significant. 

Since both protein S-nitrosylation and polysulfidation have been described as reversible post-
translational modifications, immobilized CSE/L-CysNO treatment coupled with reducing agents was 
performed to check the reversibility of CSE inhibition by L-CysNO. L-CysNO-induced CSE inhibition 
was not restored by post-addition of either a thiol-containing reducing agent dithiothreitol (DTT) or 
a thiol-free reducing agent Tris (2-carboxyethyl) phosphine (TCEP) (Figure 2a). As noted in our 
earlier study, immobilized CSE pretreatment with 10 μM Na2S4 resulted in suppressed β-lyase 
activity toward cystine via polysulfidation, which was restored upon DTT addition (Figure 2b). These 
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results suggest that the formation of L-CysNO, rather than the NO-donors themselves, is required to 
irreversibly suppress CSE activity when cystine is used as a substrate. 

 

Figure 2. Effect of DTT and TCEP on the reversibility of CSE inhibition by either L-CysNO or Na2S4. Immobilized 
GST-CSE was preincubated with either 100 μM L-CysNO (a, b) or 10 μM Na2S4 (b) in the presence of 50 μM PLP 
at 30 °C for 10 min. After centrifugation to remove residual L-CysNO or Na2S4, CSE activity was assessed in a 
reaction mixture containing 50 μM PLP and 1 mM cystine. The production of CysSSH was then detected using 
the SSP4 fluorescent probe. For the DTT (a, b) and TCEP (a) conditions, samples were additionally incubated 
with 10 mM DTT and 10 mM TCEP at 30 °C for 10 min, followed by centrifugation prior to assessment. Results 
are the mean ± SE of four independent experiments. **** p < 0.0001, ** p < 0.01, and * p < 0.05, unless otherwise 
indicated in the figure, compared with the controls of each sample. n.s.: not significant. 

3.2. CSE Activity Inhibition by L-CysNO Requires the Presence of PLP. 

The above data suggest a causal role of L-CysNO-derived metabolites in the subsequent 
inhibition of CSE activity. To further investigate this concept, we examined whether L-CysNO could 
inhibit this activity in the absence of PLP, which is an essential cofactor for CSE. CSE pretreatment 
with L-CysNO in the absence of PLP failed to inhibit enzyme activity (Figure 3), indicating that CSE 
metabolizes L-CysNO and its metabolites inactivate the enzyme.  

 

Figure 3. Effect of PLP on L-CysNO-induced inhibition of CSE activity. Immobilized GST-CSE was preincubated 
with 10 μM D- or L-CysNO at 30 °C for 10 min, either without (a) or with (b) 50 μM PLP. The enzymatic activity 
of CSE in each reaction mixture was then measured in the presence of 50 μM PLP and 1 mM cystine, following 
the procedure described in Figure 2. Results are the mean ± SE of four independent experiments. **** p < 0.0001, 
unless otherwise indicated in the figure, compared with the controls of each sample. n.s.: not significant. 
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Since CSE shows β-lyase activity toward cystine—an oxidized derivative of Cys—in producing 
cysteine hydropersulfide and pyruvate (Schema 1), it could also exhibit β-lyase activity toward L-
CysNO, producing thionitrous acid (HSNO) and pyruvate as the primary products (Schema 2). 

 

Scheme 1. CSE β-lyase activity toward cystine in generating Cys-SSH. 

 

Scheme 2. CSE β-lyase activity toward L-CysNO in generating HSNO. 

We analyzed CSE/L-CysNO reaction products using the fluorescent probe TAP-1 for HSNO 
detection [23]; we also used a fluorescent probe for detecting the hydrogen peroxide produced by 
pyruvate/pyruvate oxidase in order to quantify pyruvate, following the manufacturer’s instructions. 
The PLP-dependent β-lyase activity of CSE toward L-CysNO—but not D-CysNO—in producing 
HSNO was evident, and this was dampened by DL-propargylglycine (PAG) pretreatment, a CSE 
inhibitor (Figure 4a and b). Pyruvate production was also observed when CSE was treated with L-
CysNO, but not with D-CysNO (Figure 4c). These results suggest HSNO and pyruvate are the 
primary products of the CSE/L-CysNO reaction, and these metabolites might be involved in 
irreversible CSE inhibition. 

 

Figure 4. Product analysis of CSE with L-CysNO. (a, b) HSNO production. Purified CSE (50 μg/mL) was 
incubated at 30 °C for 30 min with 100 μM D- or L-CysNO, either without or with 50 μM PLP (a), or with the 
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indicated concentrations of L-CysNO and 50 μM PLP, in the absence or presence of 1mM PAG (b), in a buffer 
containing 50 mM Hepes/NaOH (pH 7.5) and 50 μM PLP. HSNO levels were quantified using the TAP-1 probe. 
(c) Pyruvate production. Purified CSE (50 μg/mL) was incubated at 30 °C for 30 min with 1 mM cystine or D- or 
L-CysNO in the presence of 50 μM PLP in the same buffer. Pyruvate production was measured using a 
fluorescent probe specific for hydrogen peroxide. Results are the mean ± SE of four independent experiments. 
**** p < 0.0001 when compared with the controls of each sample. 

3.3. Cys136 and/or Cys171 Are CSE Sensors of L-CysNO-Induced Enzyme Inhibition 

We previously reported that Cys136 is a CSE redox sensor during β-lyase activity toward 
cystine, generating cysteine hydropersulfide [19]. In human CSE, the Cys137 residue (corresponding 
to Cys136 in mice and rats) has been found to play a key role in S-nitrosoglutathione-induced CSE 
activity inhibition in producing H2S from cysteine [18]. Therefore, we tested whether Cys136 is a 
critical residue for L-CysNO-induced CSE inhibition. The rat liver CSE enzyme comprises twelve 
cysteine residues. To identify which of these are susceptible to CysNO-induced CSE inactivation, we 
created rat CSE mutants in which each cysteine was individually substituted with valine. Rat CSE 
was expressed with a GST tag in pGEX-6P vectors, followed by site-specific GST removal and 
purification. All purified CSE variants achieved at least 90% purity, displaying a primary band at 
approximately 45 kDa on SDS-PAGE, visualized with Coomassie Brilliant Blue staining (Figure 5a). 
The activity of the wild-type enzyme was suppressed upon exposure to 100 μM L-CysNO. In contrast, 
the CSE mutant C136V exhibited partial resistance to L-CysNO. Other CSE mutants, including C69V, 
C83V, C108V, C171V, C205V, C207V, C251V, C254V, C255V, C306V, and C309V, showed no 
significant changes (Figure 5b). Studies have indicated that endogenous CSE undergoes S-
nitrosylation at Cys171 and Cys136/Cys171 in the kidney and liver of wild-type mice, respectively 
[14]. Therefore, a double mutant CSE (C136V/C171V) was expressed and purified using identical 
pGEX-6P vectors. The recombinant protein achieved a purity level exceeding 90% and appeared as a 
prominent 45 kDa band on SDS-PAGE following Coomassie Brilliant Blue staining (Figure 5c). 
Notably, the C136V/C171V CSE mutant was unaffected by L-CysNO, whereas the wild-type enzyme 
displayed significant inactivation (Figure 5d). We employed an in vitro kinase assay to assess 
whether the CSE γ-lyase activity toward cystathionine when generating cysteine may also be 
inhibited by L-CysNO. Preincubation with 100 μM L-CysNO resulted in wild-type enzyme 
inhibition, but not the C136V/C171V CSE mutant (Figure 5e).  
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Figure 5. Cysteine residues involved in L-CysNO-induced CSE activity inhibition. (a) Preparation of purified 
recombinant CSEs used in this study. Equal amounts (1 μg) of GST-cleaved wild-type CSE (WT) and the 
indicated mutants expressed in E. coli were separated by 10% SDS-PAGE and stained with Coomassie Brilliant 
Blue. (b) Purified wild-type CSE and the indicated cysteine-to-valine mutants (50 μg/mL) were incubated at 30 °C 
for 30 min either in the absence or presence of 100 μM L-CysNO and 50 μM PLP. Enzyme activity was assessed 
by adding 1 mM cystine, following the protocol described in Figure 1A. (c) Equal amounts (0.5 μg) of purified 
WT and the C136V/C171V double mutant expressed in E. coli were analyzed by 10% SDS-PAGE and stained 
with Coomassie Brilliant Blue. (d) Purified WT and the indicated CSE mutants (50 μg/mL) were incubated at 
30 °C for 30 min with or without 30 μM L-CysNO and 50 μM PLP. Enzyme activity was then evaluated by 
introducing 1 mM cystine, as described in Figure 1A. (e) Effect of the C136V/C171V mutation on the γ-lyase 
activity of CSE toward cystathionine in generating cysteine (see inset). WT or C136V/C171V mutant CSE was 
incubated with 50 μM PLP, 1 mM DTNB, and 1 mM cystathionine at 30 °C for 10 min, followed by absorbance 
measurement at 412 nm, as described in the Materials and Methods section. Results are the mean ± SE of four 
independent experiments. **** p < 0.0001, ** p < 0.01, and * p < 0.05, unless otherwise indicated in the figure, 
compared with the controls of each sample. n.s.: not significant. 

We previously demonstrated that sulfane sulfur levels increased in CSE-overexpressing cells, as 
detected using the fluorescence probe SSP4 [19,25]. For further investigation, we assessed β-lyase 
activity toward cystine in producing Cys-SSH in COS-7 cells expressing either wild-type CSE or its 
variants (C136V, C171V, or C136V/C171V). Western blot analysis using an anti-CSE antibody (Figure 
6a) confirmed that all CSE-overexpressing cells exhibited comparable CSE protein levels. A 
significant increase in SSP4 fluorescence was observed in COS-7 cells expressing wild-type or mutant 
CSEs compared to those transfected with the empty vector (Figure 6b, c). Treating cells expressing 
wild-type or C171V CSE with L-CysNO (100 μM) led to reduced enzyme activity. In contrast, the 
C136V and C136V/C171V CSE mutants exhibited near-complete resistance to L-CysNO-induced 
inactivation (Figure 6B, C). Although the endogenous CSE expression level was negligible compared 
to that of overexpressed rat CSEs, a detectable SSP4 fluorescence signal was observed in empty 
vector-transfected cells. This fluorescence was reduced upon L-CysNO treatment, suggesting the 
lower immunoreactivity of the antibody used in this study toward monkey-derived CSE. 
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Figure 6. CSE β-lyase activity toward cystine in cells. (a) COS-7 cells were transfected with wild-type (WT) CSE 
cDNA, the indicated CSE mutant cDNAs, or an empty vector (Cont), and subjected to Western blot analysis 
using anti-CSE and anti-GAPDH antibodies. (b) Live-cell fluorescence imaging of Cys-SSH production was 
performed using SSP4 in COS-7 cells transfected with either WT CSE or the indicated mutants. (c) Relative Cys-
SSH levels were quantified based on SSP4 fluorescence intensity in each sample shown in panel (b). Data are 
presented as mean ± SE. ****p < 0.0001 vs. control, as indicated; n.s., not significant. 

To further examine the effect of NOS-derived NO on cellular CSE β-lyase activity, wild-type or 
C136V/C171V mutant CSE was co-expressed with nNOS in COS-7 cells. β-lyase activity was then 
evaluated following ATP stimulation, which elevates intracellular Ca²⁺ levels through P2X purinergic 
receptor activation. Immunoblot analysis confirmed that nNOS and CSE (wild-type or 
C136V/C171V) were expressed at comparable levels under all conditions (Figure 7a). The 
overexpression of either wild-type or C136V/C171V CSE alone significantly increased SSP4 
fluorescence, with ATP stimulation further enhancing fluorescence in wild-type CSE-expressing cells 
(Figure 7b, c). When co-expressed with nNOS, wild-type CSE overexpression led to an increase in 
SSP4 fluorescence, which was subsequently diminished by ATP stimulation. In contrast, 
C136V/C171V CSE overexpression exhibited a similar increase in SSP4 fluorescence to that of wild-
type CSE, but this remained unchanged upon ATP stimulation (Figure 7 b, c). These findings suggest 
that NOS-derived NO is converted to L-CysNO, which acts as a substrate for CSE. The resulting 
metabolites suppress the cysteine hydropersulfide-producing activity of CSE through modifications 
at Cys136 and/or Cys171 within cells. 
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Figure 7. Effect of ATP-induced NOS activation on CSE β-lyase activity in cells. (a) Wild-type (CSE) or mutant 
(C136V/C171V) CSE cDNA was co-transfected into COS-7 cells along with either an empty vector (nNOS−) or 
nNOS cDNA (nNOS+), followed by Western blot analysis using anti-CSE and anti-nNOS antibodies. (b) Live-
cell fluorescence imaging of Cys-SSH production was performed using SSP4 in COS-7 cells co-transfected with 
the indicated combinations of cDNAs, with or without ATP stimulation. (c) Relative Cys-SSH levels were 
quantified based on SSP4 fluorescence intensity in each sample shown in panel (b). Data are presented as mean 
± SE. ****p < 0.0001 vs. control, as indicated; n.s., not significant. 

4. Discussion 

To the best of our knowledge, this is the first study to identify L-CysNO as a substrate for CSE. 
Previous reports have shown that NO donors inhibit the H₂S-producing activity of CSE via S-
nitrosylation at Cys136 [18,24]. However, our results indicate that NO donors—excluding L-
CysNO—do not inhibit cysteine hydropersulfide-producing activity through modification at Cys136 
and/or Cys171. This discrepancy is likely due to differences in the experimental substrates used, 
namely cysteine versus cystine. Since other NO donors can suppress this activity only when co-
incubated with L-cysteine (Figure 1b), it is plausible that their inhibitory effects are primarily 
mediated through L-CysNO formation. Although protein S-nitrosylation is generally considered to 
be fully reversible by reducing agents, Fernandes et al. reported that, when L-cysteine is used as a 
substrate, the GSNO-induced modification of CSE results in only partial inhibition reversal [18]. In 
our current study, we found that the L-CysNO-induced inactivation of CSE’s cysteine 
hydropersulfide-producing activity is not reversed by either thiol-containing or -free reducing agents 
(Figure 2). Since L-CysNO can be formed through the reaction between GSNO and L-cysteine, these 
findings suggest that GSNO-induced CSE modification in the presence of L-cysteine may interfere 
with CSE activity through a mechanism similar to that involved in the CSE/L-CysNO reaction.  

Furthermore, L-CysNO-induced CSE inhibition was evident in the presence of PLP (Figure 3), 
suggesting that CSE metabolizes L-CysNO to generate HSNO as an initial product (Figure 4). This 
implies that CSE/L-CysNO metabolites contribute to CSE activity suppression. Notably, when 
immobilized CSE was incubated with the reaction products of CSE and L-CysNO, a significant 
inhibitory and irreversible effect was observed (data not shown). However, since any residual L-
CysNO in the reaction mixture is expected to undergo further metabolism by CSE, we investigated 
whether its metabolites could also inhibit Ca²⁺/CaM-dependent protein kinase II (CaMKII), a redox-
sensitive enzyme regulated via cysteine thiols [26,27]. As shown in Supplementary Figure S1, L-
CysNO alone inhibited CaMKII activity, likely via S-nitrosylation, and this inhibition was fully 
reversed by DTT, consistent with previous findings [27]. Importantly, its inhibition becomes stronger 
and irreversible when CSE is co-treated with L-CysNO, indicating that CSE metabolizes L-CysNO 
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and that its metabolites inactivate CaMKII through a novel modification, in addition to S-
nitrosylation.

Although the smallest S-nitrosothiol, HSNO, was identified as a primary product of the CSE/L-
CysNO reaction, it is expected to exhibit lower stability in solution compared to other RSNO 
compounds [28]. To further characterize the reaction products, we utilized SSP-4 for sulfane sulfur 
detection and the fluorescent probe P-Rhod for HNO detection [29]. The β-lyase activity of CSE 
toward L-CysNO, leading to sulfane sulfur generation, was evident; it was suppressed by 
pretreatment with PAG, a CSE inhibitor (Supplementary Figure S2a). Additionally, HNO production 
was detected upon CSE treatment with L-CysNO, but not with D-CysNO (Supplementary Figure 
S2b). These findings suggest that sulfane sulfur and HNO, in addition to HSNO, are metabolic 
products of the CSE/L-CysNO reaction. We previously demonstrated that sulfane sulfur compounds 
reversibly inhibit CSE's cysteine hydropersulfide-producing activity [19]. To investigate the potential 
involvement of HNO in the observed inhibition, we examined the effect of Angeli’s salt, an HNO 
donor, on CSE activity. Angeli’s salt inhibited this CSE activity, and like the effect of Na2S4, this 
inhibition was reversed in the presence of thiols (Supplementary Figure S3). Furthermore, when PLP 
was present in the premix, this inhibition was not obvious, even in the effect of Na2S4. These findings 
suggest that PLP-dependent irreversible CSE inhibition by L-CysNO may not be mediated solely by 
sulfane sulfur compounds or HNO. To elucidate the specific inhibitory modifications at Cys136 
and/or Cys171, we are currently performing a mass spectrometric analysis of synthetic peptides 
corresponding to CSE 127-145 (FGLKISFVDC136SKTKLLEAA: 2070 Da) and CSE 162-180 
(TLKLADIKAC171AQIVHKHKD: 2132 Da) following exposure to CSE/L-CysNO reaction products. 
Preliminary results indicate the presence of mass spectra peaks at 2131 (2070 + 61) Da and 2161 (2132 
+ 29) Da, potentially corresponding to CSE127-145-SSNO (SN(S)O, [30]) and CSE162-180-SNO, 
respectively (data not shown). Further studies are necessary to confirm these findings.

In summary, our results highlight the critical role of CSE, a pro-longevity gene product [11], in 
generating HSNO, which has been proposed as a key intermediate in intracellular sulfur and nitrogen 
signaling. Although further investigation is required to fully elucidate the mechanism underlying L-
CysNO-induced irreversible CSE inhibition at Cys136 and/or Cys171, our findings suggest that CSE 
metabolizes L-CysNO, leading to enzyme inactivation. This phenomenon may have physiological 
significance if the irreversible inhibition observed in this study is also present under 
(patho)physiological conditions. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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The following abbreviations are used in this manuscript: 

CBS 
CSE 
CysSSH 
D-CysNO 
L-CysNO 
DTT 
GSNO 
NO 
PAGE 
PLP 
SSP4 
 
 

cystathionine β-synthase 
cystathionine-γ-lyase 
cysteine hydropersulfide 
D-S-nitrosocysteine 
L-S-nitrosocystein 
dithiothreitol 
S-nitrosoglutathione 
nitric oxide 
polyacrylamide gel electrophoresis 
pyridoxal 5’-phosphate 
sulfane sulfur probe 4 
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