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General remarks 

• 1H NMR spectra were recorded on JEOL ECX 400 MHz or Bruker 400 MHz 

spectrometer using tetramethylsilane (TMS) as an internal standard (dH = 0.00), 

unless specified otherwise. Chemical shifts are expressed in ppm units downfield 

to TMS. 

• 13C NMR spectra were recorded on JEOL ECX 100 MHz or Bruker 100 MHz 

spectrometer. 

• Chemical shifts (d) are reported in ppm and coupling constant (J) in Hz  

• Mass spectra were obtained using HRMS-ESI-Q-Time of Flight LC-MS (Synapt 

G2, Waters) or MALDI TOF/TOF Analyser (Applied Biosystems 4800 Plus). 

• FT-IR spectra were obtained using Bruker Alpha-FT-IR spectrometer and reported 

in cm-1. 

• All reactions were monitored by Thin-Layer Chromatography carried out on 

precoated Merck silica plates (F254, 0.25 mm thickness); compounds were 

visualized by UV light. 

• All reactions were carried out under nitrogen or argon atmosphere with freshly dried 

solvents under anhydrous conditions and yields refer to chromatographically 

homogenous materials unless otherwise stated. 

• All evaporations were carried out under reduced pressure on Büchi and Heildoph 

rotary evaporator below 45 °C unless specified otherwise.  

• Silica gel (60-120) and (100-200) mesh were used for column chromatography. 
• Materials were obtained from commercial suppliers and were used without further 

purification. 

• Preparative HPLC purification was carried out using high performance liquid 

chromatography (HPLC) with C-18 preparative column (21.2 mm × 250 mm, 10 

µm; Kromasil C18). 

• HPLC analysis data was obtained using Agilent Technologies 1260 Infinity, C18 

reversed phase column (4.6 mm × 250 mm, 5 µm). 

• LC/MS data was obtained using high resolution multiple reaction monitoring 

(MRM-HR) analysis on a Sciex X500R quadrupole time-of flight (QTOF) mass 

spectrometer fitted with an Exion UHPLC system using a Kinetex 2.6 mm 
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hydrophilic interaction liquid chromatography (HILIC) column with 100 Å particle 

size, 150 mm length and 3 mm internal diameter (Phenomenex) 

• Spectrophotometric and fluorometric measurements were performed using Thermo 

Scientific Varioskan microwell plate reader. 
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Abstract 

Hydrogen sulfide (H2S) plays an integral role in several intracellular signaling processes, 

modulating an array of physiological functions including vasodilation, neurotransmission, 

antioxidant response, inflammation, angiogenesis, hypoxia sensing to list a few. One of the 

widely accepted mechanisms of H2S signaling is the oxidative post translational modification 

of cysteine residues in proteins, known as protein persulfidation. While H2S can persulfidate 

proteins only under oxidizing conditions, persulfides and polysulfides, collectively termed as 

sulfane sulfurs can modify proteins directly and are more efficient than H2S. Additionally, low 

molecular weight (LMW) persulfides are better reductants and multiple evidences suggest that 

persulfides are far superior at sequestering oxidants compared to its congeners, thiols and H2S. 

Hence, small molecule persulfides have emerged as important intermediates in combating 

oxidative and electrophilic stress. This has fueled the development of strategies to enhance 

cellular persulfides and modulate the levels of intracellular protein persulfidation. LMW 

persulfides are unstable in aqueous solution due to its propensity to undergo disproportionation, 

therefore, generating these species in cells has been a major challenge. In this regard, we 

designed two distinct strategies for the generation of persulfides. The first strategy involved 

design and synthesis of prodrugs of persulfides, wherein the persulfide moiety is masked by a 

protecting group which can be cleaved in response to an external stimulus. Any diseased 

condition is often accompanied by an overproduction of free radicals and reactive oxygen 

species (ROS). So, we synthesized and evaluated a persulfide prodrug responsive to hydrogen 

peroxide (H2O2), a stable ROS. The compound upon activation by H2O2 was found to generate 

persulfides and exhibit cytoprotective effects in cells against oxidative stress induced damage. 

The next class of prodrugs were designed to be activated by the enzymes b-glycosidase, which 

are upregulated in cells exposed to stress such an inflammation and cancer. Two series of 

compounds were synthesized, responsive to b-glucosidase and b-galactosidase respectively. 

The compounds were found to be cleaved by the aforementioned enzymes to generate sulfane 

sulfurs along with H2S. Although these compounds were helpful in providing insights into the 

physicochemical properties of persulfides and its therapeutic potential, this strategy is limited 

by the complexity of synthesis and low shelf-stability of the compounds. Our second approach 

was to leverage the biosynthetic machinery of the cell to generate persulfides. We developed 

compounds that does not contain the persulfide functional group but can generate persulfides 

upon entry into cells. Artificial substrates for 3-mercaptopyruvate sulfurtransferase (3-MST), 

an enzyme involved in sulfur trafficking was synthesized and evaluated. This compound was 
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found to generate persulfides/polysulfides upon turnover by 3-MST and generate H2S in cells. 

Further, antioxidative and anti-inflammatory effects of this compound was demonstrated in-

vitro and in-vivo. Lastly, a prodrug of the artificial substrate for 3-MST, responsive to b-

galactosidase, a biomarker for senescent cells was synthesized, as a tool to interrogate the 

functional consequences of persulfidation in senescence and aging. The compound was 

selective towards activation by b-galactosidase. Generation of H2S in the presence of 3-MST 

and persulfidation of proteins in senescent cells was observed with the compound.  

Taken together, we have developed strategies for efficient generation of intracellular 

persulfides with benign byproducts, that should help us delineate the role of persulfides in cell 

signaling while harnessing its therapeutic potential.   
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CHAPTER 1: Introduction 

1.1 Hydrogen Sulfide (H2S) Signaling 

Since the emergence of life on earth, sulfur has been an essential element in living 

organisms, and is used in the construction of biomolecules like amino acids cysteine and 

methionine, formation of iron sulfur (Fe-S) clusters, coenzymes and co-substrates and a 

multitude of metabolic pathways. Sulfur containing proteins and peptides (glutathione, GSH 

for instance) has been a crucial component of the antioxidant machinery of the cell, protecting 

biomolecules against oxidative damage inflicted under conditions of stress.1,2 On the contrary, 

some sulfur derived entities generated within cells, collectively termed as reactive sulfur 

species can damage biomolecules at elevated concentrations.3,4 This versatile nature of sulfur 

can be ascribed to its interconvertible oxidation states (Figure 1.1.).5 

 
Figure 1.1. Sulfur can exist in different oxidation states. Some of the biologically relevant reactive 
sulfur species are shown. Red and blue are used to designate negative and positive oxidation states 
respectively.  

Hydrogen sulfide (H2S) is one of the simplest physiologically relevant thiols. The first 

report on the physiological relevance of H2S dates back to 1996, where Kimura and co-workers 

have reported the role of H2S as a potential neuromodulator.6 Ever since there have been 

mounting evidence of H2S mediating several intracellular signaling process, joining the family 

of gasotransmitters along with nitric oxide (NO) and carbon monoxide (CO). The biosynthesis 

of H2S in eukaryotes involves the enzyme 3-mercaptopyruvate sulfurtransferase (3-MST) and 

other transsulfuration pathway enzymes cystathionine-b-synthase (CBS) and cystathionine-g-

lyase (CSE).7–10 H2S has been reported to play fundamental roles in human physiology, 

modulating an array of cellular functions including vasodilation,11,12 neurotransmission,13 

angiogenesis,14,15 inflammation,16,17 hypoxia sensing,18 myocardial ischemia reperfusion19 to 

name a few. Several studies have demonstrated the cytoprotective nature of H2S, possibly due 

to its ability to readily react with a variety of reactive species such as oxyradicals,20 
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hypochlorous acid21 and peroxynitrite.22 In fact, H2S can efficiently scavenge oxidants in-vitro 

at a rate comparable to that of thiols, supported by their similar one electron reduction 

potentials (Eo¢ (S•−, H+/HS−) = 0.92 V; Eo¢ (RS•, H+/RSH) = 0.96 V).23 However, in biological 

systems the possibility of H2S directly scavenging oxidants is limited by kinetic parameters 

such as concentration. While thiols such as Glutathione (GSH) is present in millimolar 

concentrations, the tissue concentration of H2S is in submicromolar range, several magnitudes 

lower than thiols, suggesting that H2S cannot serve as an antioxidant. Nevertheless, multiple 

studies have demonstrated the antioxidant and protective effects of H2S in cells exposed to 

oxidants.  

1.2 Cellular mechanisms of persulfidation 

One of the widely accepted mechanisms of H2S signaling is the oxidative post translational 

modification (oxPTM) of cysteine residues (CysSH), known as protein persulfidation 

(CysS-SH). Direct reaction of H2S with CysSH is limited by redox constraints, since the S in 

both these species exists in the lowest oxidation state (–2). H2S can only react with oxidized 

CysSH residues in the protein such as sulfenic acid (CysS-OH), disulfides (CysS-SCys), 

nitrosothiols (CysS-NO) or glutathionylated (CysS-SG) cysteine (Figure 1.2.a.).24–26  

 

Figure 1.2. a) Persulfidation of proteins by reaction of H2S with oxidized cysteine residues. b) Protein 
persulfidation induced by persulfides and polysulfides.  

While H2S can induce persulfidation only under oxidative conditions, sulfane sulfurs can 
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and is a collective term used to define polysulfides (RS-SnH, RS-SnR), persulfides (RS-SH), 

elemental sulfur (S8) and thiosulfate (S2O32-).32,33  

1. H2S and disulfides: The reaction between H2S and a low molecular weight (LMW) 

disulfide such as cystine and GSSG is slow.26,34,35 For instance, the rate constant for 

reaction with cystine at pH 7.4 at room temperature is 0.6 M–1.36 Although this reaction 

can be accelerated by the protein microenvironment, as evidenced by the reaction of 

H2S with the active site disulfide of sulfide:quinone reductase (SQR).37 Given the 

cytosolic concentration of disulfides is very low in the reducing milieu of the cell, this 

mechanism might not be a major contributor to persulfide formation, except under 

oxidizing conditions.38 

2. H2S and sulfenic acid: Sulfenic acids (RSOH) are produced during oxidation of cysteine 

residues in the presence of oxidants like hydrogen peroxide (H2O2) or hypochlorous 

acid (HOCl).39 Typically, sulfenic acids being unstable immediately reacts with 

existing thiols to form disulfides or with H2S to form persulfides.36,40 Consistent with 

this observation, levels of intracellular persulfidation was found to be elevated under 

conditions of oxidative stress.36 

3. H2S and nitrosothiols: S-nitrosation (RS-NO) is a post translational modification of 

cysteine residues mediated by NO.41 Generally, nitrosothiols (RS-NO) react with H2S 

through the N to form thionitrous acid (HSNO).42 Alternatively, a nucleophilic attack 

on the S of RS-NO would yield a persulfide (RS-SH) and nitroxyl (HNO) (Figure 1.3.). 

The latter is thermodynamically unfavorable; however, a protein microenvironment 

might facilitate this reaction.23,43 RS-NO can be represented by two resonance 

structures, protein microenvironment stabilizing the resonance form II would make the 

S more susceptible to nucleophilic attack, thus favoring the formation a persulfide over 

HSNO.  

 
Figure 1.3. Resonance structures of S-nitrosothiol. Nucleophilic attack is favoured on structure 
II, leading to the formation of a protein persulfide and HNO.  
 

4. H2S and persulfides: The transfer of the terminal sulfur from persulfides to a thiolate is 

termed as transpersulfidation and has been documented in several proteins.31 A 

nucleophilic attack of the thiolate on the inner S leads to the generation of H2S, while 
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an attack on the terminal S results in a persulfide (Figure 1.4.). The nature of the 

reaction and the products formed are influenced by a number of factors including steric 

bulk of the thiolate, protein microenvironment and acidity of the thiolate.44 LMW 

persulfides like CysS-SH and GS-SH are widely prevalent and are major 

persulfidating agents in biological systems.27,44,45 As demonstrated by Akaike and co-

workers, a significant upregulation of protein persulfidation was observed in cells 

overexpressed with CBS and CSE, enzymes involved in the biosynthesis of 

CysS-SH.27  

 
Figure 1.4. Nucleophilic attack of thiol on persulfides, leading to either transpersulfidation or 
release of H2S. 
 

5. H2S and polysulfides: Thiols can undergo nucleophilic attack on polysulfides to form 

persulfides. Polysulfides are common contaminants in commercially available Na2S or 

NaSH samples and much of the biological functions mediated by exogenous H2S have 

been attributed to polysulfides.29,46 Additionally, polysulfide donors have been reported 

to induce persulfidation of proteins such as glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and kelch like ECH associated protein (KEAP1).47,48 However, polysulfides 

are unstable and prone to reduction, hence their physiological relevance under reducing 

environment of the cell remains unclear.  

1.3. Physiological relevance of persulfidation 

In one of the earliest reports, Snyder and co-workers in 2009 have demonstrated that 

H2S modifies a large number of proteins by persulfidation and about 10-25% of the proteins, 

including GAPDH, actin, tubulin was found to be persulfidated under physiological 

conditions.6 Subsequently, using a biotin thiol assay (BTA) >800 proteins in a pancreatic beta 

cell line were identified to be persulfidated by Banerjee and co-workers.49 Detection of protein 

persulfides has been a major challenge, due to its short half-life and interference from other 

reactive sulfur species like thiols, sulfenic acids and disulfides. Later, Nagy and co-workers 
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have developed a specific protein persulfide detection protocol (ProPerDP) to reveal 

significantly lower levels of protein persulfide (0.1 to 1% of the total protein pool) in human 

embryonic kidney (HEK293) cells.50 Nevertheless, persulfidation of proteins have functional 

implications in multiple physiological processes, including inflammation,51 antioxidant 

response,52 neurodegenerative disorders like Parkinson’s disease (PD),53 Alzheimer’s disease 

(AD)54 and Huntington’s disease.55  

1.3.1. Persulfidation of KEAP1  

One of the major antioxidants signaling pathways involves the activation of the 

transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2).56 Under normal 

conditions, the oxidative stress sensor protein KEAP1 forms a complex with Nrf2 where Nrf2 

is ubiquitinated by the Culin3-KEAP1 E3 ubiquitin ligase complex, leading to its proteosomal 

degradation. Thus, the activity of Nrf2 under homeostatic conditions is tightly regulated.57 

Under conditions of oxidative stress, H2S has been reported to modify the Cys151 residue of 

KEAP1 to form a persulfide, leading to a conformational change and dissociation of the 

KEAP1-Nrf2 complex. The free Nrf2 then subsequently translocates to the nucleus where it 

can promote the activation of antioxidant responsive elements (ARE) such as glutathione 

reductase and glutamate-cysteine ligase (GCL) (Figure 1.5.).52  

In one report, an onion derived metabolite S-1-propenylmercaptocysteine (CySSPe) 

was demonstrated to exhibit protective effects against oxidative stress. CySSPe mediates 

persulfidation of KEAP1, facilitating the nuclear translocation of Nrf2 and enhance the 

expression of antioxidant enzymes such as NQO1, heme oxygenase (HO-1) and GCL.58 

Another study has reported the antioxidant potential of polysulfides via a similar KEAP1 

persulfidation mechanism and regulation of the KEAP1-Nrf2 pathway (Figure 1.5.).47  

 
Figure 1.5. Persulfidation regulating the KEAP1-Nrf2 pathway 
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1.3.2. Persulfidation protects proteins from oxidation  

Typically, under conditions of excess H2O2 (oxidative stress), cysteine residues in 

proteins gets oxidized to sulfenic acid (RSOH) which can be further oxidized to the sulfinic 

(RSO2H) and sulfonic acid (RSO3H).59 These are considered to be irreversible modifications 

and can potentially lead to loss of activity of the protein.60,61 However, if the cysteine residues 

are persulfidated, analogous to the reaction of thiols with H2O2, persulfides are likely to form 

perthiosulfenic acid (RS-SOH). In presence of excess oxidants, RS-SOH can be further 

oxidized to form the perthiolsulfinic acid (RS-SO2H) and the perthiosulfonic acid (RS-SO3H), 

detected as products of oxidation in papain and glutathione peroxidase.36,62 Unlike the sulfinic 

(RSO2H) and sulfonic acid (RSO3H) derived from thiols, the persulfide analogues can be 

reduced by enzymes such as thioredoxin to restore the native thiol (Figure 1.6.).63,64 Thus, 

persulfides can protect proteins from overoxidation under conditions of oxidative stress. 

 
Figure 1.6. Persulfidation protects protein from overoxidation under conditions of oxidative stress. 

1.3.3. Persulfidation of NFkB  

The innate immune response involves the nuclear factor (NFkB) which is a transcription 

factor composed of two subunits p65 and p50. In unstimulated cells, the NFkB is sequestered 

in the cytoplasm by the inhibitor of kB (IkB) which forms a complex with NFkB.65 Upon 

stimulation, the IkB kinase (IKK) phosphorylates the IkB resulting in its ubiquitination and 

release of NFkB. This is followed by phosphorylation of NFkB which after translocation to 

the nucleus induces the expression of pro-inflammatory cytokines.66 In one of the studies, H2S 

was found elicit an anti-inflammatory response by persulfidation of the Cys38 residue of the 

p65 subunit of NFkB. Consequently, leading to a decline in its phosphorylation, translocation 

to the nucleus as well as inhibit its DNA binding activity (Figure 1.7.).51 In a separate study, 
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inflammatory response induced by LPS in macrophages as well as in vivo, in a mouse 

endotoxin shock model, possibly via inhibition of the IKK/NFkB axis.  

 
Figure 1.7. Persulfidation of the p65 subunit of NFkB leads to an inhibition in phosphorylation, nuclear 
translocation and DNA binding activity of NFkB, resulting in the downregulation of pro-inflammatory 
cytokines. Persulfidation of NFkB elicits an anti-inflammatory effect.  

1.3.4. Persulfidation in neurodegenerative diseases  

Parkin is a E3 ubiquitin ligase which plays a critical role in degradation of damaged 

neurons or molecules via ubiquitination in the proteasome. The etiology of Parkinson’s disease 

involves mutation in this protein, leading to an accumulation of toxic soluble proteins in the 

proteasome.68 Persulfidation of parkin reportedly enhances the activity of parkin. However, 

levels of persulfidation were markedly depleted in patients of Parkinson’s disease, resulting in 

an accumulation of toxic proteins and eventually leading to cell death (Figure 1.8.).53  

 
Figure 1.8. Regulatory role of persulfidation on the activity of parkin.  
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Alzheimer’s disease is characterized by an aggregation of microtubule associated proteins such 

as Tau and b-amyloid peptides. Changes in structural conformations of Tau due to its 

hyperphosphorylation mediated by the kinase glycogen synthase kinase (GSK3b), decreases 

its binding ability to microtubules. This results in aggregation of Tau leading to neurotoxicity. 

H2S donors was found to exhibit neuroprotective effects mediated by persulfidation of GSK3b, 

inhibiting its activity and preventing hyperphosphorylation of Tau.54  

1.3.5. Persulfidation of GAPDH  

GAPDH is a glycolytic enzyme with a redox active cysteine and is an important 

regulator of cellular apoptosis. GAPDH being one of the most abundant protein is a commonly 

identified target in persulfidation screens of proteomes.27 Siah1 is an E3 ubiquitin ligase which 

consists of a nuclear localization tag. Upon binding to GAPDH, it enables the nuclear 

translocation of GAPDH, triggering degradation of nuclear proteins and apoptosis.69 

Persulfidation of GAPDH by H2S has been proposed to modulate the activity of GAPDH, 

stabilization of Siah1 leading to the degradation of the postsynaptic density 95 protein 

(PSD95).70 PSD95 promotes synapse maturation and regulates synaptic stability and strength. 

Loss of PSD95 is implicated in several neurodegenerative diseases such as dementia. 

The influence of persulfidation on GAPDH has been previously studied with opposite 

inferences. Snyder and co-workers reported that GAPDH was found to be endogenously 

persulfidated at the Cys152 site, which was deficient in CSE knock down cells. Persulfidation 

reportedly enhanced its activity which was subdued upon treatment with dithiothreitol (DTT), 

a reducing agent.6 On the contrary, persulfidation of GAPDH was shown to inhibit its activity 

in a study conducted by Jarosz et al. However, it was observed that persulfidation in this case 

occurred at the Cys156 and Cys247 sites and not the Cys152 active site upon treatment with 

NaSH and polysulfides.71 A similar effect on persulfidation of GAPDH was reported by Wang 

and co-workers wherein the activity of GAPDH was inhibited upon treatment with polysulfide 

donors.48  

1.4. LMW persulfides in biological systems  

With the recent advances in persulfide detection strategies, significant concentrations of LMW 

persulfides and polysulfides, collectively known as the sulfane sulfur pool have been detected 

in biological systems. CysS-SH and polysulfides have been detected in a number of cell lines 

like lung cancer (A549), human neuroblastoma (SH-SY5Y), Hela and HEK293 cells.27,67,72 

Akaike and co-workers have detected significantly high concentrations of GS-SH in the brain 
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tissue of mice (150 µM) along with the heart and lung tissues (50 µM). Additionally, 

appreciable levels of homocysteine persulfide (HCysS-SH) and CysS-SH along with 

polysulfides (Cys-SSS-Cys, Cys-SSSS-Cys, GSSSG) were detected in human and mouse 

plasma.27 Kimura and co-workers have developed an LC/MS based method to detect hydrogen 

polysulfides (H2Sn) in the brain tissue of mice models wherein, H2S3 was found to be present 

in similar concentrations as that of H2S.73  

1.5. Biosynthesis of persulfides  

Sulfurtransferases are a group of enzymes found in archae, bacteria and eukaryotes that 

are responsible for transfer of sulfur containing groups.74 These are ubiquitously distributed 

and perform a wide range of functions including sulfur metabolism, cyanide detoxification,75,76 

iron sulfur cluster formation45 and selenium metabolism.45 The catalytic cycle of 

sulfurtransferases proceed via a two-step reaction; the active site cysteine forms a transient 

persulfide intermediate (S-SH) by accepting a sulfur from a donor compound. The sulfur then 

subsequently gets transferred to a thiophilic acceptor, regenerating the native enzyme. These 

thiophilic acceptors can be proteins like thioredoxin or glutaredoxin or small molecule thiols 

like cysteine or glutathione that can potentially mediate transpersulfidation of proteins (Figure 

1.9.).77–80 However, persulfidation of two-cysteine containing proteins are reported to be 

extremely short-lived due to the presence of a resolving cysteine, leading to a competition 

between transpersulfidation and H2S release.  

 
Figure 1.9. Catalytic cycle of sulfurtransferase. First step of the catalytic cycle involves the active site 
cysteine forming a persulfide intermediate by accepting a sulfur from the sulfur donor. The second step 
of the catalytic cycle involves sulfur transfer from the persulfidated enzyme to a sulfur acceptor, 
reinstating the sulfurtransferase to its original state.  
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Humans have five sulfurtransferase enzymes, including the mitochondrial rhodanese 

that uses GS-SH as the sulfur donor77 and 3-mercaptopyruvate sulfurtransferase (3-MST) 

which accepts a sulfur from 3-mercaptopyruvate.78,79 3-MST has been characterized as an H2S 

or ‘reactive sulfur’ producing enzyme since decades. Thiosulfate sulfurtransferase on the other 

hand comprises of three isoforms (TSTD1, TSTD2 and TSTD3), out of which only TSTD1 has 

been reported to be involved in sulfurtransferase like activity.80 TSTD1 is a cytoplasmic 

enzyme that utilizes thiosulfate as the sulfur donor. Rhodanese and 3-MST are also known to 

turnover thiosulfate, albeit less efficiently.80 The mitochondrial flavoprotein sulfide quinone 

oxidoreductase (SQR) that catalyzes the first step in the mitochondrial sulfide oxidation 

pathway also forms a transient active site persulfide intermediate.77,81 The predominant product 

of this reaction is the GS-SH.  

Apart from sulfurtransferase, CBS and CSE, the H2S producing transsulfuration pathway 

enzymes are also involved in the biogenesis of LMW persulfides in mammals. The formation 

of CysS-SH from cystine by CSE was initially reported in 1981.82 Only recently, CBS was 

found to undergo a similar reaction as well (Figure 1.10.).27  

 
 

Figure 1.10. CBS and CSE catalyzing the synthesis of CysS-SH using cystine as the substrate. 

While CBS utilizes only cystine as its substrate, CSE catalyzes the conversion of both 

cystine and homocystine (HCysSH) forming CysS-SH and homocysteine persulfide (HcyS-

SH).27,82,83 CysS-SH is formed by b-elimination of cystine whereas HcyS-SH is formed by g-

elimination of homocystine. Akaike and co-workers have reported high concentrations is CysS-

SH and GS-SH in cells overexpressed with CSE and CBS.27 In animal models supplemented 

with cystine and methionine through diet, higher levels of GS-SH (> 100 µM) and polysulfides 

were detected. A comparison of kinetic parameters for CBS catalyzed H2S production (kcat/KM 

= 2882 M-1 s-1 for cysteine) vs CysS-SH (kcat/KM = 85 M-1 s-1 for cystine) formation suggests 

that the contribution of CBS to CysS-SH formation is negligible.83 On the other hand, the 

kinetic parameters for CSE warrants that CysS-SH is the major pathway. At cystine 

concentrations above 15 µM, the kcat/KM value for cystine (1750 M-1 s-1) is higher than cysteine 

(277 M-1 s-1) suggesting that CysS-SH generation would exceed H2S production.27,83 However, 
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owing to the low intracellular concentration of cystine in the cell, substrate level might regulate 

the production of H2S over CysS-SH and the latter could be elevated only under conditions that 

would lead to a higher concentration of intracellular cystine.83,84  

Very recently, another enzyme that is involved in the biosynthesis of CysS-SH was 

discovered.85 Cysteinyl-tRNA synthetase (CARS) is originally known to catalyze the 

formation of cysteinyl tRNA via cysteine and aminoacyl tRNA. However, recent biochemical 

analyses revealed its ability to catalyze the synthesis of CysS-SH using cysteine as the 

substrate.86 It cleaves the carbon-sulfur bond to release the sulfur atom from a donor cysteine 

and transfers it to another acceptor cysteine molecule, thus forming a persulfide. Subsequent 

transfer of sulfur atoms to CysS-SH can result in formation of trisulfides (CysS-SSH) and 

polysulfides (CysS-(S)nH). Moreover, CARS can catalyze the incorporation of CysS-SH into 

tRNA which can then lead to the formation of persulfidated proteins via translation (Figure 

1.11.).  

 
Figure 1.11. CARS catalyzing the synthesis of CysS-SH from cysteine and tRNA of CysS-SH that can 
ultimately form a persulfidated protein via translation of the mRNA.  
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an absorbance maximum at 335-340 nm with a low absorption coefficient of ~310 M-1 cm-1.87 

S-H bond stretching frequency of persulfides in an IR spectra is observed at ~2500 cm-1 
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1. Acidity: In accordance with the weaker S-H bond strength of persulfides as stated 

above, it is predicted to be more acidic compared to its thiol counterpart. The pKa of 2-

[(3-aminopropyl)amino]ethane persulfide was experimentally determined to be 6.2 ± 

0.1 whereas the corresponding thiol has a pKa value of 7.6 ± 0.1.88 Recently, the pKa of 

GS-SH was reported to be 5.45 and a separate computational analysis estimated the pKa 

of CysS-SH to be 4.3, both of which are significantly lower than the thiols (>8).36,89 

These data suggest that under physiological conditions, persulfides will predominantly 

exist in the ionic form (RSS-). 

2. Spontaneous decay of persulfides: Persulfides are inherently unstable species that 

decomposes in aqueous solution to produce elemental sulfur among other reactive 

species. The half-life (t1/2) of penicillamine persulfide was found to be 2.7 min at room 

temperature whereas the t1/2 of CysS-SH was estimated to be 35 ± 3 min in buffer at 

physiological pH of 7.4 and at 37 °C.64,83 As evidenced from a real time mass 

spectrometry analysis, persulfides undergoes a disproportion reaction in aqueous 

solutions, involving two molecules of persulfides.90 Consistent with the nucleophilic 

and electrophilic characters possessed by the sulfur atoms in persulfides, the decay 

products might vary depending on the steric bulk of the alkyl group. For instance, bulky 

persulfides attack the terminal sulfur leading to the formation of a thiol and elemental 

sulfur (Figure 1.12.).83,87,91 However, smaller substituent persulfides attack the inner 

sulfur, yielding polysulfides and H2S. CysS-SH and penicillamine persulfides 

reportedly undergoes decay through the latter mechanism.83,91  

 
Figure 1.12. Disproportionation of persulfides 
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physiological pH.36,92 Furthermore, computational analysis indicates higher HOMO for 
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thiolate.93 A similar observation was recorded for CysS-SH (~50 kJ mol-1 higher than 

CysSH) suggesting that persulfides can readily react with electrophilic species.36 

Evidently, multiple studies have demonstrated that GS-SH reacts more efficiently with 

H2O2 than GSH.27 Reportedly, GS-SH also reacts with biological electrophiles such as 

8-NO2-cGMP where as GSH and H2S does not.27  

4. Electrophilicity: RS-SH possess mild electrophilic properties as evidenced by its 

disproportionation reaction (Figure 1.11.) and reaction with various other nucleophiles 

including cyanide,94 thiolate,91,94 amines,95 phosphines,96 sulfite.94  

5. One electron reductant: Thiols and H2S are reasonably good antioxidants; the reduction 

potential for GSH is estimated to be slightly less than 1 V (E°¢(RS•, H+/RSH) = 0.96 

V), almost comparable to that of H2S (E°¢(S•−, H+/HS−) = 0.92 V), suggesting that both 

thiols and H2S can easily undergo one electron oxidation.97 Persulfides however, have 

a remarkably lower reduction potential (E°¢(RSS•/RSS-) = 0.68 V), indicating that 

persulfides are far superior reductants than thiols and H2S.23 This is in accordance with 

the lower bond dissociation energy (BDE) of persulfides (~70 kcal mol-1) compared to 

thiols (~90 kcal mol-1).98 The lower BDE of persulfides can be attributed to the 

increased stability of the RSS• owing to the a-effect from the adjacent S atom. 

Depending on the nature of the radical, persulfides can undergo oxidation through the 

hydrogen atom or via electron transfer (Scheme 1.1.).99 Persulfide reaction with carbon 

centered radicals, TEMPOL,100 peroxy radicals99,101 have been reported to be much 

faster than its thiol counterpart.  

 
Scheme 1.1. Oxidation of persulfides. 
 

6. Two electron reductant: Persulfides (RS-SH) are reported to have high reactivity with 

two electron oxidants such as peroxynitrites and hydrogen peroxides (H2O2). As 

described earlier, persulfides undergo oxidation in presence of H2O2 to form 

perthiosulfenic acid (RS-SOH) and upon further oxidation forms perthiosulfinic acid 

(RS-SO2H) and the perthiosulfonic acid (RS-SO3H), detected as products of oxidation 

in papain and glutathione peroxidase.36,62,102 Unlike their thiol counterparts, the 

oxidized persulfide residues can be reduced to reinstate the activity of the native thiol 

back, thus protecting proteins from overoxidation.63  
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1.7. LMW persulfide generation  

The first report of an LMW persulfide or “hydrodisulfide” was by Horst and Gerwalt 

back in 1954.103 It was prepared by hydrolysis of acyl disulfides in acidic conditions. The acyl 

disulfide intermediates were in turn prepared by reacting sulfenyl chlorides with thiols (Figure 

1.13.a). An alternate methodology used for the synthesis of persulfides involves reaction of 

H2S with alkyl disulfides (Figure 1.13.b).34–36,104 The caveat of this methodology is the 

reversible nature of the reaction and the collateral consumption of persulfides to form 

polysulfides and elemental sulfur.  

 
Figure 1.13. a) Synthesis of persulfides from sulfenyl chlorides and thiols, followed by acid mediated 
hydrolysis of the acyl disulfide intermediate. b) Synthesis of persulfides by reacting alkyl disulfides 
with H2S. 

Following which there were intermittent reports on the synthesis of few isolated 

persulfides such as ethyl, benzyl, tert-butyl, adamantyl, trityl, diphenylmethyl persulfides etc 

(Figure 1.14).105,106 Out of these trityl persulfides was stable enough, owing to its steric bulk, 

to be characterized by spectroscopic techniques like NMR, XRD, IR and Raman.107 

 
Figure 1.14. Structures of few a) unhindered persulfides b) hindered persulfides 
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profiles. However, their chemical biology and their potency in signaling was largely 

unexplored. It is likely due to the poor aqueous solubility of these compounds or their 

diminished rate of persulfidation owing to the steric crowding.  

1.8. Triggerable persulfide donors 

Small molecule persulfides are superior reducing agents and better nucleophiles 

compared to thiols or H2S. These reactive species are now recognized as important 

intermediates in countering oxidative and electrophilic stress.27,109,110 Furthermore, 

persulfidation of proteins is a prominent signaling mechanism mediated by persulfides through 

which it exerts a wide array of physiological functions. However, persulfides are unstable and 

undergoes rapid disproportionation in aqueous solution, posing a major challenge in 

controllable generation of these species in situ.90 Multiple attempts to isolate persulfides have 

remained unsuccessful, with the exception of a few sterically hindered persulfides in organic 

medium, limiting their use in defining their functional implications in biological systems. 

Hence, to unravel the complex biochemistry of persulfides and delineate its role in sulfur 

signaling, there is a need to develop precursors or prodrugs. These donors should ideally be 

shelf stable, cell permeable and generate the active persulfide species upon stimulation by a 

relevant stimulus (Figure 1.15.). In the recent years, there have been significant advancement 

in the development of stimuli responsive persulfide prodrugs, as discussed below. 

 
Figure 1.15. Prodrug strategy for intracellular generation of persulfides. 

1.8.1. Chemically activated persulfide prodrugs  

One of the earliest reports of a persulfide prodrug was from Xian and co-workers 

wherein the authors have developed a biomimetic persulfidation precursor comprising of 9-

fluorenylmethyl disulfide (FmSSPy-A).111 This disulfide can undergo thiol exchange with 

small molecule thiols or protein thiols to form a base sensitive disulfide (RSS-Fm). The adduct 

can subsequently generate a persulfide upon reaction with a base such as 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU). Using BSA a model protein, the authors have 

demonstrated the potential of this method to persulfidate proteins (Figure 1.16.). However, the 
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usage of an organic base such as DBU might pose a limitation for the utility of this system 

under physiological conditions.  

 

Figure 1.16. 9-Fluorenylmethyl disulfides as biomimetic precursors for persulfides 

A class of persulfide prodrugs based on a 1,2-elimination strategy and sensitive to 

fluoride was reported from the same group (Figure 1.17.).112 Depending on the substituents on 

Si, the compounds were reported to have varying rates of persulfide release. The compounds 

were also found to undergo hydrolysis in acidic pH to generate persulfides, although the rate 

of hydrolysis were extremely slow.  

 

Figure 1.17. Fluoride sensitive prodrugs of persulfides 
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Figure 1.18. pH sensitive persulfide precursors based on -S to -N methoxycarbonyl transfer. 
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prodrug has since been used in several biochemical experiments by various groups to evaluate 

the biochemistry of persulfides. Yang and co-workers have recently developed a similar 

strategy to generate cysteine persulfides using a persulfidated cysteine precursor (PSCP) 

(Figure 1.18.b).113 PSCP was shown to generate persulfides and polysulfides in liver cancer 

cell lines and specifically exert anti-cancer effects in the liver cancer cell line SNU 398. 

Toscano and group have reported a persulfide prodrug sensitive to pH. In pH 7.4 

aqueous buffer, the amine functionality of the S-substituted thioisothioureas scaffold is 

neutralized which then undergoes a 1,2 elimination to generate a persulfide and arylcyanamide 

as a byproduct (Figure 1.19.).114 The rate of persulfide release was tuned by varying the 

substituents on the aryl ring.  

 

Figure 1.19. pH sensitive thioisothiourea based persulfide precursors 
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perthiocarbamate scaffold.115 These prodrugs in addition to the generation of persulfides 

undergoes cleavage by thiols to generate COS (COS is known to hydrolyse into H2S in the 

presence of the widely prevalent enzyme carbonic anhydrase)116 as well (Figure 1.20.).  

 

Figure 1.20. Perthiocarbamate based pH sensitive persulfide precursors 
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As a testament to its therapeutic utility, these compounds were reported to exhibit anti-

oxidant properties and protective effects against myocardial ischemia reperfusion (MI/R) 

injury in mice models.  

Another series of hydrolysis based persulfide prodrugs were next developed by the 

same group, which comprised of alkylsulfenyl thiocarbonate scaffold. The mechanism of RS-

SH generation is through hydrolysis of the thiocarbonate scaffold with a phenolate as a leaving 

group.117 The rate of RS-SH generation can be modulated by varying the substituents on the 

leaving group. Similar to the perthiocarbamate based donors, these prodrugs were also found 

to react with thiols to generate COS (Figure 1.21.). The donors were reported to have protective 

effects against oxidative stress induced cell death.  

  
Figure 1.21. Alkylsulfenyl thiocarbonate based pH sensitive persulfide precursors 
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pathways, one that generates H2S2 and the other that generates H2S and elemental sulfur (S8) 
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Figure 1.22. Diacyl disulfide based pH sensitive persulfide precursors 
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1.8.3. Thiol activated persulfide donors 

Diallyl disulfide (DADS) and diallyl trisulfide (DATS) are garlic derived organosulfur 

compounds, produced as decomposition products of allicin that are widely known H2S 

donors.119–121 Both these compounds have shown promising biological effects such as 

relaxation of rat aorta rings, attributed to its ability to generate H2S.122 However, Haung and 

co-workers have demonstrated that DATS rapidly undergoes disulfide exchange with GSH to 

generate H2S and other polysulfide species which can be further reduced to H2S (Figure 

1.23a.).123 On the contrary, DADS was found to release only minute amount of H2S. Reaction 

of DADS with GSH can follow two distinct pathways, pathway A where DADS can rapidly 

undergo a disulfide exchange with GSH, which does not result in the formation of H2S. The 

alternate pathway (pathway B) observed was its a-carbon nucleophilic substitution on DADS 

to generate an allyl persulfide intermediate which upon reduction generates H2S. However, this 

was a minor pathway and the reaction appeared to be sluggish (Figure 1.23b.).  

 

Figure 1.23. a) Reaction of DATS with GSH, generating allyl persulfide, polysulfides and H2S. b) 
Reaction of DADS with GSH. Pathway A indicates disulfide exchange with GSH and pathway B 
indicates a-carbon nucleophilic substitution of GSH 
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and benzodithiolane and reacted with physiologically relevant nucleophiles such as thiols and 

amines. Dithiolanes on reacting with n-BuNH2 generated a polysulfide species, presumably 

through the formation of a persulfide intermediate. Whereas its reaction with thiols appeared 

to have generated multiple intermediates since thiols have the propensity to attack both the 

carbonyl as well as the disulfide functional group (Figure 1.24a.). On the contrary, reaction of 

benzodithiolane was found to be more stable with sluggish reactivity towards amine and no 

reactivity with thiols (Figure 1.24b.).124  

 

Figure 1.24. Cyclic acyl disulfides as precursors for persulfides. 
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Figure 1.25. UV light activated persulfide donor 
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1.8.5. Enzyme activated persulfide donors  

Wang and co-workers have developed a series of esterase sensitive persulfide donors 

based on a 1,2 elimination strategy (Figure 1.26.). The authors showed tunable release of 

persulfides by varying the ester functionality, as well as demonstrated their therapeutic 

potential in a murine model of myocardial infarction reperfusion (MI/R) injury.126  

 

Figure 1.26. Esterase sensitive persulfide prodrugs. 

Soon after, another esterase sensitive glutathione persulfide (GS-SH) donor utilizing 

the trimethyl lock strategy was developed by the same group (Figure 1.27a.).127 The prodrug 

was shown to modulate the activity of GAPDH via persulfidation of the protein. It was also 

reported to have potent cytoprotective effects against oxidative stress induced damage, 

compared to H2S and GSH alone. A similar strategy was used to generate hydrogen persulfide 

(H2S2) in the presence of esterase (Figure 1.27b.).48  

 

Figure 1.27. a) Esterase sensitive glutathione persulfide prodrug. b) Trimethyl lock based H2S2 donor 
activated by esterase and phosphatase. 
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Matson and co-workers developed a polymeric persulfide prodrug (poly(EDP-NAC)) 

triggerable by esterase, based on a 1,6-elimination strategy (Figure 1.28.).128 Poly(EDP-NAC) 

was significantly slow compared to the monomeric counterpart (EDP-NAC) but was reported 

to be more effective in protecting cardiomyocytes from 5-fluorouracil (5-FU) mediated 

cytotoxicity. 

 

Figure 1.28. Esterase sensitive EDP-NAC and poly(EDP-NAC) based persulfide donors. 
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reported to significantly impact the composition of gut microbiome in mice compared to H2S 
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promotes metabolism and overall gastrointestinal health. The compound on the contrary was 
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importance of these RSS in modulating the gut microbiome under diseased conditions.  

 

Figure 1.29. Nitroreductase activated persulfide donors. 
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Figure 1.30. Esterase activated perthiocarbonate based persulfide donors. 

1.9. Motivation and outline of the thesis 

With the advent of reliable persulfide and persulfidation detection techniques, the role 

of this post translational modification in cellular signaling and its functional implications are 

beginning to unfold. Small molecule persulfides have gained considerable traction in the recent 

years as efficient persulfidating agents and as a vital strategy to combat oxidative and 

electrophilic stress. The propensity of persulfides to undergo disproportionation in aqueous 

solution have prompted researchers to develop prodrug strategies for the generation of 

persulfides, in situ. The prodrug should ideally be shelf stable, generate persulfides only in the 

presence of a physiologically relevant stimulus and produce innocuous byproducts. The 

prodrugs reported thus far are have various limitations including: 

a) Lack of trigger specificity. While some of these donors spontaneously dissociates in buffer 

to generate persulfides, others are responsive to stimuli like pH, esterase, thiols which are 

ubiquitous. Hence, these donors do not offer controlled site directed delivery of 

persulfides. Some of the prodrugs reported are responsive to chemical stimuli like DBU 

which limits the use of these donors in biological systems.  

b) Formation of potentially toxic byproducts. Several of the prodrugs developed undergoes a 

1,6-elimination to produce the electrophilic quinone methide as a byproduct which can 

modify proteins through nucleophilic attack.  

 

Figure 1.31. General strategy for prodrug activation to generate persulfides. 
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To address these gaps, our aim was to design cell permeable persulfide prodrugs that are 

responsive to a disease relevant stimulus (Figure 1.31).  

An increased production of reactive oxygen species (ROS) is often associated with 

several pathological conditions. In chapter 2, we propose a persulfide prodrug responsive to 

elevated ROS, to closely mimic a diseased state. The strategy for persulfide generation is based 

on a previously unexplored retro-Michael reaction that would yield cinnamaldehyde as the 

byproduct. The prodrug was tested for cleavage by H2O2, a stable ROS and its ability to protect 

cells against oxidative stress induced cell death. One of the concerns regarding the above 

strategy is the formation of cinnamaldehyde, which although widely used in the food industry, 

is a mild electrophile. 

 In chapter 3, we propose a persulfide prodrug activable by the enzyme b-glycosidase. 

b-glycosidases are a class of enzymes, found to be overexpressed under conditions of stress 

including inflammation and cancer. The prodrugs upon cleavage by b-glycosidase undergoes 

an intramolecular cyclization to generate sulfane sulfur intracellularly along with a non-

electrophilic, heterocyclic byproduct. The cytoprotective effects of these prodrugs were also 

studied. Although these prodrugs provided important insights into the physicochemical 

properties of persulfides along with their therapeutic utility, these classes of prodrugs suffered 

from certain drawbacks. These include complex synthetic strategies, low shelf stability and 

the disulfide bond being prone to nucleophilic attack.  

In chapter 4.1, we designed compounds without the persulfide moiety but upon entry 

into cells would generate persulfides. We utilized the biochemical machinery of the cell here 

to develop artificial substrates for the enzyme 3-mercaptopyruvate sulfurtransferase (3-MST). 

The turnover of the substrates by purified 3-MST to generate sulfane sulfur and their 

therapeutic effects were studied. In chapter 4.2, we designed a b-galactosidase activated 

prodrug of the artificial substrate for 3-MST. b-galactosidase levels are overexpressed in 

senescence and it is therefore used as a marker for senescence. The prodrug designed can be 

used as a tool to study the consequences of persulfidation in senescent cells. 

Collectively, we have developed two distinct strategies for the intracellular generation of 

persulfides. The approaches developed herein will help address important questions regarding 

the role of persulfides in cellular signaling and understand its therapeutic utility. 
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CHAPTER 2: A Vinyl-Boronate Ester Based Persulfide Donor Sensitive to Reactive 

Oxygen Species (ROS) 

2.1. Introduction 

Persulfides have been reported to have lower pKa values,1 are more nucleophilic2 and 

have lower reduction potentials compared to their corresponding thiols.3 As a result, persulfides 

are prone to disproportionation with very short half-lives in aqueous medium.4 Under oxidative 

stress, persulfides can prevent overoxidation of proteins by (i) directly scavenging the oxidants5 

(ii) persulfidating cysteine residues in proteins, the oxidized forms of which can be reduced to 

regenerate the native cysteine6 or (iii) upregulation of antioxidant genes mediated by 

persulfidation of the KEAP1-Nrf2 axis.7 Therefore, enhancing persulfides has emerged as an 

important therapeutic strategy in countering oxidative or electrophilic stress. Given the 

unstable nature of persulfides in biological milieu, generating persulfides in situ in a controlled 

manner can be challenging. Small molecule stimuli responsive precursors or prodrugs of 

persulfides can aid in overcoming these challenges and can be used as tools to study the 

intricate redox biology of these reactive sulfur species.  

A general strategy to generate a persulfide involves stimuli responsive deprotection 

followed by self-immolation to generate a persulfide. The classes of persulfide prodrugs 

reported to date can be broadly classified into two categories based on the self-immolation 

strategy (Scheme 2.1). The first class of donors involve a 1,2-elimination mechanism that 

would respond to various chemical or enzymatic stimuli such as fluoride, pH or esterase.8–10 

The second class of donors involve a 1,6-elimination mechanism that generates a relatively 

toxic quinone methide byproduct.11 Additionally, the lack of selectivity in these donors might 

limit their utility in biological systems. 

 

Scheme 2.1. Classes of persulfide prodrugs based on the self-immolation strategy. 

To address these limitations, we designed a prodrug based on a previously unexplored 

1,4-O,S-relay or a retro-Michael reaction with a persulfide as a leaving group. Formerly, these 

types of retro-Michael reactions were used for the release of a thiol group, where the keto form 

tautomerizes to the enol form that subsequently undergoes a 1,4-elimination. Thioether-
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succinimide linkages that undergo retro-Michael reaction and a thiol exchange in thiol-rich 

medium, is a well-defined strategy used in drug delivery. However, the half-lives for these 

retro-Michael reactions ranged from 19 h to 337 h (Scheme 2.2).12,13 The kinetics of this retro-

Michael reaction is a function of the pKa of the thiol and the nature of N-substituents in the 

succinimide. Electron withdrawing N-substituents coupled with a low pKa thiol enhances the 

rate of retro-Michael and thiol exchange reaction.14 

 

Scheme 2.2. Retro-Michael reaction of thiol-succinimide adducts. 

Bypassing the tautomerization step by directly masking the enol in the form of a 

prodrug, activated by a specific stimulus might accelerate the rate of the retro-Michael reaction. 

Additionally, since the pKa of a persulfide ranges a few units lower than their corresponding 

thiol, we envisaged that persulfides would serve as better leaving groups (Scheme 2.3). 

 

Scheme 2.3. Design of persulfide prodrugs based on 1,4-O,S relay mechanism or retro-Michael 
reaction. 

Elevated levels of reactive oxygen species (ROS) can be associated with several 

diseased conditions like neurodegeneration, tumor progression, aging, inflammation and 

diabetes.7,15–17 Therefore, to interrogate the role of persulfides in diseased conditions, an ideal 

prodrug should be responsive to high levels of ROS. Boronate esters are known to react 

selectively with ROS such as hydrogen peroxide (H2O2).18 The boronate ester undergoes 

spontaneous hydrolysis in buffer to the corresponding boronic acid, followed by a subsequent 

nucleophilic attack by peroxide. Oxidation of the boronic acid results in the formation of the 

free alcohol (Scheme 2.4.). 

 

Scheme 2.4. Mechanism of boronate ester cleavage by H2O2. 
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Aryl boronate esters have been extensively used in prodrug chemistry to mask phenols and 

deliver drugs, latent fluorophores and reactive species.19,20 For instance, Chang and co-workers 

have reported a fluorescent probe for intracellular detection of H2O2 (Scheme 2.5.).  

 

Scheme 2.5. Boronate ester based fluorescent probes for detection of H2O2. 

The proposed design of the ROS sensitive persulfide donor involves masking the enol 

as a vinyl boronate ester. It was hypothesized that the vinyl boronate ester would be oxidized 

in the presence of H2O2 to generate the free enolate that can undergo a retro-Michael or 1,4 

elimination to release the persulfide and form cinnamaldehyde as a byproduct (Scheme 2.6.). 

Cinnamaldehyde is a constituent of cinnamon oil, is widely used in the food industry and has 

been classified as Generally Recognized As Safe (GRAS).  

 

Scheme 2.6. Design of ROS sensitive persulfide donor. 

2.2. Results and Discussion 
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mercaptan using a previously reported protocol,23 in the presence of 1–chlorobenzotriazole, 

benzotriazole and thiourea to give the persulfide prodrug 5 in 31% yield (Scheme 2.7.). 

 

Scheme 2.7. Synthesis of H2O2 responsive persulfide prodrug 5. 

Compound 6 which would cleave in the presence of H2O2 but not generate a persulfide 

was synthesized as the negative control. It was synthesized from 1 in two steps. The secondary 

alcohol was protected by tert-butyldimethylsilyl chloride (TBSCl) in the presence of imidazole 

to give 2b in 96% yield followed by hydroboration in presence of pinacolborane to afford 

compound 6 in 84% yield (Scheme 2.8.). 

 

Scheme 2.8. Synthesis of negative control 6. 
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min attributable to 5 was not observed. Instead, a new peak at RT 13.7 min was recorded which 

presumably is the boronic acid, formed upon hydrolysis of the boronate ester functionality in 

accordance with previous reports.18 Compound 5 was next incubated with H2O2 (10 eq) in pH 

7.4 buffer, and the HPLC profiles were recorded at different time points. A peak for the boronic 

acid (RT 13.7 min) was observed within 5 min which was gradually consumed over 90 min 

(Figure 2.1).  

 

Figure 2.1. HPLC traces for the decomposition of 5 in the presence of H2O2 (10 eq) in pH 7.4 buffer.  

A time course of decomposition was obtained and the curve fitting to first order gave a 

pseudo first order rate constant k1 5.3 × 10-2 min-1 (Figure 2.2). 

 

Figure 2.2. Decomposition of the boronic acid of compound 5 as monitored by HPLC. Curve fitting to 
first order gave a pseudo first order rate constant k1 5.3 × 10-2 min-1. 
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Once it was established that compound 5 can be cleaved by H2O2 under physiological 

conditions, we next attempted to detect the release of the persulfide. Persulfides are highly 

reactive metastable species which makes its detection and quantification quite challenging. The 
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reacting it with suitable electrophiles (Scheme 2.9.). 
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Scheme 2.9. Detection of persulfide by trapping it with an electrophile. 

2.2.3.1. Fluorodinitrobenzene (FDNB) method 

FDNB was used as an electrophile that would trap the persulfide in the form of the 

adduct 7. The formation of 7 can be monitored by HPLC (Scheme 2.10.). 

 

Scheme 2.10. Detection of benzyl persulfide by trapping it with FDNB. 

Compound 7 was synthesized using a previously reported protocol8 (Scheme 2.11.) and upon 

injecting into the HPLC yielded a distinct peak at RT 11.3 min (Figure 2.3).  

 

Scheme 2.11. Synthesis of FDNB-persulfide adduct 7. 
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Figure 2.3. HPLC analysis to monitor the formation of adduct 7 upon reaction of 5 with H2O2 in the 
presence of FDNB in pH 7.4 buffer (containing 20% ACN) (Absorbance at 250 nm). 

 
Figure 2.4. Reaction of 5 without H2O2 in the presence of FDNB after 30 min. 

2.2.3.2. Monobromobimane (mBBr) method 

To further confirm the results, another independent assay was performed where 

monobromobimane (mBBr) was used as the electrophile. Reaction of the persulfide with mBBr 

is expected to generate the adduct 8 (Scheme 2.12.). 

 

Scheme 2.12. Detection of benzyl persulfide by trapping it with mBBr. 
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to be 0.12 min-1. The rate of formation of cinnamaldehyde was monitored under these 

conditions and the rate constant (kcinn) was calculated to be 12.8 × 10-2 min-1 (Figure 2.7). 

These data collectively suggest the generation of benzyl persulfide from compound 5, when 

treated with H2O2. 

 

Figure 2.5. HPLC analysis to monitor the formation of adduct 8 upon reaction of 5 with H2O2 in the 
presence of mBBr in pH 7.4 buffer (containing 20% ACN) (Absorbance at 250 nm).  

 

Figure 2.6. MALDI-TOF of the peak eluted at RT 6.5 min which is attributable to 8 [M+Na]+ 
Calculated: 369.0707, Found: 369.2551.  
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Figure 2.7. Formation of cinnamaldehyde from 5 upon treatment with H2O2 in the presence of mBBr, 
as monitored by HPLC. Curve fitting to first order gave a pseudo first order rate constant kcinn 12.8 × 
10-2 min-1. 

2.2.4. Decomposition of negative control 
Using a similar protocol, the release of cinnamaldehyde from the negative control 6 in 

the presence of H2O2 (10 eq) was monitored. Compound 6 should undergo decomposition to 

generate a cinnamaldehyde but not the persulfide (Scheme 2.13.).  

 

Scheme 2.13. Decomposition of 6 in the presence of H2O2 to generate cinnamaldehyde. 

 

Figure 2.8. a) HPLC traces showing the formation of cinnamaldehyde from 6 upon treatment with 
H2O2. b) Area under the curve for the peak corresponding to cinnamaldehyde. 
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The decomposition of 6 could not be monitored due to its low UV absorbance. However, the 

formation of cinnamaldehyde was observed under these conditions (Figure 2.8.a) and curve 

fitting to first order gave a pseudo first order rate constant (k2) of 4.8 × 10-2 min-1 (Figure 

2.8.b), which was found to be similar to the rate of decomposition (k1) of 5 (Figure 2.3). The 

yield of cinnamaldehyde formed under these conditions was calculated to be 73%. The pKa of 

tert-butyldimethylsilanol is estimated to be 15, suggesting that this strategy can be used for 

delivery of poorly acidic alcohols as well. Previously, a similar vinyl-boronate ester scaffold 

was used to deprotect alcohols with pKa >11.24  

2.2.5. Selectivity of vinyl boronate esters towards H2O2 

To test the selectivity of 5 towards activation by H2O2, a series of experiments were 

performed. First, a TLC based experiment was carried out to monitor the formation of adduct 

7. Compound 5 was incubated with various oxidants in the presence of FDNB in pH 7.4 buffer 

at room temperature for 1 h. The reaction mixture was then extracted with ethyl acetate and the 

organic layer was spotted on a TLC plate. The formation of the adduct was visualized under a 

UV lamp. Adduct 7 was observed only when compound 5 was treated with H2O2 and not in 

the presence of any other oxidants (Figure 2.9). 

 

Figure 2.9. TLC analysis to monitor the formation of 7 upon reaction of 5 with various analytes. (A) 
authentic 7 (Rf 0.37) (B) 5 alone (Rf 0.66) (C) 5 + H2O2 (D) 5 + HOCl (E) 5 + TBHP (F) 5 + GSH. 

Next, in another independent TLC based experiment the formation of cinnamaldehyde 

from compound 6 under the aforementioned conditions was tested. No evidence for the 

formation of cinnamaldehyde was observed except when 6 was treated with H2O2 (Figure 

2.10.a). Separately, in another experiment the formation of cinnamaldehyde from compound 6 

was estimated by monitoring its absorbance at 290 nm (Figure 2.10.b). The results obtained 
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were in accordance with the TLC experiment. It can therefore be concluded that the vinyl 

boronate ester scaffold is significantly selective towards H2O2 compared to other reactive 

oxygen and sulfur species. 

 

Figure 2.10. a) Formation of cinnamaldehyde from 6 was monitored using TLC. (A) authentic 
cinnamaldehyde (Rf 0.4) (B) 6 alone (C) 6 + H2O2 (D) 6 + HOCl (E) 6 + TBHP (F) 6 + GSH. b) 
Formation of cinnamaldehyde from 6 in the presence of various reactive oxygen and sulfur species (Abs 
= 290 nm). 

2.2.6. Mechanism 

Based on these observations, a mechanism for the generation of persulfides from the 

vinyl boronate ester scaffold was proposed. The boronate ester moiety hydrolyses in pH 7.4 

buffer to form the boronic acid, as observed by the HPLC analysis. The boronic acid functional 

group reacts with H2O2 (10 eq) to form the enolate intermediate (II) which then undergoes 1,4-

elimination to generate the persulfide and form cinnamaldehyde as a byproduct. The rate of 

formation of cinnamaldehyde (kcinn) is comparable to the rates of formation of the persulfide 

adducts (7 and 8), suggesting that the formation of persulfide and the cinnamaldehyde is a 

concerted process. Therefore, the oxidation of the boronate ester by H2O2 is most likely the 

rate determining step.  

As discussed above, retro-Michael reactions involving thioethers of N-ethylmaleimide 

have been previously reported, with half-lives ranging from hours to days.12,13 However, as 

envisaged, the present strategy provides distinct advantages over the existing ones, due to the 

direct generation of an enolate (II) that accelerates the rate of retro-Michael reaction. The 

enolate (II) can accept a proton to form the enol (III) which can tautomerize to the keto form 

(IV). The equilibrium constant for tautomerism (Ktaut) which is defined as [enol]/[keto] has 
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been reported to be in the range of 10–3 – 10–4 for aliphatic aldehydes. Therefore, once the enol 

forms it will rapidly tautomerize to the aldehyde IV and the generation of persulfide from IV 

might be extremely slow. Since we have observed the yields of cinnamaldehyde and the 

FDNB-persulfide adduct 7 in excess of 70%, this might not be a major competitive pathway. 

Thus, enolate II once formed will rapidly undergo a 1,4 elimination to generate the persulfide 

(Scheme 2.14.).  

 

Scheme 2.14. Mechanism of persulfide generation from 5 in the presence of H2O2. The rate constant 
for decomposition of 5, k1 = 5.3 × 10-2 min-1, the rate constant for formation of cinnamaldehyde from 
6, k2 = 4.8 × 10-2 min-1, the rate constant for formation of cinnamaldehyde from 5 in the presence of 
mBBr, kcinn = 12.8 × 10-2 min-1. The rate constants for formation of 7 (k3 = 0.15 min-1) and 8 (k4 = 
0.12 min-1). 

2.2.7. MTT assay for cell viability 

The cytotoxicity of compound 5 and 6 were evaluated using a standard MTT assay to 

estimate the cell viability. Human colon carcinoma cells (DLD-1) were treated with varying 

concentrations of 5 and 6 and incubated for 2 h following which cell viability was measured. 

The compounds were found to be well tolerated by the cells for 2 h with no significant 

cytotoxicity even at 100 µM (Figure 2.11).  
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Figure 2.11. Cell viability assay with compound 5 and 6 on colon carcinoma cell line (DLD-1) for 2 h. 

2.2.8. Cytoprotective effect of compound 5 

Menadione is a polycyclic aromatic ketone that generates ROS by redox cycling, 

carried out by one electron reductive enzymes such as NADPH (Figure 2.12.a).25 Menadione 

at higher concentrations can induce oxidative stress associated with mitochondrial DNA 

damage and cell death.26 JCHD is a juglone derivative that produces superoxides (Figure 

2.12.b).27 Menadione and JCHD were used to induce oxidative stress within cells. Colon cells 

are being constantly exposed to xenobiotic and pathogen induced stress. Hence, DLD-1 cells 

were treated with varying concentrations of JCHD and menadione for 2 h to evaluate their 

toxicity profile. At 50 µM concentration of both menadione and JCHD, greater than 50% cell 

death was observed (Figure 2.13.).  

 

Figure 2.12. (a) Generation of ROS from menadione. (b) Generation of ROS from JCHD.  

C
trl

D
M

S
O 25 50 10
0 25 50 10
00

50

100

%
 v

ia
bl

e 
ce

lls
5 (µM) 6 (µM)

O

O

O

O

OH

OH

NADPH

NADP O2

O2

O2O2

menadione

O
H

O

O

H

H

OH

O

O

OH

O

O

O2

O2

JCHD

A B



Chapter 2 

 51 

  

Figure 2.13. Induction of cell death in colon carcinoma cell line (DLD-1) upon incubation with 
menadione and JCHD for 2 h. 

Next, the ability of the persulfide prodrug 5 to protect cells from cytotoxicity induced 

by oxidative stress was evaluated. DLD-1 cells were co-incubated with menadione (50 µM) 

and varying concentrations of 5 for 2 h, post which cell viability was measured using MTT 

assay. A dose dependent increase in cell viability was observed (Figure 2.14.a). Next, when 

DLD-1 cells were co-incubated with JCHD (50 µM) and varying concentrations of 5 for 2h, 

the results obtained were in accordance with the previous experiment (Figure 2.14.b). 

Compound 6 which is the negative control showed no significant enhancement in cell viability 

under similar conditions (Figure 2.14).  

 

Figure 2.14. a) Cytoprotective effects of compound 5 against menadione (50 µM). Results are 
expressed as mean ± SEM (n = 3). [(****) p < 0.0001 vs menadione] A similar assay was conducted 
with 6. No significant effect on the percentage of viable cells during incubation of 6 with menadione 
was observed. (b) Cytoprotective effects of compound 5 against JCHD (50 µM). Results are expressed 
as mean ± SEM (n = 3). [(***) p < 0.001, vs JCHD] A similar assay was conducted with 6, and no 
significant effect was observed.		
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This suggests that the H2O2 consumption during oxidation of the boronate ester group did not 

play a significant role in the observed cytoprotective effects and were rather mediated by 

persulfides. Therefore, it can be concluded that the persulfide donor 5 was able to rescue cells 

from the oxidative stress induced cell death by menadione and JCHD. 

2.3. Other reports 

While this work was in progress, Matson and co-workers reported a ROS responsive 

persulfide donor based on the 1,6-O,S relay mechanism with aryl boronate ester as the 

cleavable group (Scheme 2.15). The prodrug was shown to protect cells from oxidative stress 

induced cell death of H9c2 cardiomyocytes as a testament to its therapeutic utility. However, 

the formation of quinone methide byproduct might limit its further utility.11  

 

Scheme 2.15. Boronate ester based persulfide donors responsive to H2O2. 

Another example of ROS stimulated persulfide prodrug was reported from the same 

group using a similar strategy. The prodrugs (SOPD-Pep) consists of a diphenylphosphonate 

moiety as the cleavable group that is sensitive to superoxides (O2•-), a ROS. Following 

cleavage of the diphenylphosphonate moiety, the phenolate undergoes 1,6-elimination to 

generate the persulfide of a short self-assembling tetrapeptide (Scheme 2.16). SOPD-Pep was 

shown to exhibit potent anti-inflammatory effects in RAW macrophages.28  

 

Scheme 2.16. Persulfide donors responsive to superoxide. 
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Lukesh and co-workers, very recently have further leveraged the boronate ester scaffold 

to develop a H2O2 responsive persulfide prodrug. Once cleaved by H2O2, the phenolate 

undergoes intramolecular cyclization to release a N-acetylcysteamine persulfide and a lactone 

as an innocuous byproduct (Scheme 2.17).29  

 

Scheme 2.17. Boronate ester based persulfide donors responsive to H2O2. 

2.4. Summary 

In conclusion, a new class of persulfide donors based on a retro-Michael reaction as the 

key step has been reported. The generation of persulfides from the vinyl boronate ester scaffold 

was independently validated using two different assays and a mechanism that is consistent with 

the experimental data was proposed. The major byproduct generated from this strategy is 

cinnamaldehyde that is innocuous and FDA approved as a GRAS compound. The compound 

was found to be well tolerated by the cells. As a testament to its therapeutic utility, the 

compound was found to protect cells from xenobiotic induced oxidative stress. 
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2.5. Experimental Section  

2.5.1. Synthesis and characterization of data 

Compounds 121, 2a22 and 78 were synthesized using a previously reported procedure and the 

analytical data collected was consistent with the reported values. 

(E)-S-(1-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl) ethanethioate (3): 

Pinacolborane (860 µL, 5.91 mmol) was added to S-(1-phenylprop-2-

yn-1-yl) ethanethioate (2a) (750 mg, 3.94 mmol) and heated to 110 °C 

in a sealed tube for 24 h. Upon completion, the reaction mixture was 

quenched with H2O and extracted with EtOAc (3 × 50 mL). The 

combined organic layers were washed with brine, dried over anhydrous Na2SO4, filtered and 

the filtrate was concentrated under reduced pressure to afford the crude product. The crude 

obtained was purified by silica gel column chromatography to give the desired product 3 (650 

mg, 52 % yield) as a colourless oil: FT-IR (ʋmax, cm-1) 2923, 2855, 1696, 1633, 1453; 1H NMR 

(400MHz, CDCl3): d 7.38-7.24 (m, 5H), 6.80 (dd, J = 17.2, 6.2 Hz, 1H), 5.60 (dd, J = 17.2, 1.6 

Hz, 1H), 5.34 (dd, J = 6.2, 1.6 Hz, 1H), 2.32 (s, 3H) 1.25 (s, 12H); 13C NMR (100 MHz, CDCl3) 

d 193.7 150.2, 139.2, 128.6, 128.4, 127.5, 83.4, 51.6, 30.4, 24.8, 24.7.; HRMS for C17H23BO3S 

[M+Na]+: Calculated: 341.1358, Found: 341.1359. 

(E)-1-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-2-ene-1-thiol (4):  

To a solution of compound 3 (650 mg, 2.04 mmol) in methanol was added 

acetyl chloride (1.0 mL, 14.3 mmol) at 0 °C and the reaction mixture was 

stirred at room temperature for 24 h. After completion of the reaction, the 

solvent was evaporated and the crude was purified by silica gel column chromatography to 

obtain the thiol 4 as a smelly, brown liquid: FT-IR (ʋmax, cm-1) 2926, 2861, 1631, 1453; 1H 

NMR ( 400 MHz, CDCl3): d 7.39-7.30 (m, 5H), 6.88 (dd, J = 17.2, 6.2 Hz, 1H), 5.57 (dd, J = 

17.2, 1.6 Hz, 1H), 4.76 (m, 1H), 2.07 (d, J = 4 Hz, 1H), 1.26 (s, 12H); 13C NMR (100 MHz, 

CDCl3 ): d 150.5, 138.5, 125.8, 124.6, 124.5, 80.5, 45.1, 21.9. 

(E)-2-(3-(benzyldisulfaneyl)-3-phenylprop-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (5):  

To a stirred solution of 1-chlorobenzotriazole (75 mg, 0.48 mmol) and benzotriazole (30 mg, 

0.24 mmol) in DCM (5 mL) was added a solution of benzylmercaptan (30 µL, 0.24 mmol) in 

DCM (2 mL) at -78 °C under N2 atmosphere. After 10 min, a solution of thiourea (56 mg, 
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0.724 mmol) in THF (5 mL) was added and left to stir for 10 min followed 

by addition of the thiol 4 (100 mg, 0.362 mmol) in DCM (2 mL). The 

reaction mixture was stirred overnight with gradual warming to room 

temperature. Upon completion, as monitored by TLC the solvent was 

evaporated, the product was diluted with H2O and extracted with EtOAc 

(3 × 50 mL). the combined organic layers were washed with brine, dried over anhydrous 

Na2SO4, filtered and the filtrate was evaporated under reduced pressure to afford the crude 

product. The crude was then purified by reverse phase HPLC using ACN-H2O as the eluent to 

afford the desired product 5 (30 mg, 31% yield) as a sticky liquid: FT-IR (ʋmax, cm-1) 2983, 

2928, 1629, 1453; 1H NMR (400 MHz,CDCl3): d 7.33-7.22 (m, 10H), 6.78 (dd, J = 17.6, 8.8 

Hz, 1H), 5.50 (dd, J = 17.6, 0.9 Hz, 1H), 4.06 (d, J = 8.8 Hz, 1H), 3.76 (m, 2H), 1.26 (s, 12H); 
13C NMR (100 MHz, CDCl3): d 142.5, 138.7, 137.3, 129.6, 128.6, 128.5, 128.4, 127.8, 127.5, 

83.4, 60.3, 43.4, 24.8, 24.7; HRMS (ESI) for C22H27BO2S2 [M+H]+ Calculated: 399.1624, 

Found: 399.1627. 

tert-butyldimethyl((1-phenylprop-2-yn-1-yl)oxy)silane (2b):  

To a solution of compound 1 (550 mg, 4.16 mmol) in DMF was added imidazole 

(850 mg, 12.5 mmol) followed by TBSCl (1.25 g, 8.3 mmol) at 0 °C. After 10 

min, following complete consumption of the starting material by TLC, the 

reaction was quenched by adding saturated NH4Cl solution and the resulting solution was 

extracted with EtOAc (3 × 50 mL). The combined organic phase was washed with brine, dried 

over anhydrous Na2SO4, filtered and the filtrate was evaporated under evaporated under 

reduced pressure. The crude product was purified by silica gel column chromatography using 

EtOAc/hexane as the mobile phase to afford the desired compound 2b (980 mg, 96%) as a 

yellow oil: 1H NMR (400 MHz, CDCl3): d 7.51-7.29 (m, 5H), 5.49 (d, J = 2.3 Hz, 1H), 2.56 

(d, J = 2.3 Hz, 1H), 0.94 (s, 9H) 0.18 (s, 3H), 0.14 (s, 3H). 

(E)-tert-butyldimethyl((1-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)allyl)oxy)silane (6):  

Compound 6 was synthesized according to the procedure outlined for 3. 

Compound 2b (500 mg, 2 mmol), pinacolborane (440 µL, 3 mmol) were 

used to afford 6 (645 mg, 84%) as a white solid: FT-IR (ʋmax, cm-1): 2937, 

2859, 1639, 1462, 1257; 1H NMR (400 MHz, CDCl3): d 7.31 (m, 5H), 6.67 

(dd, J = 17.2, 6.2 Hz, 1H), 5.75 (dd, J = 17.2, 1.6 Hz, 1H), 5.20 (dd, J = 6.2, 1.6 Hz, 1H), 1.24 
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(s, 12H), 0.90 (s, 9H), 0.05 (s, 3H), -0.07 (s, 3H) ); 13C NMR (100 MHz, CDCl3): d 155.3, 

143.1, 128.2, 127.1, 126.2, 83.2, 77.3, 25.9, 24.8, 24.8, 18.3, -4.8, -4.9; HRMS(ESI) for 

C21H35BO3Si [M+Na]+ Calculated: 397.2346, Found :397.2348. 

2.5.2. HPLC based kinetics study: A stock solution of 5 (10 mM), 6 (10 mM) and 

cinnamaldehyde (10 mM) was prepared in DMSO. The reaction mixture consisted of reaction 

buffer (980 µL of 50 mM phosphate buffer containing 20% ACN and 10 µM 

diethylenetriaminepentaacetic acid (DTPA), 5 (10 µL, 10 mM) and H2O2 (10 µL, 100 mM). 

The reaction mixture was stirred at 37 °C, 100 µL aliquots were taken out at reported time 

intervals, filtered (0.22 micron filter) and injected (25 µL) in a High Performance Liquid 

Chromatography (HPLC Agilent Technologies 1260 Infinity). The stationary phase was C-18 

reverse phase column (Phenomenex, 5 µm, 4.6 × 250 mm) while the mobile phase used was 

H2O/ACN, a gradient starting with 40: 60 → 0 min, 40: 60 to 25: 75 → 0 – 5 min, 25: 75 to 

10: 90 → 5 – 10 min, 10: 90 to 0: 100 → 10 – 15 min, 0: 100 to 0: 100 → 15 – 17 min, 0: 100 

to 40: 60 → 17 – 20 min, 40: 60 to 40: 60 → 20 – 22 min was used with flow of 1 mL/min. 

Under these conditions, 5 in ACN eluted at 16.3 min and cinnamaldehyde at 5.3 min. Upon 

incubation in the reaction buffer for 5 min, a new peak at 13.7 min was observed which 

presumably is the boronic acid formed by hydrolysis of the boronate ester moiety. A similar 

protocol was followed to monitor the release of cinnamaldehyde from 6, although the 

decomposition of 6 could not be monitored due to its low UV absorbance. 

2.5.3. HPLC studies for persulfide reactivity with FDNB: Stock solutions of 5 (10 mM), 7 

(10 mM) and 1-Fluoro-2,4-dinitrobenzene (FDNB, 400 mM) were prepared in DMSO and 

stored at 0 °C under dark condition. The reaction mixture was prepared by adding 100 µM of 

5 (10 µL, 10 mM) to the reaction buffer (970 µL of 50 mM phosphate buffer containing 20% 

ACN and 10 µM DTPA) followed by addition of 1 mM of H2O2 (10 µL, 100 mM) and 4 mM 

of FDNB (10 µL, 400 mM). The resulting mixture was incubated at 25 °C. 100 µL aliquots 

were taken out at pre-determined time intervals, filtered (0.22 micron filter) and injected (25 

µL) in a High Performance Liquid Chromatography (HPLC Agilent Technologies 1260 

Infinity). The stationary phase was C-18 reverse phase column (Phenomenex, 5 µm, 4.6 × 250 

mm) while the mobile phase used was H2O/ACN, a gradient starting with 40: 60 → 0 min, 40: 

60 to 25: 75 → 0 – 5 min, 25: 75 to 10: 90 → 5 – 10 min, 10: 90 to 0: 100 → 10 – 15 min, 0: 

100 to 0: 100 → 15 – 17 min, 0: 100 to 40: 60 → 17 – 20 min, 40: 60 to 40: 60 → 20 – 22 min 
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was used with flow of 1 mL/min. Under these conditions, the FDNB-persulfide adduct (7) 

elutes at 11.3 min. Each independent experiment was carried out in triplicate. 

2.5.4. HPLC studies for persulfide reactivity with mBBr: Stock solutions of 5 (10 mM) and 

monobromobimane (mBBr, 100 mM) were prepared in DMSO and stored at 0 °C under dark 

condition. The reaction mixture was prepared by adding 100 µM of 5 (10 µL, 10 mM) to the 

reaction buffer (970 µL of 50 mM phosphate buffer containing 20% ACN and 10 µM DTPA) 

followed by addition of 1 mM of H2O2 (10 µL, 100 mM) and 1mM of mBBr (10 µL, 100 mM). 

The resulting mixture was incubated at 37 °C for mBBr. 100 µL aliquots were taken out at pre-

determined time intervals, filtered (0.22 micron filter) and injected (25 µL) in a High 

Performance Liquid Chromatography (HPLC Agilent Technologies 1260 Infinity). The 

stationary phase was C-18 reverse phase column (Phenomenex, 5 µm, 4.6 × 250 mm) while 

the mobile phase used was H2O/ACN, a gradient starting with 40: 60 → 0 min, 40: 60 to 25: 

75 → 0 – 5 min, 25: 75 to 10: 90 → 5 - 10 min, 10: 90 to 0: 100 →10 – 15 min, 0: 100 to 0: 

100 → 15 – 17 min, 0: 100 to 40: 60 → 17 – 20 min, 40: 60 to 40: 60 → 20 – 22 min was used 

with flow of 1 mL/min. Under these conditions, the mBBr-persulfide adduct (8) elutes at 6.5 

min. Each independent experiment was carried out in triplicate. 

2.5.5. Selectivity of 5 against various analytes: Stock solutions of H2O2 (100 mM), HOCl 

(100 mM) and GSH (100 mM) was prepared in DI water, tert-butyl hydroperoxide (TBHP, 100 

mM) was prepared in DMSO. A TLC experiment was conducted to test the selectivity of the 

vinyl boronate scaffold towards H2O2. Compound 5 (2 µL, 10 mM) was treated with the analyte 

(2 µL, 100 mM) followed by addition of FDNB (2 µL, 400 mM) in phosphate buffer (pH 7.4, 

50 mM, 10 mM DTPA) containing 20% ACN. The formation of the persulfide FDNB adduct 

(7) was monitored by TLC. Similarly, compound 6 (2 µL, 10 mM) was treated with various 

analytes (2 µL, 100 mM) in phosphate buffer (pH 7.4, 50 mM, 10 mM DTPA) containing 20% 

ACN. The formation of cinnamaldehyde from 6 was monitored by TLC.  

In another independent experiment, compound 6 (3 mL, 10 mM) was incubated with various 

analytes (3 mL, 100 mM) in 294 mL 1:4 ACN-phosphate buffer (pH 7.4, 50 mM, 10 mM 

DTPA) at 37 °C for 1 h. Each assay was done in triplicate in vials with closed lids. An aliquot 

of 200 mL was transferred to a 96 well plate and the absorbance at 290 nm, corresponding to 

formation of cinnamaldehyde was recorded using a microtiter plate reader. 

2.5.6. Cell viability assay: DLD-1 cells were seeded at a concentration of 1 × 104 cells/well 

overnight in a 96-well plate in complete RPMI media supplemented with 10% FBS (fetal 
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bovine serum) and 1% antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C 

for 16 h. Following this, the cells were exposed to varying concentrations of the compounds. 

Stocks were prepared in DMSO and the final concentrations of DMSO did not exceed 0.5%. 

The cells were incubated for 2 h at 37 °C. The media was removed and a stock solution of 3-

(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was prepared 3.5 mg in 

700 µL RPMI. This stock was diluted with 6.3 mL RPMI and 100 µL of the resulting solution 

was added to each well. After 4 h incubation, the media was removed carefully and 100 µL of 

DMSO was added. Spectrophotometric analysis of each well using a microplate reader 

(Thermo Scientific Varioskan) at 570 nm was carried out to estimate cell viability. 

2.5.7. Protection from oxidative stress: Human colon adenocarcinoma cells DLD-1 were 

seeded in a 96-well plate with 104 cells/well in RPMI media supplemented with 10% FBS (fetal 

bovine serum) and 1% antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C 

for 16 h. Stock solutions of compounds were prepared in RPMI with final concentration of 

DMSO not exceeding 0.5%. After 16 h, the cells were co-treated with different concentrations 

of the compound and menadione (50 µM) or JCHD (50 µM). The cells were incubated for 2 h 

at 37 °C following which it was treated with MTT. A stock solution of MTT was prepared by 

dissolving 3.5 mg in 7 mL RPMI media and 100 mL of this stock was added to each well. After 

incubating at 37 °C for 4 h, the media was carefully removed and 100 mL of DMSO was added 

to each well. Absorbance at 570 nm was recorded using a microplate reader (Thermo Scientific 

Varioscan) to estimate the cell viability. 
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2.6. NMR spectra of compounds 

1H NMR spectra of 1  

 

 

1H NMR spectra of 2a 
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1H NMR spectra of 2b 
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1H and 13C NMR spectra of 3 
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1H and 13C NMR spectra of 4 
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1H and 13C NMR spectra of 5 
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1H and 13C NMR spectra of 6 
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1H NMR spectra of 7 
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CHAPTER 3: Enhancing Intracellular Sulfane Sulfur Through b-glycosidase Activated 

Prodrugs 

3.1. Introduction 

b-glycosidases are enzymes that typically catalyzes the hydrolysis of b-glycosidic 

bonds in carbohydrates, glycoproteins and glycolipids. These enzymes are primarily present in 

the upper gastrointestinal (GI) tract, produced by the colonic microflora. The major 

glycosidases produced by the gut microbiota include enzymes such as b-D-galactosidase, b-D-

glucosidase, b-D-xylopyranosidase and a-L-arabinofuranosidase.1 Elevated levels of b-

glycosidase have been observed in several inflammatory disorders including inflammatory 

bowel disorder (IBD), ulcerative colitis, Crohn’s disease and cancer.2,3 Drug delivery to the 

colon is often complicated due to absorption and degradation of the drug in the upper GI tract 

resulting in systemic side effects and poor bioavailability.4 Therefore, prodrug strategies 

employing b-glycosidase as the trigger have been widely used for delivery of drugs to the 

colon.  

Chang and co-workers have developed a b-glycosidase based prodrug of the steroid 

dexamethasone, for the delivery of the drug to the colon (Figure 3.1.).2 The prodrug was found 

to be better absorbed with better bioavailability and reduced side effects in an IBD model of 

colitis, without compromising on the efficacy. Similarly, b-glycosidase activated prodrugs of 

the non-steroidal anti-inflammatory drug (NSAID), 4-aminosalicylic acid was developed for 

the treatment of ulcerative colitis.5 Prodrugs of the gasotransmitter nitric oxide (NO), 

responsive to b-glycosidase was previously reported as tools to be used in biomedical research 

(Figure 3.1.).6,7  

 

Figure 3.1. b-glycosidase activated prodrugs 
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The underlying etiology of these inflammatory disorders are multifactorial and is often 

associated with an excessive production of ROS, leading to collateral tissue damage.8 Under 

these conditions, modulating the levels of ROS by an exogenous supply of antioxidants or 

upregulating the cellular antioxidant machinery is a possible therapeutic approach. Multiple 

H2S-NSAID hybrids are in preclinical and clinical trials, the clinical indications being 

attributed to H2S.9 Wallace and co-workers had developed a H2S hybrid of mesalamine, ATB-

429 and demonstrated its efficacy in reducing the severity of colitis in mouse model, compared 

to the parent NSAID alone.10 Thus, implying that H2S might be acting in synergy with the 

NSAID to enhance its anti-inflammatory properties. Glcare Pharma’s drug GIC-1001 which is 

a salt comprising of an H2S donor and the anti-spasmodic drug trimebutine is in phase II clinical 

trials for the treatment of IBD.11 Additionally, our group has recently developed a class of 

COS/H2S-NSAID donors that exhibits cytoprotective effects against xenobiotic induced stress 

in colon cells.12 

Sulfane sulfurs comprising of persulfides and polysulfides have been established as 

potent antioxidants. These reactive species are more efficient at sequestering oxidants 

compared to H2S and are known to upregulate the antioxidant machinery of the cell via 

persulfidation, in response to oxidative stress.13–16 We therefore, proposed the design of b-

glycosidase activated persulfide donors comprising of two series (10-11), responsive to b-

galactosidase and b-glucosidase respectively (Figure 3.2). As per our hypothesis, upon 

cleavage by b-glycosidase the phenolate would undergo an intramolecular cyclization, 

resulting in the formation of a heterocyclic byproduct (12) with simultaneous release of the 

persulfide. This strategy offers distinct advantages over the existing prodrug strategies, 

including the enhanced aqueous solubility of the prodrugs and the formation of a potentially 

non-toxic, non-electrophilic byproduct. The LD50 of N-methylbenzoxazolone (12) has been 

reported to be 890 mg/kg in mice, suggesting that 12 has a very low toxicity profile.17 

 
Figure 3.2. Design of b-glycosidase activated persulfide donor. 
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3.2. Results and Discussion 

3.2.1. Synthesis of b-galactosidase responsive persulfide donors 

For the b-galactosidase series (10), we designed two compounds 10a and 10b where 

the R groups are N-acetylcysteine methylester (NACMe) and benzyl respectively (Scheme 

3.1.). The synthesis of the persulfide donors 10 was started by reacting 2-nitrophenol with the 

b-galactopyranosyl bromide 13 and silver oxide (Ag2O), using a reported protocol18 to afford 

compound 14 in 62% yield. Reduction of the nitro group was carried out by zinc and 6N 

hydrochloric acid to give the aniline derivative 15 in 92% yield. This was followed by 

formylation of the aniline and its subsequent reduction using borane dimethyl sulfide to obtain 

16, which was taken forward without further purification.19 In a separate reaction, the thiols 

were reacted with chlorocarbonylsulfenyl chloride to give 17 as an unstable intermediate.20 

Despite several attempts, the NACMe derivative 18a could not be synthesized. However, the 

benzyl persulfide derivative 18b was successfully synthesized by reacting the S-

perthiocarbonyl chloride 17b with 16. Final deacetylation of the galactoside in 18b using 

sodium methoxide (NaOMe) in methanol gave compound 10b in 31% yield (Scheme 3.1). 

 

Scheme 3.1. Synthesis of b-galactopyranosyl derivatives (10). 
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galactosidase was monitored. 10b was incubated at 37 °C with b-galactosidase (2 U/mL) in pH 

7.4 phosphate buffer and aliquots from the reaction mixture were injected into an LC/MS at 

pre-determined time points. The peak corresponding to 10b with m/z = 468.1146 ([M + H]+ 

expected m/z = 468.1151) gradually disappeared over 60 mins. A time course of decomposition 

was obtained and the curve fitting to first order gave a pseudo first order rate constant k1 6.8 × 

10-2 min-1 (Figure 3.3.). 

 
Figure 3.3. a) Extracted ion chromatograms for 10b (m/z = 468.1146; expected m/z = 468.1151) at 
different time points. Decomposition of 10b over 60 min in the presence of b-galactosidase was 
observed. b) Curve fitting to first order gave a rate constant of 0.0684 min-1 (R2 = 0.9929). 

Along with the decomposition of 10b, a peak for the formation of the N-

methylbenzoxazolone byproduct (12) was observed with m/z = 150.0545 [M + H]+ (expected 

m/z = 150.0555), which gradually increased in intensity over a period of 60 min. Curve fitting 

to first order gave a pseudo first order rate constant of 8.6 × 10-2 min-1 (Figure 3.4.). 

 
Figure 3.4. a) Extracted ion chromatograms for the formation of byproduct (12) (m/z = 150.0545; 
expected m/z = 150.0555) at given time points. Formation of 12 from 10b over 60 min in the presence 
of b-galactosidase was observed. b) Curve fitting to first order gave a rate constant of 0.0858 min-1 (R2 
= 0.999). 
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3.2.3. Detection of persulfide/polysulfide from 10b 

After establishing that 10b can be efficiently cleaved by b-galactosidase to release the 

byproduct 12, the generation of persulfides from 10b was next assessed. Persulfides can be 

detected by reacting it with a suitable electrophile. N-(4-hydroxyphenethyl)-2-iodoacetamide 

(HPE-IAM) has been previously reported as an effective persulfide alkylating agent due to its 

mild electrophilic nature.21 Additionally, it can prevent substantial decay of persulfides or 

polysulfides from alkaline hydrolysis.22,23 Persulfides being unstable can undergo 

disproportionation to form polysulfides (RS(S)nH) and hydrogen polysulfides (H2Sn) which 

can react with HPE-IAM and hence be detected as HPE-IAM adducts as well (Scheme 3.2.).  

 

Scheme 3.2. a) Reaction scheme showing detection of persulfides/polysulfides as their HPE-AM 
adducts. b) Hydrogen sulfide/ polysulfides as their bis-S-HPE-AM adducts. 

Compound 10b was incubated with 2 U/mL of b-galactosidase and HPE-IAM (20 eq) 

in pH 7.4 phosphate buffer and incubated at 37 °C. After incubating for 60 min, an aliquot of 

the reaction mixture was injected in to the LC/MS. A peak at RT 15.8 min was observed and 

attributed to benzyl persulfide (BnS-SH) with m/z = 334.0915 ([M+H]+; expected, 334.0935) 

(Figure 3.5.a.). Interestingly, a peak for benzyl trisulfide (BnS-SSH) and a peak for benzyl 

tetrasulfide (BnS-SSSH) was detected as well (Figure 3.5.a.). Hydrogen sulfide (H2S) and 

hydrogen polysulfides (H2Sn) upon reaction with HPE-IAM will form bis-Sn-HPE-AM 

adducts. H2S was detected as the bis-S-HPE-AM adduct at RT 12.9 min with m/z = 389.1540 

([M+H]+; expected, 389.1535). Similarly, H2S2 was detected as the bis-S2-HPE-AM adduct 

and H2S3 as the bis-S3-HPE-AM (Figure 3.5.b.). From the above data, it can be concluded that 

compound 10b reacts with b-galactosidase to generate persulfides as well as polysulfides.  
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Figure 3.5. a) Extracted ion chromatogram of benzyl persulfides and polysulfides generated from 
compound 10b, detected as their HPE-AM adducts using LC/MS. Bn-SS-HPE-AM (m/z = 334.0915 
[M+H]+; expected, 334.0935); Bn-S(S)2-HPE-AM (m/z = 366.0659 [M+H]+; expected, 366.0656); Bn-
S(S)3-HPE-AM (m/z = 398.0379 [M+H]+; expected, 398.0377). b) Extracted ion chromatogram of 
hydrogen sulfide and hydrogen polysulfides detected as their bis-HPE-AM adducts. Bis-S-HPE-AM 
(m/z = 389.1540 [M+H]+; expected, 389.1535); bis-S2-HPE-AM (m/z = 421.1258 [M+H]+; expected, 
421.1256); bis-S3-HPE-AM (m/z = 453.0980 [M+H]+; expected, 453.0976). 

3.2.4. MTT assay for cell viability to determine cytotoxicity of 10b 

Human cytosolic b-glycosidase is present in significant concentrations in the liver, 

kidney, spleen and colon.24,25 Human colon carcinoma (DLD-1) and hepatocarcinoma (HepG2) 

cell line were therefore used as model systems. 

 

Figure 3.6. Cell viability assay carried out with the compound 10b for 24 h on a) DLD-1 cells b) HepG2 
cells. All data are presented as mean ± SD (n =3/group). 

The cytotoxicity of compound 10b was evaluated using a standard MTT assay to estimate the 
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be cytotoxic in DLD-1cell line (Figure 3.6.a) and exhibit moderate toxicity in HepG2 cell line 

(Figure 3.6.b).  

3.2.5. Synthesis of b-glucosidase responsive persulfide donors 

The next series of compounds, 11a and 11b were designed to be responsive to b-

glucosidase. Using a similar protocol as outlined above, the glucopyranosyl derivative of N-

methylaniline, 22 was prepared (Scheme 3.3). It was reacted with the S-perthiocarbonyl 

chloride 17a, derived from NACMe to obtain compound 23a and final deacetylation was 

carried out to obtain compound 11a. 11b was similarly synthesized by reacting compound 22 

with the S-perthiocarbonyl chloride 17b, derived from benzylmercaptan followed by final 

deacetylation. Compounds 11a and 11b were prepared by MS student Ms. Manjima B. Sathian. 

 

Scheme 3.3. Synthesis of b-glucopyranosyl derivatives (11). 

 3.2.6. LC/MS analysis for the decomposition of 11  
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m/z = 521.1250 ([M + H]+ expected m/z = 521.1264) corresponding to 11a was observed, 

which was gradually consumed over a period of 10 h (Figure 3.7.a). Curve fitting to first order 

gave a pseudo first order rate constant k1 5.4 × 10-3 min-1 (Figure 3.7.b).  

O

AcO
AcO

O
NO2

OAc

AcO
O

AcO
AcO

O
NH2

OAc

AcO
O

AcO
AcO

O H
N

OAc

AcO

O

AcO
AcO

O
N

OAc

AcO

S
O

S R

O

HO
HO

O
N

OH

HO

S
O

S R

OAcOAcO Br

OAc

OAcOH
NO2

Ag2O, ACN

Zn/HCl
i. HCOOH, 

Ac2O
ii. H3B-SMe2, 

THF, rt
THF

SH
Cl S

O
Cl

DCM, 0 oC
R S S Cl

O

17a: R = N-acetylcysteine-
               methylester
17b: R = benzyl

19

20, 85% 21, 96% 22, 75%

11

11a: R = N-acetylcysteine-
               methylester
11b: R = benzyl

23

23a: R = N-acetylcysteine-
               methylester
23b: R = benzyl

NaOMe,
MeOH,

0 oC

22, 
DIPEA, DCMR



Chapter 3 

 77 

 

Figure 3.7. a) Extracted ion chromatograms for 11a (m/z = 521.1250; expected m/z = 521.1264) at 
different time points (5, 30, 60, 120, 210, 300, 600 min). Decomposition of 11a over 10 h in the presence 
of b-glucosidase was observed, as monitored by LC/MS. b) Curve fitting to first order gave a rate 
constant of 5.4 × 10–3 min–1.  

Concomitant formation of the byproduct 12 at RT 13.3. min was observed with m/z = 

150.0551 [M + H]+ (expected m/z = 150.0555) under the given conditions (Figure 3.8.a). A 

time course for the rate of formation of 12 was obtained and curve fitting to first order gave a 

rate constant of 7.1 × 10-3 min-1, which is similar to the rate of decomposition of 11a (Figure 

3.8.b). 

 

Figure 3.8. a) Extracted ion chromatograms for the formation of byproduct (12) (m/z = 150.0551; 
expected m/z = 150.0555) at given time points (5, 30, 60, 120, 210, 300, 600 min). Formation of 12 
over 10 h in the presence of b-glucosidase was observed. b) Curve fitting to first order gave a rate 
constant of 7.1 × 10–3 min–1. 
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3.2.6.2. Decomposition of 11b by b-glucosidase 

A similar experiment was carried out with the benzyl persulfide derivative 11b. 11b 

was incubated with b-glucosidase (10 U/mL) at 37 °C in pH 7.4 phosphate buffer. LC/MS 

analysis revealed a complete decomposition of 11b with m/z = 468.1153 [M + H]+ (expected 

m/z = 468.1151) over a period of 10 h (Figure 3.9.a). A first order rate constant for the 

decomposition of 11b was calculated to be 4.4 × 10-3 min-1 (Figure 3.9.b). 

 

Figure 3.9. a) Extracted ion chromatograms for 11b (m/z = 468.1153; expected m/z = 468.1151) at 
different time points (5, 30, 60, 120, 210, 300, 600 min). Decomposition of 11b over 10 h in the presence 
of b-glucosidase was observed. b) Curve fitting to first order gave a rate constant of 4.4 × 10-3 min-1, 
(R2 = 0.958). 

A concomitant formation of the byproduct 12 at RT 13.3 min was observed under the 

above conditions, over a period of 10 h. The rate constant for the formation of 12 was calculated 

to be 7.4 × 10-3 min-1 (Figure 3.10.). 

 
Figure 3.10. a) Extracted ion chromatograms for the formation of byproduct (12) (m/z = 150.0545; 
expected m/z = 150.0555) at given time points (5, 30, 60, 120, 210, 300, 600 min). Formation of 12 
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from 11b over 10 h in the presence of b-glucosidase was observed. b) Curve fitting to first order gave 
a rate constant of 7.4 × 10-3 min-1 (R2 = 0.9936). 

3.2.7. Detection of persulfide/polysulfide from 11 

3.2.7.1. Persulfide/polysulfide generation from 11a 

Next, persulfide/polysulfide generation from the NACMe derivative 11a was assessed. 

11a was incubated with 10 U/mL of b-glucosidase and HPE-IAM (20 eq) in pH 7.4 phosphate 

buffer and incubated at 37 °C. Aliquots from this reaction mixture was injected in to the LC/MS 

at pre-determined intervals. A peak RT 12.4 min was observed which can be attributable to the 

HPE-AM persulfide adduct of NACMe with m/z = 387.1042 ([M+H]+ expected m/z = 

387.1048). The peak for HPE-IAM adduct of NACMe persulfide (NACMeS-SH) appeared 

within 5 min of incubation and gradually increased in intensity over a period of 10 h (Figure 

3.11.).  

 

Figure 3.11. Extracted ion chromatograms for the formation of the persulfide adduct of HPE-IAM 
(NACMeS-SH) (m/z = 387.1042; expected m/z = 387.1048) at the given time points (5, 30, 60, 120, 
210, 300, 600 min). Formation of NACMeS-SH over 10 h in the presence of b-glucosidase was 
observed.  

In addition, peaks for HPE-AM polysulfide adducts NACMeS-SSH and NACMeS-

SSSH were detected as well (Figure 3.12.a). Appreciable amounts of H2S, H2S2 and H2S3 were 

also detected along with the persulfide/polysulfide adducts of NACMe (Figure 3.12.b). 

Generation of disulfides and trisulfides of NACMe were observed as well under the 

aforementioned condition (Figure 3.13.). A peak for disulfide was obtained at RT 11.4 min 

with m/z = 353.0849 [M + H]+ (expected m/z = 353.0841) whereas a peak for the trisulfide 

was obtained at RT 12.3 min with m/z = 385.0560 [M + H]+ (expected m/z = 385.0562). 
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Figure 3.12. a) Extracted ion chromatogram of persulfides and polysulfides of N-acetylcysteine methyl 
ester (NACMe-S(S)nH) generated from compound 11a, detected as their HPE-AM adducts using 
LC/MS (R = N-acetylcysteine methyl ester, NACMe). NACMe-SS-HPE-AM (m/z = 387.1042 
[M+H]+; expected, 387.1048); NACMe-S(S)2-HPE-AM (m/z = 419.0781 [M+H]+; expected, 
419.0769); NACMe-S(S)3-HPE-AM (m/z = 451.0500 [M+H]+; expected, 451.0490). b) Extracted ion 
chromatogram of hydrogen sulfide and hydrogen polysulfides detected as their bis-HPE-AM adducts. 
Bis-S-HPE-AM (m/z = 389.1545 [M+H]+; expected, 389.1535); bis-S2-HPE-AM (m/z = 421.1272 
[M+H]+; expected, 421.1256); bis-S3-HPE-AM (m/z = 453.0991 [M+H]+; expected, 453.0976) 

 

Figure 3.13. Disulfide and trisulfide (R = N-acetylcysteine methylester, NACMe) formed upon 
incubation of 11a in the presence of b-glucosidase. A peak for disulfide was obtained at RT 11.4 min 
with an observed m/z = 353.0849 [M + H]+ (expected m/z = 353.0841). A peak for the trisulfide was 
obtained at RT 12.3 min with an observed m/z = 385.0560 [M + H]+ (expected m/z = 385.0562). 

3.2.7.2. Persulfide/polysulfide generation from 11b  

A similar experiment was carried out for the benzyl derivative 11b. 11b was incubated 

with 10 U/mL of b-glucosidase and HPE-IAM (20 eq) in pH 7.4 phosphate buffer at 37 °C. 

LC/MS analysis revealed the generation of benzyl persulfide (BnS-SH) as the HPE-AM adduct 

with m/z = 334.0922 ([M + H]+ expected m/z = 334.0935), over a time period of 10 h (Figure 

3.14.). Additionally, as expected polysulfides adducts of benzyl (BnS-SSH) and hydrogen 

polysulfides (H2Sn, n = 1, 2, 3) were detected along with the persulfide (Figure 3.15.).  
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These experiments collectively suggest that the prodrugs can be cleaved by b-

glucosidase to generate persulfides and polysulfides which were detected as adducts of HPE-

IAM. 

 

Figure 3.14. Extracted ion chromatograms for the formation of the benzyl persulfide adduct of HPE-
IAM (BnSS-HPE-AM) (m/z = 334.0922; expected m/z = 334.0935) from 11b upon incubation with b-
glucosidase at the given time points (5, 30, 60, 120, 210, 300, 600 min). Formation of BnS-SH over 10 
h in the presence of b-glucosidase was observed. 

 

Figure 3.15. a) Extracted ion chromatogram of benzyl persulfides and polysulfides generated from 
compound 11b, detected as their HPE-AM adducts using LC-MS. Bn-SS-HPE-AM (m/z = 334.0922 
[M+H]+; expected, 334.0935); Bn-S(S)2-HPE-AM (m/z = 366.0654 [M+H]+; expected, 366.0656). b) 
Extracted ion chromatogram of hydrogen sulfide and hydrogen polysulfides detected as their bis-HPE-
AM adducts. Bis-S-HPE-AM (m/z = 389.1539 [M+H]+; expected, 389.1535); bis-S2-HPE-AM (m/z = 
421.1264 [M+H]+; expected, 421.1256); bis-S3-HPE-AM (m/z = 453.0988 [M+H]+; expected, 
453.0976). 

3.2.8. MTT assay for cell viability to determine cytotoxicity of 11 

The cytotoxicity of compounds 11a and 11b were evaluated using a standard MTT 

assay to estimate the cell viability. DLD-1 and HepG2 were treated with varying concentrations 

of 11a and 11b and incubated for 24 h following which cell viability was measured. 11a was 

found to be well tolerated by both the cell lines and no significant cytotoxicity was observed 
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up to 100 µM (Figure 3.16.). However, 11b was found to be significantly cytotoxic in DLD-1 

cell line and exhibit moderate toxicity in HepG2 cell line. (Figure 3.17.). 

 

Figure 3.16. a) Cell viability assay carried out with the compound 11a for 24 h on a) DLD-1 cells b) 
HepG2 cells. No significant change in viable cells upon treatment with the compound compared with 
the control was observed. All data are presented as mean ± SD (n =3/group). 

 

Figure 3.17. Cell viability assay carried out with the compound 11b for 24 h on a) DLD-1 cells b) 
HepG2 cells. All data are presented as mean ± SD (n =3/group). 

3.2.9. Mechanism 

Based on the above observations, a mechanism for the generation of persulfides/ 

polysulfides from the glycopersulfide prodrugs were formulated (Scheme 3.4). The glycoside 

in prodrugs 10-11 is cleaved by the enzyme b-glycosidase to form the intermediate I. The 

phenolate in I undergoes an intramolecular cyclization to release the persulfide and form the 

heterocyclic byproduct 12. The persulfide once released can further react with itself to form 
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the hydropolysulfide (RS-SnH) species. These species being unstable in nature can ultimately 

be reduced by thiols or persulfides to generate hydrogen sulfide (H2S) or polysulfide (H2Sn). 

 

Scheme 3.4. a) Proposed mechanism for the generation of persulfides and polysulfides from compounds 
10-11. b) Probable pathways for decomposition in the presence of a thiol.  

The persulfide scaffold has been previously reported to be susceptible to thiols, 

generating COS as a by-product.20 COS is known to hydrolyze into H2S catalyzed by the widely 

prevalent enzyme carbonic anhydrase.26 Therefore, in the presence of both b-glycosidase and 

thiols, there are two possible competing pathways, A and B as shown in Scheme 3.4.b. Pathway 

A is indicative of persulfide generation as a result of b-glycosidase activation while pathway 

B indicates COS release upon cleavage of the disulfide bond by thiols. 

3.2.9.1. Reactivity of 10b towards N-acetyl cysteine (NAC) 

To ascertain the reactivity of the prodrugs towards thiols, compound 10b was reacted 

with N-acetylcysteine (NAC) in the presence of b-galactosidase. 10b was co-incubated with 2 

U/mL of b-galactosidase and 0.5 mM NAC in pH 7.4 phosphate buffer and incubated at 37 °C. 

The formation of the byproduct 12 was monitored. A 25% reduction in the yield of 12 was 

observed within 30 min of incubation, suggesting that thiol reactivity is a minor competing 

pathway (Figure 3.18.). The reaction was carried out in the absence of HPE-IAM due to its 

propensity to react with NAC, thus making it inaccessible. However, formation of mixed 

disulfides (NAC-SS-Bn) and trisulfides (NAC-SSS-Bn) of NAC with benzyl were observed, 

indicative of b-galactosidase cleavage through pathway A (Figure 3.19.). 
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Figure 3.18. a) Extracted ion chromatograms for the formation of byproduct (12) (m/z = 150.0545; 
expected m/z = 150.0555) upon incubation of 10b with b-galactosidase in the presence or absence of 
NAC. b) Quantification of the area under the curve (AUC) for the peak corresponding to 12. 25% 
reduction in the yield of 12 was observed upon incubation with NAC. 

 

Figure 3.19. a) Extracted ion chromatograms for the formation of mixed disulfide NAC-SS-Bn (m/z = 
150.0545; expected m/z = 286.0572) upon incubation of 10b with b-galactosidase in the presence of 
NAC. b) Extracted ion chromatograms for the formation of mixed trisulfide NAC-SSS-Bn (m/z = 
318.0309; expected m/z = 318.0292) upon incubation of 10b with b-galactosidase in the presence of 
NAC. 

3.2.9.2. Reactivity of 10b towards Glutathione (GSH) 

A similar experiment was carried out using glutathione (GSH) as the thiol. 10b was co-

incubated with 2 U/mL of b-galactosidase and 1 mM GSH in pH 7.4 phosphate buffer and 

incubated at 37 °C. In contrast to NAC, a 65% reduction in the formation of the byproduct 12 

was observed within 30 min of incubation, suggesting that pathway B is predominant in case 

of GSH (Figure 3.20.). This might be an outcome of the elevated concentration of GSH used, 

as a close mimic of the physiological system. 
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Figure 3.20. a) Extracted ion chromatograms for the formation of byproduct (12) (m/z = 150.0558; 
expected m/z = 150.0555) upon incubation of 10b with b-galactosidase in the presence or absence of 
GSH. b) Quantification of the area under the curve (AUC) for the peak corresponding to 12. 65% 
reduction in the yield of 12 was observed upon incubation with GSH. 

3.2.10. Intracellular generation of persulfide/polysulfide 

The glucoside derivatives 11 have a slower rate of decomposition by b-glucosidase 

derived from almonds, with half-lives greater than 120 min. Given the potential reactivity of 

the prodrugs towards thiols, it was envisaged that the major pathway for intracellular 

decomposition would be pathway B (Scheme 3.4.b). However, previous reports suggest 

structural variations between human and other eukaryotic b-glucosidases.27 Human cytosolic 

b-glucosidase (hCBG) is reportedly more efficient at hydrolysis of b-glucosidic bonds than the 

ones derived from plants. This suggests that intracellular b-glucosidase present in mammalian 

cells might accelerate the cleavage of 11 to generate persulfide/polysulfide via pathway A 

(Scheme 3.4.).  

 

Scheme 3.5. Release of fluorescein from SSP2 upon reaction with persulfides/polysulfides. 

To assess the intracellular generation of persulfide/polysulfide from these prodrugs, 

11a was chosen due to its low toxicity profile compared to the benzyl derivatives. To detect 

intracellular persulfide/polysulfide, the previously reported probe SSP2 was used.28 The probe 

10 13 16
Retention Time, min

10b + GSH

10b

10
b

10
b 

+ 
G

S
H

0.0

1.6×106

AU
C

, a
.u

.

A B

SH
O

O
O

O

O

O O O O

COOH

RSSH / RSnR

S
S

O
SSP2

λex = 482 nm
λem = 518 nm



Chapter 3 

 86 

reacts with sulfane sulfur to release fluorescein that produces a distinct fluorescent signal at 

518 nm with excitation at 482 nm (Scheme 3.5.). 

DLD-1 cells were pre-treated with 50 µM SSP2 in the presence of 

cetyltrimethylammonium bromide (CTAB) followed by incubation with varying doses of 11a 

for 1 h. Fluorescence was measured in the GFP channel of a fluorescence microscope. A 

significant increment in fluorescence, corresponding to the generation of persulfide/polysulfide 

was observed at a concentration of 0.5 mM of 11a (Figure 3.21). An elevated dose of the 

compound is required to observe an enhanced signal perhaps due to the relatively lower 

stability of persulfide/polysulfides in the reducing environment of the cell. Nevertheless, this 

data indicates that 11a is cell permeable and is able to enhance the levels 

persulfide/polysulfides in cells. 

  

Figure 3.21. Detection of persulfide/polysulfide generated by compound 11a in DLD-1 cells, using the 
dye SSP2. The cells were imaged in the 20x GFP filter. Scale bar is 200 µm. 

3.2.11. Cytoprotective effect of compound 11a 

MGR-1 is a prodrug of the ROS generator JCHD, which upon cleavage by the widely 

prevalent enzyme esterase would generate JCHD in cells (Scheme 3.6.).29 JCHD is a juglone 

derivative that produces superoxide which spontaneously dismutates to generate hydrogen 

peroxide (H2O2) in cells, thus inducing oxidative stress mediated cell death.30 DLD-1 and 

HepG2 cells were treated with varying concentrations of MGR-1 for 4 h to evaluate their 

toxicity profile. The IC50 of MGR-1 on both these cell lines were determined. The IC50 of 

MGR-1 in DLD-1 was found to be 27 µM whereas in HepG2 it was found to be 12 µM (Figure 

3.22). Therefore, a concentration of 35 µM was used on DLD-1 cell line and 20 µM on HepG2 

cell line to induce greater than 50% cell death. 

11a (100 µM)Ctrl 11a (500 µM)
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Scheme 3.6. ROS generation from MGR-1 

 

Figure 3.22. a) Cell viability assay carried out with the MGR-1 for 4 h on DLD-1 cells to determine its 
IC50. IC50 was calculated to be 27 µM. All data are presented as mean ± SD (n =3/group). b) Cell 
viability assay carried out with the MGR-1 for 4 h on HepG2 cells. IC50 was calculated to be 12 µM. 

Next, the ability of the persulfide prodrug 11a to protect cells from the oxidative stress 

induced cell death was evaluated. DLD-1 cells were pre-incubated with varying concentrations 

of 11a for 12 h followed by treatment with MGR-1 (35 µM) for 4 h. Cell viability was then 

measured using a standard MTT assay. A dose dependent increase in cell viability was 

observed (Figure 3.23.a). To further corroborate our results, a similar experiment was 

conducted on another cell line HepG2 and a similar result was obtained (Figure 3.23.b). Under 

the above conditions, NAC failed to exhibit protective effects, suggesting that the 

cytoprotective effects were mediated by persulfides and not the NAC scaffold.  
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Figure 3.23. a) Cytoprotective effects of 11a against ROS induced cell death. DLD-1 cells were pre-
treated with varying doses of 11a for 12 h followed by treatment with the cell permeable ROS generator 
MGR-1 (20 mM) for 4h. A similar experiment was carried out with N-acetylcysteine (NAC). No 
significant effects on cell viability was observed with NAC. Results are presented as mean ± SD (n = 
3). (***) p < 0.001 vs MGR-1. b) A similar experiment carried out on the liver cell line (HepG2). A 
dose dependant increment in cell viability was observed upon pre-treatment with 11a, against cell death 
induced by MGR-1. No significant effects on cell viability was obtained with NAC. Results are 
presented as mean ± SD (n = 3). (***) p < 0.001 vs MGR-1. 

3.3. Summary 

In conclusion, a new class of enzyme activated persulfide donors with relatively benign 

byproducts have been reported. Two series of prodrugs were developed, one responsive to b-

galactosidase (10) and the other series were responsive to b-glucosidase (11). The generation 

of persulfides from these prodrugs were demonstrated by an LC/MS based technique after 

trapping it with the electrophile HPE-IAM. The b-glucosidase prodrug 11a with NACMe 

persulfide as the leaving group was found to be well tolerated by cells. 11a was found to be 

cell permeable and enhance intracellular persulfide/polysulfides, detected using the probe 

SSP2. Finally, as a testament to its therapeutic potential, 11a was demonstrated to be protective 

in cells against oxidative stress induced cell death in two different cells lines.   
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3.4. Experimental Section  

3.4.1. Synthesis and characterization of compounds 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-bromotetrahydro-2H-pyran-3,4,5-triyl triacetate 

(13): 

 To a solution of β-D-galactose pentaacetate (1.4 g, 3.6 mmol) in anhydrous 

DCM (10 mL), HBr in acetic acid (5.8 mL, 71.7 mmol) was added dropwise 

at 0 °C under N2 atmosphere and stirred at room temperature for 2 h. After 

completion of the reaction (TLC analysis), the reaction mixture was quenched with NaHCO3 

followed by extraction with DCM (3 × 20 mL). The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4, filtered and the filtrate was concentrated under 

reduced pressure to afford the crude product. The product was immediately used in the next 

step without further purification.  

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl 

triacetate (14)18: 

 To a solution of 2-nitrophenol (500 mg, 3.65 mmol) in anhydrous ACN 

(8 mL), Ag2O (845 mg, 3.65 mmol) was added. To this heterogenous 

reaction mixture, a solution of compound 13 (1.5 g, 3.65 mmol) in ACN 

was added dropwise under N2 atmosphere at 0 °C. The reaction mixture 

was gradually warmed up to room temperature and left to stir for 12 h. 

After completion of the reaction as determined by TLC, the reaction mixture was filtered 

through celite and washed with CHCl3. The filtrate was evaporated, the crude product obtained 

was diluted with H2O and extracted with CHCl3 (3 × 50 mL). The crude product obtained after 

evaporation of the filtrate was purified by column chromatography using 60-120 silica gel as 

the stationary phase. A gradient starting from 2% ethylacetate in hexane was used as the mobile 

phase and the compound was eluted at 50%. The product was obtained as an off-white solid 

(1.05 g, 62 %). FT-IR (νmax; cm-1): 1535, 1219; 1H NMR (400 MHz, CDCl3): δ 7.8 (dd, J = 8.0, 

1.6 Hz, 1H), 7.55 – 7.51 (m, 1H), 7.38 (dd, J = 8.0, 1.2 Hz, 1H), 7.23 – 7.19 (m, 1H), 5.58 (dd, 

J = 12.0, 8.0 Hz, 1H), 5.48 (d, J = 4.0 Hz, 1H), 5.13 – 5.08 (m, 2H), 4.29 (dd, J = 12.0, 7.0 Hz, 

1H), 4.19 (dd, J = 12.0, 7.0 Hz, 1H), 4.10 – 4.06 (m, 1H), 2.19 (s, 3H), 2.14 (s, 3H), 2.07 (s, 

3H), 2.02 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 170.6, 170.4, 169.5, 149.4, 141.7, 133.8, 

125.3, 124.0, 120.1, 100.3, 72.4, 70.6, 68.3, 61.9, 20.8, 20.7, 20.6; HRMS (ESI) for 

C20H23NO12 [M+Na]+ Calculated: 492.1117, Found: 492.1112. 
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(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-aminophenoxy)tetrahydro-2H-pyran-3,4,5-

triyl triacetate (15):  

Compound 14 (300 mg, 0.64 mmol) was dissolved in dry THF (5 mL) and 

degassed for 10 min. To this solution was added Zinc dust (418 mg, 6.4 

mmol) following which 6N HCl (530 µL, 3.2 mmol) was added dropwise 

at 0 °C and the reaction was stirred at room temperature for 36 h. Upon 

completion of the reaction (TLC analysis), the reaction mixture was passed 

through celite and washed with ethyl acetate. The filtrate was treated with 1N NaHCO3 until 

the pH of the solution turned neutral. The mixture was then extracted with EtOAc (3 × 20 mL). 

The combined organic layers were washed with brine, dried over Na2SO4, filtered and the 

filtrate was concentrated under reduced pressure. The crude product obtained was washed with 

diethyl ether (3 × 2 mL) to obtain compound 15 as a light brown solid (260 mg, 92%). FT-IR 

(ʋmax, cm-1): 2926, 1618, 1371; 1H NMR (400 MHz, CDCl3): δ 6.98-6.88 (m, 2H), 6.72-6.65 

(m, 2H), 5.53-5.46 (m, 2H), 5.14 (dd, J = 12.0, 4.0 Hz, 1H), 4.98 (d, J = 8.0 Hz, 1H), 4.28 (m, 

2H), 4.06 (t, J = 8.0 Hz, 1H), 3.8 (s, 2H), 2.19 (s, 3H), 2.10 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H); 
13C NMR (100 MHz, CDCl3): δ 170.8, 170.3, 169.9, 169.6, 144.5, 137.7, 124.4, 118.2, 116.2, 

115.9, 100.6, 72.6, 72.1, 71.3, 68.5, 62.0, 20.9, 20.8, 20.8, 20.7; HRMS for C20H25NO10 

[M+K]+ Calculated: 478.1116, Found: 478.1110 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-(methylamino)phenoxy)tetrahydro-2H-pyran-

3,4,5-triyl triacetate (16)19: 

Formic acid (215 µL, 5.7 mmol) and acetic anhydride (540 µL, 5.7 mmol) 

was heated at 70 °C for 2 h. The reaction mixture was cooled to room 

temperature and to that a solution of compound 15 (250 mg, 0.57 mmol) in 

THF (5 mL) was added. The reaction was stirred for 3 h at room 

temperature. Following complete consumption of starting material (TLC 

analysis), the reaction mixture was poured into hexane (20 mL) and the mixture was stirred at 

for 30 min. The precipitate obtained was filtered, washed with hexane and dried to obtain the 

formyl product.  

To a solution of the above formyl compound in dry THF (5 mL), 2M borane dimethylsulfide 

(850 µL) was added dropwise at 0 °C under N2 atmosphere. The reaction was stirred for 4 h at 

room temperature. Upon completion as monitored by TLC, the reaction was quenched using 

methanol and the solvent was evaporated to obtain the crude product. The product was then 
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suspended in water and extracted using EtOAc (3 × 20 mL), washed with brine, dried over 

Na2SO4, filtered and the filtrate was concentrated to obtain compound 16. The product 16 being 

unstable was immediately used in the next step without further purification. 1H NMR (400 

MHz, CDCl3) δ 7.02 – 6.98 (td, J = 7.6, 1.2 Hz, 1H), 6.90 (dd, J = 8.4, 1.6 Hz, 1H), 6.62 – 6.59 

(m, 2H), 5.51 – 5.46 (m, 2H), 5.13 (dd, J = 10.0, 4.0 Hz, 1H), 4.97 (d, J = 8.0 Hz, 1H), 4.26 – 

4.14 (m, 3H), 4.07 (m, 1H), 2.83 (s, 3H), 2.19 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H). 

methyl N-acetyl-S-((chlorocarbonyl)thio)cysteinate (17a):  

To a solution of N-acetylcysteine methylester (65 mg, 0.35 mmol) in 

anhydrous CHCl3 (4 mL), chlorocarbonyl sulfenyl chloride (62 µL, 0.7 

mmol) was added dropwise at 0 °C. The reaction was complete in 30 min 

as indicated by TLC. The intermediate was immediately taken forward without further 

purification. 

SS-benzyl carbonochlorido(dithioperoxoate) (17b): 

 To a solution of benzyl mercaptan (50 mg, 0.4 mmol) in anhydrous CHCl3 

(4 mL), chlorocarbonyl sulfenyl chloride (68 µL, 0.8 mmol) was added 

dropwise at 0 °C. The reaction was complete within 45 min as indicated by TLC. This 

intermediate was immediately taken forward without further purification. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((benzyldisulfannecarbonyl)(methyl) amino) 

phenoxy) tetrahydro-2H-pyran-3,4,5-triyl triacetate (18b)20: 

Compound 16 (90 mg, 0.2 mmol) was dissolved in anhydrous 

CHCl3 and DIPEA (165 µL, 1 mmol) was added dropwise at 0 

°C. This was followed by the addition of compound 17b to the 

reaction mixture and the reaction was stirred at room 

temperature. Upon completion (TLC analysis), the reaction was 

quenched by adding water and the product was extracted using CHCl3 (3 × 20 mL). The 

combined organic phase was washed with brine, dried over Na2SO4, filtered and the filtrate was 

concentrated. The crude obtained was purified by reverse phase HPLC using ACN-H2O as the 

eluent. Compound 18b was obtained as a white solid after purification (43 mg, 34%). FT-IR 

(νmax; cm-1): 1680, 1495; 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.31 (m, 7H), 7.22 (dd, J = 12.0, 

1.7 Hz, 1H), 7.14 (td, J = 8.0, 1.5 Hz, 1H), 5.54 – 5.45 (m, 2H), 5.09 (dd, J = 10.0, 4.0 Hz, 1H), 

5.00 (d, J = 8.0 Hz, 1H), 4.29 – 4.25 (m, 1H), 4.19 – 4.15 (m, 1H), 4.05 – 3.90 (m, 4H), 3.27 (s, 

3H), 2.19 (s, 3H), 2.09 (s, 6H), 2.00 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 170.3, 170.2, 170.0, 
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169.7, 165.9, 153.9, 136.3, 131.4, 131.0, 130.5, 129.6, 129.5, 128.5, 127.6, 124.1, 118.0, 100.2, 

71.3, 70.6, 67.9, 66.9, 61.5, 43.5, 37.9, 20.8, 20.7, 20.5; HRMS (ESI) for C29H33NO11S2 

[M+Na]+ Calculated: 658.1393. Found: 658.1389. 

SS-benzyl methyl(2-(((2S,3S,4S,5R,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-

2H-pyran-2-yl)oxy)phenyl)carbamo(dithioperoxoate) (10b):  

18b (100 mg, 157 µmol) was dissolved in anhydrous methanol 

(3 mL). Sodium methoxide (8.5 mg, 157 µmol) was added to the 

solution at 0 °C and stirred at room temperature for 1h. Upon 

completion (TLC analysis), the reaction was quenched by 

addition of amberlite resin. The reaction mixture was filtered 

through a cotton plug and the filtrate was evaporated under reduced pressure. The crude 

obtained was purified by reverse phase HPLC using ACN-H2O as the eluent to obtain 10b (23 

mg, 31%). FT-IR (νmax; cm-1): 3367, 1665; 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.24 (m, 7H), 

7.09 –7.05 (m, 1H), 4.95 (dd, J = 25.0, 8.0 Hz, 1H), 3.98 – 3.81 (m, 10H), 3.65 – 3.62 (m, 1H), 

3.31 (d, J = 9.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 166.2, 156.0, 137.7, 131.8, 130.4, 

129.3, 128.2, 123.5, 117.8, 102.7, 78.2, 78.0, 74.5, 71.3, 62.6, 43.9, 38.3; HRMS (ESI) for 

C21H25NO7S2 [M+H]+ Calculated: 468.1150, Found: 468.1141.  

N-(4-hydroxyphenethyl)-2-iodoacetamide (HPE-IAM): 

 

To a solution of tyramine (500 mg, 3.64 mmol) in a saturated Na2CO3 and DCM (1:1) was 

added 2-chloroacetyl chloride (300 µL, 3.64 mmol). The reaction mixture was stirred at room 

temperature for 2 h, Upon completion (TLC analysis), the reaction was quenched by addition 

of water and the product was extracted using DCM (3 × 20 mL). The solvent passed through 

anhydrous Na2SO4, filtered and the filtrate was evaporated under reduced pressure.  

The crude obtained was dissolved in anhydrous dimethyl formamide (DMF) and sodium iodide 

(3.3 g, 22 mmol) was added. The reaction mixture was stirred at room temperature for 24 h. 

Upon completion (TLC analysis), the reaction was quenched by adding water and the product 

was extracted using ethyl acetate (3 × 20 mL). The combined organic phase was washed with 

brine, dried over Na2SO4, filtered and the filtrate was concentrated. The crude obtained was 

purified by reverse phase HPLC using ACN-H2O as the eluent. Compound HPE-IAM was 
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obtained as a white solid after purification. 1H NMR (400 MHz, CDCl3) δ 9.16 (s, 1H), 8.27 (t, 

J = 4.0 Hz, 1H), 7.01 –6.98 (m, 2H), 6.69 –6.65 (m, 2H), 3.61 (s, 1H), 3.19 (q, J = 8.0 Hz, 2H), 

2.57 (t, J = 8.0 Hz, 2H). 

3.4.2. Persulfide/polysulfide measurement from 10b using LC/MS: Stock solutions of 10b 

(20 mM) and HPE-IAM (125 mM) were prepared in DMSO. Stock solution of b-galactosidase 

(100 U/mL) was prepared in DI water. The reaction mixture for 10b was prepared by adding 

100 µM of 10b (2.5 µL, 20 mM stock), 2 mM HPE-IAM (8 µL, 125 mM), 2 U/mL b-

galactosidase (10 µL, 100 U/mL stock) and the volume was adjusted to 500 µL using 20 mM 

phosphate buffer, pH 7.4. The reaction mixture was incubated at 37 °C. 100 µL aliquots of the 

reaction mixture was taken at pre-determined time points and the reaction was quenched by 

adding 100 µL of methanol. The samples were centrifuged at 10000g for 10 min at 4 °C, the 

supernatant was collected and assessed thereafter by LC/MS. All measurements were done 

using a previously established LC/MS method31 with slight modification. Measurements were 

carried out in the positive ion mode using high resolution multiple reaction monitoring (MRM-

HR) analysis on a Sciex X500R quadrupole time-of flight (QTOF) mass spectrometer fitted 

with an Exion UHPLC system using a Kinetex 2.6 mm hydrophilic interaction liquid 

chromatography (HILIC) column with 100 Å particle size, 150 mm length and 3 mm internal 

diameter (Phenomenex). Acetonitrile (A) and 0.1% formic acid in water (B) was used as the 

mobile phase. Nitrogen was the nebulizer gas, with the nebulizer pressure set at 50 psi. The 

MRM-HR mass spectrometry parameters for measuring polysulfides are: m/z precursor ion 

mass (Q1, M + H+)/ product ion mass (Q3, M + H+) 468.12/105.05 (10b), 150.06/76.00 (12), 

334.10/121.10 (BnSS-HPE-AM), 366.06/121.10 (BnSSS-HPE-AM), 398.04/121.10 

(BnSSSS-HPE-AM), 389.16/121.10 (bis-S-HPE-AM), 421.13/121.10 (bis-SS-HPE-AM), 

453.09/121.1 (bis-SSS-HPE-AM), declustering potential =80 V, entrance potential = 10 V, 

collision energy = 20 V, and collision exit potential = 5 V. 

3.4.3. Persulfide/polysulfide measurement from 11a and 11b using LC/MS: Stock 

solutions of 11a (20 mM), 11b (20 mM) and HPE-IAM (125 mM) were prepared in DMSO. 

Stock solution of b-glucosidase (90 U/mL) was prepared in DI water. The reaction mixture for 

11a and 11b was prepared by adding 100 µM of the compounds 11a or 11b (5 µL, 20 mM 

stock) along with 2 mM HPE-IAM (16 µL, 125 mM) and 10 U/mL b-glucosidase (111 µL, 90 

U/mL stock). The volume was adjusted to 1 mL using 20 mM phosphate buffer, pH 7.4 and 

the reaction mixture was incubated at 37 °C. 100 µL aliquots of the reaction mixture was taken 
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at pre-determined time points and the reaction was quenched by adding 100 µL of methanol. 

The samples were centrifuged at 10000g for 10 min at 4 °C, the supernatant was collected and 

assessed thereafter by LC/MS using the method described above. The MRM-HR mass 

spectrometry parameters for measuring polysulfides are: m/z precursor ion mass (Q1, M + H+)/ 

product ion mass (Q3, M + H+) 521.13/105.05 (11a), 150.06/76.00 (12), 387.11/121.10 

(NACMeSS-HPE-AM), 419.08/121.10 (NACMeSSS-HPE-AM), 451.05/121.10 

(NACMeSSSS-HPE-AM), 468.12/105.05 (11b), 334.10/121.10 (BnSS-HPE-AM), 

366.06/121.10 (BnSSS-HPE-AM), 398.04/121.10 (BnSSSS-HPE-AM), 389.16/121.10 (bis-S-

HPE-AM), 421.13/121.10 (bis-SS-HPE-AM), 453.09/121.1 (bis-SSS-HPE-AM), declustering 

potential =80 V, entrance potential = 10 V, collision energy = 20 V, and collision exit potential 

= 5 V.  

3.4.4. Decomposition of 10b in the presence of NAC: Stock solution of 10b (20 mM) was 

prepared in DMSO. b-galactosidase (100 U/mL) and N-acetyl cysteine (NAC, 100 mM) were 

prepared in DI water. The reaction mixture was prepared by adding 100 µM of 10b (2.5 µL, 20 

mM stock), 2 U/mL b-galactosidase (10 µL, 100 U/mL stock) and 0.5 mM NAC (2.5 µL, 100 

mM stock). The volume was adjusted to 0.5 mL using 20 mM phosphate buffer, pH 7.4 and 

the reaction was incubated at 37 °C. After 30 min, 100 µL aliquots of the reaction mixture was 

taken and was quenched by adding 100 µL of methanol. The samples were centrifuged at 

10000g for 10 min at 4 °C and the supernatants were collected and assessed thereafter by 

LC/MS using the method described above. 

3.4.5. Decomposition of 10b in the presence of GSH: Stock solution of 10b (20 mM) was 

prepared in DMSO. b-galactosidase (100 U/mL) and glutathione (GSH, 100 mM) were 

prepared in DI water. The reaction mixture was prepared by adding 100 µM of 10b (2.5 µL, 20 

mM stock), 2 U/mL b-galactosidase (10 µL, 100 U/mL stock) and 1 mM GSH (5 µL, 100 mM 

stock). The volume was adjusted to 0.5 mL using 20 mM phosphate buffer, pH 7.4 and the 

reaction was incubated at 37 °C. After 30 min, 100 µL aliquots of the reaction mixture was 

taken and was quenched by adding 100 µL of methanol. The samples were centrifuged at 

10000g for 10 min at 4 °C and the supernatants were collected and assessed thereafter by 

LC/MS using the method described above. 

3.4.6. Cell viability assay: Human colon adenocarcinoma cells (DLD-1) and hepatocarcinoma 

cells (HepG2) were seeded at a concentration of 1 × 104 cells/well in a 96-well plate in Roswell 

Park Memorial Institute (RPMI) media supplemented with 10% FBS (fetal bovine serum) and 
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1% antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C for 16 h. Following 

this, the cells were exposed to varying concentrations of the compounds. Stock solutions of 

compounds were prepared in DMSO and the final concentration of DMSO did not exceed 

0.5%. The cells were then incubated for 24 h at 37 °C. A 0.5 mg/mL stock solution of 3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) was prepared in RPMI. The 

old media from the cells were removed, 100 µL of the MTT stock was added to each well and 

incubated for 4 h at 37 °C. After 4 h incubation, the media was carefully removed and 100 µL 

of DMSO was added. Spectrophotometric analysis of each well at 570 nm using a microplate 

reader (Thermo Scientific Varioskan) was carried out to estimate cell viability. 

3.4.7. Detection of persulfides/polysulfides in cells using SSP2:13,28 DLD-1 cells were 

seeded in a 12 well plate with 105 cells/well in RPMI media supplemented with 10% FBS (fetal 

bovine serum) and 1% antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C 

for 48 h. After incubation, the old media was removed and the cells were washed with 500 µL 

PBS. This was followed by addition of 1 mL fresh serum free RPMI media containing SSP2 

(50 µM) along with cetyltrimethylammonium bromide (CTAB, 500 µM) and the cells were 

incubated at 37 °C for 20 mins. The media was removed and cells were washed with serum 

free media to remove the excess probe. This was followed by incubation with 11a (100 µM, 

500 µM) in serum free media for 1 h at 37 °C. Cells were finally washed twice with PBS were 

imaged on EVOS fluorescence microscope using GFP (green fluorescence protein) filter. 

3.4.8. Protection from oxidative stress:  

DLD-1 cells: DLD-1 were seeded in a 96-well plate with 104 cells/well in RPMI media 

supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution and incubated in 

an atmosphere of 5% CO2 at 37 °C for 16 h. Stock solutions of compounds were prepared in 

DMSO with final concentration of DMSO not exceeding 0.5%. After 16 h, the cells were pre-

treated with different concentrations of the compounds for 12 h followed by treatment with 

MGR-1 (35 µM) for 4 h at 37 °C. The media was removed and MTT assay was carried out as 

described above to determine cell viability. 

HepG2 cells: HepG2 were seeded in a 96-well plate with 2.5 ´ 104 cells/well in RPMI media 

supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution and incubated in 

an atmosphere of 5% CO2 at 37 °C for 16 h. Stock solutions of compounds were prepared in 

DMSO with final concentration of DMSO not exceeding 0.5%. After 16 h, the cells were pre-
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treated with different concentrations of the compounds for 12 h followed by treatment with 

MGR1 (20 µM) for 4 h at 37 °C. The media was removed and MTT assay was performed as 

described above to determine cell viability. 
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3.5. NMR spectra of compounds 

1H and 13C NMR spectra of 10b 
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1H and 13C NMR spectra of 14 
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1H and 13C NMR spectra of 15 
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1H NMR spectra of 16 
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1H and 13C NMR spectra of 18b 
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CHAPTER 4.1: Insights into the therapeutic potential of persulfides using artificial 

substrates for 3-mercaptopyruvate sulfurtransferase (3-MST) 

4.1.1. Introduction 

One of the important enzymes involved in the biogenesis of persulfides is the H2S 

producing enzyme, 3-mercaptopyruvate sulfurtransferase (3-MST) a member of the 

sulfurtransferase family. 3-MST is ubiquitously present across all mammalian tissues, with an 

over-expression in the kidney, cardiac cells, brain, liver and endocrine organs.1 It is a 33 kDa 

protein with a redox active cysteine at its catalytic site. 3-mercaptopyruvate (3-MP) is formed 

from L-cysteine by the action of L-cysteine aminotransferase (CAT) using a-ketoglutarate as 

a co-substrate. 3-MST utilizes 3-MP as the sulfur acceptor to form a transient persulfide 

intermediate in its active site cysteine and an enolate of pyruvate as the byproduct.2,3 The 

enolate subsequently tautomerizes to the keto form (Figure 4.1.1.a).  

 
Figure 4.1.1. a) Reaction mechanism for turnover of 3-mercaptopyruvate (3-MP) by 3-
mercaptopyruvate sulfurtransferase (3-MST) to form a transient 3-MST persulfide intermediate and 
pyruvate as the byproduct. b) The 3-MST persulfide can undergo reduction to generate H2S or transfer 
the sulfur to other acceptor proteins leading to total cellular persulfidation.  

Analysis of the crystal structure of human 3-MST-3-MP revealed that Arg188 and Arg197 

stabilizes the incoming 3-MP via electrostatic interactions with the carboxyl and carbonyl 
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group of 3-MP.3 Whereas the catalytic triad comprising of His74, Ser250 and Asp63 are involved 

in activating the catalytic site Cys248. The sulfur can be further transferred to target proteins or 

be reduced by thioredoxin to generate H2S. Subsequent turnover of 3-MP by the 3-MST 

persulfide, leading to the formation of polysulfides have also been reported (Figure 4.1.1.b).4 

This redox sensitive cysteine residue is prone to oxidation in an oxidative environment, 

inhibiting its activity. Since L-cysteine is a precursor to 3-MP, inhibition of 3-MST conserves 

cysteine, upregulating the production of cellular reductants under conditions of oxidative 

stress.5 It is also involved in cyanide detoxification,6 synthesis of thiouridine in tRNA,7 

regulation of sulfane sulfur in the brain4 and iron sulfur clusters.8 3-MST has therefore been 

characterized as a detoxification enzyme and as an intracellular antioxidant. Deficiency of 3-

MST results in a rare genetic disorder known as mercaptolactate-cysteine disulfiduria 

(MCDU).9 Its deficiency in animal models has also been reported to be associated with anxiety 

like behavior, underlining the importance of 3-MST in normal metabolism and functioning.1,10 

 

Figure 4.1.2. An artificial substrate having a similar enolizable ketone and a sulfur donor was designed, 
which upon turnover by 3-MST feeds into the biosynthetic machinery of the cell to induce 
persulfidation and generate H2S. Acetophenone would be generated as a byproduct. 

The natural substrate for 3-MST which is 3-MP can reportedly generate H2S 

spontaneously, through non-enzymatic mechanisms, which can be a potential limitation.11 

Therefore, we considered developing an artificial substrate with structural features similar to 

3-MP, that would be essential for the formation of 3-MST persulfide. We hypothesized that 

the 3-MST persulfide once formed would feed into the biosynthetic machinery for total cellular 

persulfidation and H2S generation. Therefore, we designed compound 26 that has a sulfur 

donor and an enolizable ketone, similar to 3-MP and would form acetophenone (27) as the 

byproduct after tautomerization (Figure 4.1.2.). Due to the propensity of thiols to undergo 
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aerial oxidation, 26 was protected as the thioacetate (25) to impart stability and longer shelf-

life. The thioacetate in 25 can be easily deprotected by the widely prevalent enzyme esterase.  

4.1.2. Results and Discussion 

4.1.2.1. Synthesis  

24 is a dimer of 3-MP ethyl ester that rapidly dissociates in buffer to generate two moles 

of 3-MP ethyl ester (Scheme 4.1.1.). It was synthesized by reacting ethyl bromopyruvate with 

sodium hydrogen sulfide (NaSH) in methanol (Scheme 4.1.2.).6 24 was used as a positive 

control in all the experiments. 

 

Scheme 4.1.1. 3-MP ethyl ester exists as a dimer which rapidly dissociates in buffer to give the 
monomer. 

 

Scheme 4.1.2. Synthesis of the dimer of 3-MP ethyl ester, 24. 

The synthesis of the thiol 26 was carried out in 2 steps using previously reported protocols.12,13 

Phenacyl bromide was reacted with potassium thioacetate to give the thioacetate 25 in 78% 

yield. This was followed by deprotection of the thioacetate in 1M aq NaOH in diethyl ether to 

afford the thiol 26 (Scheme 4.1.3.).  

 

Scheme 4.1.3. Synthesis of phenacyl thiol 26. 
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chloropropiophenone by reacting it with sodium iodide followed by potassium thioacetate 

(Scheme 4.1.5). The synthesis of compound 29 was performed by Mr. Suman Manna. 

 

Scheme 4.1.4. Synthesis of negative control 28. 

 

Scheme 4.1.5. Synthesis of negative control 29. 

4.1.2.2. Tag Switch technique to detect persulfidation in proteins 

First, we evaluated the formation of 3-MST persulfide in its active site cysteine as 3-

MST accepts the sulfur from the artificial substrate 26. A previously reported tag-switch 

technique was used to detect the protein persulfide.15,16 The first step in this technique involves 

blocking of the persulfide and the residual thiol groups in the protein by the thiol blocking 

reagent methyl sulfonyl benzathiazole (MSBT-A) (Figure 4.1.3).  

 

Figure 4.1.3. Structures of reagents used in the tag-switch technique  

 

Figure 4.1.4. Tag-switch technique for detection of protein persulfides. 
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Upon reacting with MSBT-A, thiols form a thioether bond while persulfides form a 

reactive mixed disulfide bond. This mixed disulfide bond has enhanced reactivity towards 

nucleophiles compared to a thioether bond or an intramolecular disulfide bond in the protein. 

Therefore, introducing a tag-switching reagent, comprising of a nucleophile along with a 

reporting group which can either be biotin or a fluorophore such as BODIPY, can selectively 

label persulfides (Figure 4.1.4). The nucleophile used here is a methyl cyanoacetate that is 

coupled to biotin (Figure 4.1.3). The biotinylated protein can be subsequently detected using 

Western blot analysis. 

To test the formation of the 3-MST persulfide, 3-MST was treated with compound 25 

in the presence of esterase in pH 7.4 buffer and incubated at 37 °C for 1 h. The reaction samples 

were then reacted with MSBT-A followed by CN-biotin. A similar experiment was carried out 

with the positive control 24, which dissociates in buffer to produce the ethylester of 3-MP (E3-

MP) and the negative controls 28 and 29. The samples were subsequently analyzed using the 

Western blot technique. A strong band was observed when 3-MST was treated with the positive 

control 24 suggesting the formation of a 3-MST persulfide. A similar result was obtained with 

the substrate 25. Whereas, the negative controls 28 and 29 produced a significantly diminished 

signal under similar conditions (Figure 4.1.5.a). The bands were quantified using ImageJ 

(Figure 4.1.5.b). 

 

Figure 4.1.5. (a) Persulfidation of 3-MST by the ethyl ester of 3-MP (24) and the artificial substrate 
(25) in presence of ES, detected using the modified tag-switch technique. Compounds 28 and 29 were 
used as negative controls. PonceauS staining was used as a loading control. (b) Relative quantification 
of the bands using ImageJ. 
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the C238A 3-MST mutant. Under the reaction conditions described above, significantly weaker 

bands were observed when the C238A 3-MST mutant was treated with compounds 24 and 25 

compared to the wildtype 3-MST (Figure 4.1.6.a). The bands were quantified using ImageJ 

(Figure 4.1.6.b). Collectively, these data suggest the formation of a 3-MST persulfide as an 

intermediate when treated with the artificial substrate 25.   

 

Figure 4.1.6. (a) Persulfidation of wt 3-MST and 3-MST C238A mutant by compounds 24 and 25 in 
the presence of esterase (ES) were studied using the modified tag-switch technique. PonceauS staining 
was used as a loading control. (b) Relative quantification of the bands was done using ImageJ. 

4.1.2.3. Detection of persulfide/polysulfide using LC/MS 

Upon establishing that 25 is turned over by 3-MST to form the 3-MST persulfide as an 

intermediate, the formation of persulfide/polysulfide was next evaluated by leveraging the 

ability of 3-MST-SS- to transfer the sulfane sulfur to a small molecule acceptor thiol. GSH 

being the most abundant and biologically relevant thiol was used as a thiol acceptor. GSH upon 

reacting with 3-MST-SS- will form GSH persulfide (GS-SH). These reactive sulfur species 

being unstable in nature was trapped with an electrophile, monobromobimane (mBBr) and 

detected as their bimane adducts.17  

Compound 25 was incubated with 3-MST in the presence of esterase in pH 7.4 tris-HCl 

buffer for 30 min followed by treatment with GSH and finally mBBr. LC/MS analysis of the 

above reaction mixture showed the formation of GSS-bimane adduct (expected m/z = 

530.1379; observed m/z = 530.1357) (Figure 4.1.7.).  
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Figure 4.1.7. (a) Extracted ion chromatograms from an LC/MS analysis of GSS-bimane ([M+H]+ 

expected = 530.1379; observed = 530.1357) showing the formation of GSSH upon reacting 25 with 3-
MST in the presence of esterase followed by treatment with GSH. b) Area under the curve (AUC) for 
the peak corresponding to GSS-bimane. Ctrl refers to enzyme alone. 

Interestingly, the formation of bis-S-bimane adduct (expected, [M+H]+ = 415.144; 

observed [M+H]+ = 415.1433) (Figure 4.1.8.), suggesting the generation of H2S and GSSSG 

(expected [M+H]+ = 645.1319; [M+H]+ = 645.1315) (Figure 4.1.9.) were also observed along 

with the GSS-bimane adduct.  

 

Figure 4.1.8. a) Extracted ion chromatograms from an LC/MS analysis of bis-S-bimane ([M+H]+ 

expected = 415.144; observed = 415.1433) indicating the formation of H2S upon reacting 25 with 3-
MST in the presence of esterase followed by treatment with GSH. b) Area under the curve (AUC) for 
the peak corresponding to bis-S-bimane. Ctrl refers to enzyme alone. 
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Figure 4.1.9. a) Extracted ion chromatograms from an LC/MS analysis of GSSSG ([M+H]+ expected 
= 645.1319; observed = 645.1315) indicating the formation of GSSSG upon reacting 25 with 3-MST 
in the presence of ES followed by treatment with GSH. b) Area under the curve (AUC) for the peak 
corresponding to GSSSG. Ctrl refers to enzyme alone. 

Compound 25 in the absence of 3-MST however, did not generate any of these sulfur 

species. Thus, indicating that GS-SH, H2S and GSSSG are formed only in the reaction sample 

containing 25, esterase and 3-MST. However, during the incubation of 29 with 3-MST, the 

formation of GSS-bimane and bis-S-bimane adducts were observed at diminished levels when 

compared with a similar experiment conducted with 25 + ES + 3-MST. While the origin of this 

result is yet to be characterized, it appears that 29 undergoes decomposition to produce a 

persulfide or H2S as a minor pathway. 

4.1.2.4. Mechanism for the formation of persulfide/polysulfide  

A mechanism for the generation of GSH persulfide/polysulfide was formulated based 

on the above observations. 25 is cleaved in the presence of esterase to form the active substrate 

26, which upon turnover by 3-MST would generate the 3-MST-SS- as an intermediate and 

acetophenone 27 as the byproduct. In the presence of a thiol acceptor such as GSH, 3-MST-

SS- can transfer its persulfide, forming GS-SH which was detected as the GSS-bimane adduct. 

GS-SH can be reduced by another mole of GSH to generate H2S which was detected as the bis-

S-bimane adduct (Scheme 4.1.6.). 

In the absence of a reducing agent such as dithiothreitol (DTT), the 3-MST-SS- can 

further turnover another mole of 26 to form the 3-MST-SSS- and subsequently a 3-MST-SnS- 

intermediate. 3-MST polysulfide upon treatment with GSH generates GS-SnH and ultimately 

form GSSSG along with H2S (Scheme 4.1.7.). 
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Scheme 4.1.6. A schematic diagram of the various reactive sulfur species formed when 3-MST-SS-, 
generated by reacting 3-MST and 25 is treated with GSH. Due to the short half-life of GS-SH under the 
reaction conditions, this species was detected as its bimane adduct by reacting it with 
monobromobimane (mBBr) (GSS-bimane [M+H]+ = 530.1379). H2S was detected as its bis-S-bimane 
adduct ([M+H]+ = 415.144). 

 

Scheme 4.1.7. A schematic for the generation of 3-MST polysulfide and its degradation products. 
GSSSG formed by the reaction of GSH with glutathione polysulfide (GS-SnH) was also observed 
([M+H]+ = 645.1319). In the presence of mBBr, formation of adducts GSS-bimane and bis-S-bimane 
as depicted above is also possible. 
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4.1.2.5. Detection of persulfide/polysulfide using the probe SSP2 

The formation of persulfide/polysulfide was next studied using a fluorescent probe, 

SSP2.18 The probe reacts with sulfane sulfur to release fluorescein that produces a distinct 

fluorescent signal at 518 nm with excitation at 482 nm (Scheme 4.1.8).  

 

Scheme 4.1.8. Release of fluorescein from SSP2 upon reaction with persulfides/polysulfides. 

The probe was first validated by using GS-SnH that was prepared as per a reported 

protocol.19 Briefly, 1 equivalent each of GSH, DEA/NO (sodium 2-(N, N-diethylamino)-

diazenolate-2-oxide) and NaSH was reacted at room temperature for 20 min. Varying 

concentrations of GS-SnH were subjected to SSP2 and incubated in the dark for 10 mins. 

Thereafter, the fluorescence signal corresponding to the release of fluorescein was measured 

using a microtiter plate reader (excitation 482 nm; emission 518 nm). A concentration 

dependent increase in fluorescence was observed (Figure 4.1.10). While the thiols GSH and N-

acetyl cysteine did not produce any fluorescence signal, suggesting that fluorescein is released 

from SSP2 only when it reacts with persulfides/polysulfides.  

 

Figure 4.1.10. Validation of the probe SSP2 using varying concentrations of GS-SnH. (λex = 482 nm; 
λem = 518 nm) 

Next, the ability of compound 25 to generate persulfides/polysulfides upon turnover by 
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catalyze the turnover of 26 to 27, likely forming a 3-MST polysulfide. Compound 25 was 

incubated with 3-MST in the presence of esterase at 37 °C in pH 7.4 tris-HCl buffer followed 

by incubation with SSP2 in the dark. A fluorescence emission spectrum was recorded using a 

fluorescence spectrophotometer (excitation 482 nm; emission 500 to 650 nm). A signal 

corresponding to the generation of fluorescein was observed under these conditions (Figure 

4.1.11.a). A similar reaction was carried out in the presence of DTT, which would reduce the 

persulfide/polysulfide to H2S, hence a diminished signal for fluorescence is expected. In the 

presence of DTT, a considerable quenching of the fluorescence signal was observed (Figure 

4.1.11.b).  

 

Figure 4.1.11. a) Persulfide/polysulfide detection using probe SSP2. Fluorescence emission spectra of 
SSP2 (λex = 482 nm) upon treatment with 3-MST and 25 in the presence of esterase. b) Fluorescence 
quenching of SSP2 upon addition of DTT to the reaction sample containing 3-MST, 25 and esterase. A 
significant decrease in signal was observed likely due to the reduction of persulfide/polysulfide to the 
native thiol. 

To further corroborate our results, varying concentrations of 25 was reacted with 3-

MST in the presence of esterase followed by incubation with SSP2. The release of fluorescein 

was measured using a microtiter plate reader (excitation 482 nm; emission 518 nm). A dose 

dependent increase in fluorescence corresponding to the formation of persulfide/polysulfide 

was observed (Figure 4.1.12.). Treatment of the above reaction mixture with DTT, resulted in 

a diminished signal. Iodoacetamide (IAM) is widely used as a thiol blocking agent because of 

its propensity to react with thiols. The active site cysteine of 3-MST was blocked by pre-

treatment with IAM followed by treatment with 25 + ES. A significantly diminished signal was 

recorded when 25 + ES was reacted with the IAM pre-treated 3-MST. This result was in 

accordance with the tag-switch assay where the cysteine mutant failed to generate the 3-MST-
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SS–. Similar results were obtained with the positive control 24. No significant fluorescence 

signal was observed from the negative controls 28 and 29 (Figure 4.1.12.).  

 

Figure 4.1.12. Persulfide/polysulfide detection using SSP2: 3-MST ctrl refers to 3-MST alone and 25 
ctrl refers to 25 + ES only; 25 refers to co-incubation of varying concentrations of 25, ES and 3-MST; 
+DTT: addition of DTT; +IAM: addition of iodoacetamide, an electrophile that reacts with thiols; 24 
refers to incubation 24 with 3-MST; 28 and 29 refers to the incubation of the compounds with ES 
followed by treatment with 3-MST. 

4.1.2.6. Activity of GAPDH 

GAPDH is a redox sensitive protein involved in the glycolytic cycle, wherein the active 

site cysteine residue is susceptible to redox fluctuations. GAPDH was one of the first proteins 

to be detected in the persulfidated form,20 however its influence on the activity of GAPDH 

have been subject to much debate. The activity of GAPDH is measured as a function of NADH 

formation while catalyzing the conversion of glyceraldehyde-3-phosphate (G3P) (Scheme 

4.1.9.).21  

 

Scheme 4.1.9. Reaction catalyzed by GAPDH. 

The effect of persulfidation on the activity of GAPDH was next evaluated by utilizing the 
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presence of esterase should transfer the sulfane sulfur to the active site cysteine of GAPDH, 

thus persulfidating GAPDH. 

 
Figure 4.1.13. Activity of GAPDH was measured by monitoring the formation of NADH, real-time at 
340 nm. A significant increment in the activity of GAPDH was observed when treated with 3-MST 
persulfide generated by reacting 25 with 3-MST in the presence of esterase (blue) compared to GAPDH 
alone (ctrl, red). GAPDH and ES were present across all groups.  

To address this point, 3-MST-SS- was prepared by incubating 3-MST with 25 for 1 h 

in the presence of esterase (1 U/mL). This was followed by addition of GAPDH and incubation 

for another 1 h. An aliquot of this reaction sample was then added to the GAPDH assay buffer 

consisting of G3P, sodium pyrophosphate and nicotinamide adenine dinucleotide (NAD+). The 

formation of NADH was spectrophotometrically monitored in real time by following its 

absorbance at 340 nm. Under these experimental conditions, the activity of GAPDH was found 

to be significantly enhanced upon treatment with 3-MST-SS-, when compared to untreated 

GAPDH (Figure 4.1.13.).  

 
Figure 4.1.14. Each group was treated with 2 mM DTT following which the GAPDH activity was 
measured after 1 h. Addition of DTT to the reaction sample containing 25 and 3-MST led to a decrease 
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in the % activity of GAPDH. Ctrl represents GAPDH alone. GAPDH and ES were present across all 
groups. All data are presented as mean ± SD (n =3/group). **p < 0.01 vs the sample w/o DTT, ****p 
< 0.0001 versus ctrl, by Student’s two-tailed unpaired parametric t-test. 

Further, upon treatment of the above reaction samples with 2 mM dithiothreitol (DTT), 

which would reduce the persulfide to the parent thiol, a reversal in the activity of GAPDH was 

observed (Figure 4.1.14.). Thus, persulfidation of the redox active cysteine thiol regulates the 

activity of the enzyme. 

4.1.2.7. MTT assay for cell viability 

After establishing the formation of 3-MST-SS- when reacted with the artificial 

substrate 25 and the subsequent generation of persulfide/polysulfide, the cytotoxicity of 25 was 

evaluated using a standard MTT assay. Human lung carcinoma cell line (A549) was treated 

with varying concentrations of 25 and incubated for 24 h following which the MTT assay was 

performed to measure cell viability. The compound was found to be well tolerated by the cells 

for 24 h with no significant cytotoxicity even at 50 µM (Figure 4.1.15.).  

 

Figure 4.1.15. Compound 25 was tested for its cytotoxicity in A549 cell line using the MTT assay. 

4.1.2.8. H2S detection in A549 cells 

Next, the ability of the artificial substrate 25 to permeate cells and feed in as a substrate 

for cellular 3-MST was assessed. The 3-MST-SS- formed as an intermediate can transfer the 

sulfur to thiophilic acceptors such as thioredoxin or cysteine, subsequently undergoing 

reduction to eliminate H2S (Figure 4.1.1.).3 Intracellular H2S was detected in A549 cell line 

using a previously reported fluorescent probe for H2S, NBD Fluorescein.22 H2S upon reacting 

with the dye will release fluorescein which can be visualized using a fluorescence microscope. 
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An esterase sensitive COS/H2S donor developed in our lab was used as a positive control 

(Figure 4.1.16.a).23 When the cells were co-treated with COS/H2S donor (50 µM) along with 

the probe (10 µM) for 1 h, an enhanced fluorescence signal was observed. Under similar 

conditions, compound 25 (100 µM) generated a strong fluorescence signal as well. The signal 

observed with the negative control 28 (100 µM) was significantly diminished, as expected 

(Figure 4.1.16.b). This suggests that compound 25 is cell permeable and can generate H2S 

within cells. 

 

Figure 4.1.16. a) Structures of the reagents used. b) H2S detection using the NDB-Fluorescein dye in 
A549 cells. The cells were imaged in the 20´ GFP filter. Scale bar is 200 µm. 

To further assess the selectivity of the compound towards 3-MST, a 3-MST knock 

down cell line was generated (3-MST KD) by introducing 3-MST shRNA in A549 cell line. 

The corresponding scrambled cell line with a non-targeting shRNA was used, wherein the 

levels of 3-MST has not been perturbed. The cell lines were provided by Ms. Kavya Gupta 

from Dr. Deepak Saini’s lab in IISc Bangalore. When the cells were co-incubated with the 

COS/H2S donor and NBD-fluorescein, an enhanced fluorescence signal was observed both in 

the scrambled as well as 3-MST KD cell line. However, a significantly diminished signal was 

observed when the 3-MST KD cell line was treated with compound 25, compared to the 

scrambled cell line. Negative control 28 failed to produce a signal in either of the cell lines 

(Figure 4.1.17.). Collectively, the data suggests that H2S generation from 25 was mediated by 

the enzyme 3-MST. 
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Figure 4.1.17. a) Detection of H2S in 3-MST KD A549 cell line and the corresponding scrambled cell 
line using NBD fluorescein. Ctrl refers to untreated cells. Scale bar represents 200 µm. b) 
Representative bright field images of H2S detection using the NDB Fluorescein assay in scrambled and 
3-MST KD A549 cells. Scale bar is 200 µm. 

4.1.2.9. Antioxidant effect of compound 25 

4.1.2.9.1. Hydrogen peroxide (H2O2) quenching 

Persulfides and polysulfides have been reported to have antioxidant properties and are 

more efficient in countering oxidative stress compared to its congeners.19 To test this, a 

reported ROS generator MGR-1 was used to induce oxidative stress in cells.24 MGR-1 is an 

esterase activated prodrug of JCHD, that produces superoxide (Figure 4.1.18.a). Intracellular 

hydrogen peroxide (H2O2) levels were measured using a previously reported fluorescent probe 

TCF-B (Figure 4.1.18.a).25 The boronate ester moiety in TCF-B is oxidized by H2O2 to release 

tricyanofuran (TCF) fluorophore that can be visualized using fluorescence microscopy. A549 

cells were pre-treated with varying concentrations of 25 for 12 h followed by co-treatment with 

MGR-1 (25 µM) and TCF-B (25 µM) for 1 h. A similar experiment was carried out with the 

negative control 28. A dose dependent quenching in fluorescence was observed, that was 

unperturbed in case of the negative control 28. (Figure 4.1.18.b). 
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Figure 4.1.18. a) Structures of reagents used in the assay.  

b) (TOP) A549 cells were treated with veh control (DMSO), 25 (50 µM) and MGR-1 (25 µM)  

(BOTTOM) A549 cells treated with varying concentrations of 25 (5 µM, 10 µM, 25 µM and 50 µM) 
or 28 (50 µM) for 12 h followed by treatment with MGR-1 (25 µM). Intracellular H2O2 was detected 
using the H2O2-sensitive turn-on fluorescence sensor TCF-B. Cells were imaged using a 20´ TxRed 
filter. Scale bar is 200 µm. 

4.1.2.9.2. Reduction of oxidative stress markers 

NAD+/NADH and GSSG/GSH ratio are important biomarkers of redox homeostasis in 

cells and are consequently used to measure cellular oxidative stress. Under oxidative stress 

conditions, the oxidized forms like GSSG and NAD+ will be predominant and hence the ratios 

will be elevated. NAD+/NADH and GSSG/GSH ratio were tested across three cell lines, lung 
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cancer cell line (A549), mouse embryonic fibroblasts (MEF) and mouse neuroblastoma cells 

(N2a) in the presence of the ROS generator MGR-1. Elevated levels of both NAD+/NADH and 

GSSG/GSH ratio were observed. Upon pre-treatment of the cells with compound 25 for 12 h 

followed by treatment with MGR-1 for 1 h, a significant reduction in the levels of both these 

markers were recorded. A similar experiment conducted with compound 28 did not show any 

effect (Figure 4.1.19.).  

Together, from both these experiments it can be concluded that mitigation of oxidative 

stress was mediated by persulfides generated from compound 25 upon turnover by cellular 3-

MST. 

 

Figure 4.1.19. Biomarkers for oxidative stress: Three cell lines (A549, mouse embryonic fibroblasts 
(MEF) and N2a) were pretreated with vehicle, 25 or 28 and exposed to MGR-1 following which 
NAD+/NADH ratio and GSSG/GSH ratio were determined using an ELISA assay. All data are 
presented as mean ± SD (n = 5 per group). ***p < 0.001 vs MGR-1. 

4.1.2.10. Cytoprotective effects of compound 25 

Upon determining the antioxidant properties of 25, its ability to rescue cells from ROS 

induced cell death was next studied. 25 and 28 were first tested for its cytotoxicity profile in 

Mouse Embroyonic Fibroblasts (MEFs) using a standard MTT assay. Both these compounds 

were observed to be well tolerated for a period of 24 h and no toxicity was observed up to a 

concentration of 50 µM (Figure 4.1.20.).  
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Figure 4.1.20. Cell viability assay conducted on mouse embryonic fibroblast (MEF) cells: Cells were 
treated with 25 or 28 and a standard cell viability assay was used to assess the number of viable cells 
after 24 h. No significant effect of 25 or 28 on MEF cell viability was observed. All data are presented 
as mean ± SD (n =3/group).  

MEF cells were then pre-treated with varying concentrations of 25 for 24 h following 

which the cells were treated with MGR-1 for 4 h. A dose dependent increase in cell viability 

was observed in cells pretreated with 25 against oxidative stress induced cytotoxicity. 

However, the negative control 28 had no effect against MGR-1 (Figure 4.1.21.). The above 

data implies the therapeutic potential of the artificial substrate 25. 

 

Figure 4.1.21. MEF cells were first treated with 25 or 28 followed by treatment with MGR-1, a known 
inducer of oxidative stress in cells. Dose-dependent protection of cells from MGR-1-induced cell death 
by 25 was observed. Negative control 6 did not show any significant cytoprotective effect under similar 
conditions. Student’s two-tailed unpaired parametric t-test was carried out to determine significance: 
All data are presented as mean ± SD (n =3/group). ****p < 0.0001 vs MGR-1; ns = non-significant 
versus MGR-1 only. 

Persulfidation of key proteins such as parkin and GSK-3b, involved in 

neurodegenerative diseases like Parkinsons disease and Alzheimers disease has been reported 
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to have protective effects via modulation of their catalytic activity. Additionally, 3-MST is the 

major enzyme contributing to the formation of H2S and sulfane sulfur in the brain. Therefore, 

the potential of the artificial substrate 25 to exhibit neuroprotective effects were next tested. 

Neuro2A (N2a), a neuroblastoma cell line was used for this purpose. A cell viability assay 

conducted on N2a showed no potential toxicity of the compounds for a period of 12 h (Figure 

4.1.22.).  

 

Figure 4.1.22. Cell viability assay carried out with substrate 25 as well as negative control 28 on N2a 
cells for 12 h. All data are presented as mean ± SD (n =3/group).  

Cells were then pre-treated with varying concentrations of 25 and the negative controls 

27 and 28 for 12 h, followed by the ROS generator MGR-1 for 4 h. A dose dependent increase 

in cell viability was observed only with 25 and not the negative controls (Figure 4.1.23.).  

 

Figure 4.1.23.  Cell viability assay conducted on N2a cells. A dose-dependent protection of cells from 
MGR-1 induced cell death by 25 was observed. The byproduct ketone 27 or the negative control 28 did 
not show any protection against the cytotoxic effects of MGR-1. All data are presented as mean ± SEM 
(n = 3 per group). ***p < 0.001 vs MGR-1. 
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To further corroborate our results, an independent experiment with another ROS 

generator menadione was conducted. Similar results were obtained, thus demonstrating the 

neuroprotective effects of 25 (Figure 4.1.24.). 

 

Figure 4.1.24. Cell viability assay conducted on N2a cells. Dose-dependent protection of cells from 
menadione-induced cell death by 25 was observed. Negative control 28 did not show any protective 
effect in this assay. All data are presented as mean ± SD (n =3/group). ***p < 0.001 vs menadione; ns 
= non-significant compared to menadione only. 

3.1.2.11. Mitigation of neuroinflammation 

Persulfides/polysulfides have been reported to have anti-inflammatory effects.26,27 To 

evaluate the same, a mouse endotoxin shock model was used. First, C57BL/6J mice were 

intraperitoneally injected once daily with compound 25 for a period of 7 days and it was found 

to be well tolerated. Next, the mice were pre-treated with 25 for 4 h, followed by 

lipopolysaccharide (LPS) treatment and another dose of 25. in vivo studies were conducted by 

Dr. Shubham Singh from Dr. Siddhesh Kamat’s group in Dept. of Biology, IISER Pune. 

Proinflammatory cytokines and prostaglandins were measured in the brain tissue of these mice. 

In the control group treated with LPS alone, significantly elevated levels of cytokines TNF-a 

and IL-6 were found, compared to the vehicle-treated mice. In the group pre-treated with 25, a 

marked decrease in the levels of cytokines were observed, whereas NaSH failed to exhibit 

similar effects (Figure 4.1.25.a).  

LPS is known to induce the production of pro-inflammatory prostaglandins (PG). PGE2 

is one of the most abundant PG produced during inflammation and is an important mediator of 

several biological functions.28 PGD2 on the other hand is an isomer of PGE2 and is synthesized 
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primarily in the brain where it is involved in the regulation of various activities of the central 

nervous system.29 Hence, PGE2/PGD2 levels can be used as a reliable marker for inflammation. 

LC/MS analysis of brain tissue homogenates were carried out to measure the levels of 

PGE2/PGD2. A similar result was obtained wherein, the levels were significantly lower in 

groups pre-treated with 25 compared to LPS only treatment (Figure 4.1.25.b). These results 

collectively demonstrate the potential of 25 to mitigate neuroinflammation. 

 

Figure 4.1.25. Mouse endotoxin shock model: Animals were treated with 25 (20 mg/kg) or NaSH (20 
mg/kg) 4 h prior to treatment with lipopolysaccharide (LPS, 5 mg/kg). 30 min post-administration of 
LPS, another dose of 25 or NaSH was given. The brain tissue samples were harvested followed by 
measurement of: (A) Pro-inflammatory cytokines, TNF-a and IL-6 using a standard ELISA assay. All 
data are presented as mean ± SD (n = 6 per group). ***p < 0.001 vs LPS; and (B) Prostaglandins 
PGE2/D2 using LC/MS. All data are presented as mean ± SD (n = 10 per group). ***p < 0.001 vs LPS. 
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endoperoxides PGH2 by COX enzymes, leading to the downstream production of pro-

inflammatory prostaglandins.28 While COX-1 is a housekeeping enzyme, COX-2 is an 

inducible enzyme, induced by inflammatory stimuli. Several reports suggest that H2S-NSAID 

hybrids can exhibit potent anti-inflammatory effects by inhibiting the expression of COX-2, 

leading to the inhibition of PG production (Figure 4.1.26).30   

 

Figure 4.1.26. Mechanistic insights into pro-inflammatory prostaglandins formation. 

4.1.3. Summary 

In conclusion, 3-MST is a key enzyme that regulates the sulfane sulfur pool, especially 

in the brain. Herein, we have developed an artificial substrate, 25 which upon deprotection by 

esterase will generate the active compound 26. The sulfur from 26 will be accepted by the 

active site cysteine of 3-MST, forming a 3-MST persulfide intermediate and acetophenone (27) 

as the byproduct. A reported tag-switch technique was used to detect the formation of the 3-

MST-SS-, which was not observed upon mutation of the active site cysteine, a C238A mutant 

of 3-MST. Persulfidation of target proteins or thiols can be induced by sulfur transfer from 25 

via 3-MST and under these conditions, GSH was found to be persulfidated as detected by an 

LC/MS based technique. Change in the activity of GAPDH mediated by persulfidation was 

next evaluated wherein, the activity of GAPDH was found to be significantly enhanced. A 

 



Chapter 4.1 

 129 

reversal in activity was noted upon subsequent incubation with DTT, a reducing agent. The 

substrate 25 was found to be well tolerated by cells and was capable of producing H2S in human 

lung carcinoma, A549 cells. The selectivity of the artificial substrate 25 towards 3-MST was 

further validated by using a 3-MST KD cell line, where 25 failed to produce H2S. Mitigation 

of oxidative stress by 25 was demonstrated in multiple cell lines. Additionally, 25 was able to 

rescue cells from ROS induced lethality as demonstrated in two different cell lines. Finally, 25 

was shown to alleviate inflammation in a mouse endotoxin shock model.  
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4.1.4. Experimental Section  

4.1.4.1. Synthesis and characterization of data 

Compounds 246 and 2814 were synthesized as per previously reported protocol.  

4.1.4.2. Tag-Switch technique for persulfidation of 3-MST  

Stock solutions of compounds, MSBT-A and CN-biotin were prepared in DMSO. To 100 µL 

of 3-MST (0.4 mg/mL; wt or C238A mutant) were added compounds (2 µL of 10 mM stock) 

followed by addition of 1 U/mL esterase (10 µL of 100 U/mL stock) and incubated for 1 h. 

This was followed by addition of 10 µL of 25% SDS (sodium dodecyl sulfate) and MSBT-A 

(6 µL of 200 mM stock) and further incubated for 30 min at 37 °C. The reaction mixtures were 

desalted using Amicon centrifugal filters. The residues were collected and treated with CN-

biotin (4 µL of 50 mM stock) and incubated for 1 h at 37 °C. The reaction mixtures were 

desalted again using Amicon centrifugal filters. 

The residues were collected, mixed with 4 × Laemmli Buffer and resolved on a 12% 

polyacrylamide gel. Proteins were then transferred onto a PVDF membrane, blocked using 3% 

BSA for 1 h and incubated overnight at 4 °C with anti-biotin antibody produced in goat 

followed by HRP-conjugated anti-goat secondary antibody. The signal was visualized using 

Advansta WestBright ECL chemiluminescent HRP substrate.  

4.1.4.3. Persulfide/polysulfide measurement using SSP2:18,19  

GSnH was prepared by reacting 10 mM GSH, 10 mM DEA/NO (sodium 2-(N, N-

diethylamino)-diazenolate-2-oxide) and 10 mM NaSH at room temperature for 20 min. 

Stock solutions of 25 (10 mM), 24 (10 mM), 28 (10 mM), 29 (10 mM) and SSP2 (5 mM) were 

prepared in DMSO. DTT (100 mM), iodoacetamide (IAA, 100 mM) and esterase (100 U/mL) 

were prepared in DI water. The reaction mixture was prepared by adding 10 µM 3-MST (30 

µL, 106 µM stock), 24 or 25, 28, 29 along with 1 U/mL esterase (3 µL, 100 U/mL stock) and 

the volume was adjusted to 300 µL using 20 mM tris-HCl pH 7.4 buffer. The reaction was 

incubated for 30 min at 37 °C.  

A similar reaction was set up wherein the above reaction mixture was treated with 10 mM DTT 

(30 µL of 100 mM stock) after 30 min and further incubated at 37 °C for 30 min. 
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In a separate group, 3-MST was pre-incubated with 1 mM IAA (3 µL, 100 mM stock) for 30 

min followed by addition of 100 µM 25 or 100 µM 24 and 1U/mL esterase. The reaction was 

incubated for 30 min at 37 °C. 

The above treatment groups were finally incubated with 50 µM SSP2 (3 µL, 5 mM) at 37 °C 

for 10 min in the dark. 200 µL aliquot of each sample were transferred to a 96 well plate and 

the fluorescence was recorded (λex = 482 nm, λem = 518 nm) using a microplate reader (Thermo 

Scientific VarioskanFlash). 

4.1.4.4. Persulfide/polysulfide measurement using LC/MS:19 Stock solutions of 25 (10 

mM), 28 (10 mM) and 29 (10 mM) were prepared in DMSO. GSH (10 mM) and esterase (100 

U/mL) were prepared in DI water. The reaction mixture was prepared by adding 10 µM 3-MST 

(10 µL, 106 µM stock), 25, 28 or 29 along with 1U/mL esterase (1 µL, 100 U/mL) and the 

volume was adjusted to 100 µL using 20 mM tris-HCl pH 7.4 buffer. The reaction mixture was 

incubated for 30 min at 37 °C. 1 mM GSH (10 µL of 10 mM) was then added and incubated at 

37 °C for 30 min. 50 µL aliquot of the above reaction samples were added to a 50 µL methanol 

solution of 20 mM monobromobimane (mBBr, final concentration 10 mM) and incubated in 

the dark at 37 °C for 15 min. The samples were centrifuged at 10000g for 10 min at 4 °C and 

the supernatants were collected and assessed thereafter by LC/MS. All measurements were 

done using a previously established LC/MS method19 in the positive ion mode using high 

resolution multiple reaction monitoring (MRM-HR) analysis on a Sciex X500R quadrupole 

time-of flight (QTOF) mass spectrometer fitted with an Exion UHPLC system using a Kinetex 

2.6 mm hydrophilic interaction liquid chromatography (HILIC) column with 100 Å particle 

size, 150 mm length and 3 mm internal diameter (Phenomenex). Nitrogen was the nebulizer 

gas, with the nebulizer pressure set at 50 psi. The MRM-HR mass spectrometry parameters for 

measuring polysulfides are: GSS-bimane precursor ion mass (Q1, M + H+) = 530, product ion 

mass (Q3, M + H+) = 192, declustering potential =130 V, entrance potential = 10 V, collision 

energy = 33 V, and collision exit potential = 10 V; GSSSG precursor ion mass (Q1, M + H+) 

= 645, product ion mass (Q3, M + H+) = 387, declustering potential =170 V, entrance potential 

= 10 V, collision energy = 21 V, and collision exit potential = 10 V; bis-S-bimane precursor 

ion mass (Q1, M + H+) = 415, product ion mass (Q3, M + H+) = 193, declustering potential 

=130 V, entrance potential = 10 V, collision energy = 13 V, and collision exit potential = 10 

V. 
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4.1.4.5. GAPDH activity:20,31 1 mg/mL stock of GAPDH was prepared in pH 7.4 phosphate 

buffer  (50 mM). The GAPDH was reduced by incubating it with 10 mM DTT for 1 h at room 

temperature. The DTT was removed by desalting using Amico Ultracel 10K tube and washing 

with phosphate buffer. Finally, the concentration of GAPDH was adjusted to 1 mg/mL. 

The reaction mixture was prepared by adding 2 µM 3-MST (20 µL, 32 µM stock), 200 µM 25 

(6 µL, 10 mM), 1U/mL esterase (3 µL, 100 U/mL) and the final volume was adjusted to 300 

µL using pH 7.4 phosphate buffer (50 mM). After 30 min of incubation at 37 °C, 20 µg/mL 

GAPDH (5.6 µL, 1 mg/mL) was added and further incubated at 37 °C for 30 min. GAPDH 

activity was studied as described below. GAPDH activity was tested using a previously 

reported protocol.23 Briefly, 100 µL aliquot of each treatment group was mixed with equal 

volume of GAPDH assay buffer. GAPDH assay buffer is constituted of 20 mM tris-HCl buffer 

(pH 7.8), 100 mM NaCl, 0.1 mg/mL bovine serum albumin (BSA), 20 mM sodium arsenate, 

10 mM sodium pyrophosphate, 6 mM glyceraldehyde-3-phosphate and 1 mM NAD+ 

(nicotinamide adenine dinucleotide). The formation of NADH was monitored 

spectrophotometrically in real time at 340 nm and 37 °C using a microplate reader (Thermo 

Scientific VarioskanFlash). 

For the experiment carried out with DTT, all reaction conditions were similar, except that 150 

µL aliquot from the standard reaction mixture was taken and treated with 2 mM DTT (3 µL, 

100 mM) and incubated at 37 °C for 1 h. 100 µL of this reaction mixture was used for further 

analysis. 

4.1.4.6. H2S imaging in cells using NBD fluorescein:22 A549 scrambled and 3-MST KD cells 

were seeded in a 12-well plate with 104 cells/well in DMEM media supplemented with 10% 

FBS and 1% antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C for 48 h. 

After incubation, the old media was removed and the cells were washed with 1 mL of sterile 

1× PBS. This was followed by the addition of 1 mL fresh DMEM media. The cells were co-

treated with a COS/H2S donor (50 µM) or the artificial substrate 25 (100 µM) and NBD-

fluorescein dye (10 µM) in both the cell lines and were incubated at 37 °C for 1 h. After 1 h, 

cells were washed twice with 1× PBS and then imaged on an EVOS fluorescence microscope 

using 20x GFP (green fluorescence protein) filter. 

4.1.4.7. Cell viability assay: A549 cells, mouse embryonic flibroblasts (MEFs) and mouse 

neuroblastma cells (N2a) were seeded at a concentration of 1 × 104 cells/well overnight in a 
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96-well plate in complete DMEM media. Following this, the cells were exposed to varying 

concentrations of the compounds. Stock solutions of compounds were prepared in DMSO and 

the final concentration of DMSO did not exceed 0.5%. The cells were incubated for 12 h or 24 

h at 37 °C. A 0.5 mg/mL stock solution of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT) was prepared in DMEM. After incubation, the old media from the 

cells were removed, 100 µL of the MTT stock was added to each well and incubated for 4 h at 

37 °C. After 4 h incubation, the media was carefully removed and 100 µL of DMSO was added. 

Spectrophotometric analysis of each well at 570 nm using a microplate reader (Thermo 

Scientific Varioskan) was carried out to estimate cell viability. 

4.1.4.8. ROS quenching: A549 cells were seeded in a 12-well plate with 105 cells/well in 

Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FBS and 1% 

antibiotic solution and incubated in an atmosphere of 5% CO2 at 37 °C for 48 h. The cells were 

treated with 25 (0, 10, 25 and 50 µM) or 28 (50 µM) and incubated for 12 h at 37 °C after 

which MGR-1 (25 µM) and TCF-B (25 µM) were co-incubated for 1 h. After 1 h, the media 

was removed, cells were washed twice with 1× PBS and the cells were imaged on an EVOS 

fluorescence microscope using a 20x TxRed filter. 

4.1.4.9. Measuring intracellular GSSG/GSH and NAD+/NADH: A549, MEF and N2a cells 

were grown in 100 mm petri plates in an atmosphere of 5% CO2 at 37 °C. The cells were pre-

treated with compounds 25 (50 µM) or 28 (50 µM) for 12 h followed by treatment with MGR-

1 (25 µM) for 1 h. Each group had 5 replicates. The cells from each treatment groups were 

harvested and the ratio of GSSG/GSH and NAD+/NADH was measured using ELISA kits from 

Abcam (ab239709 for GSSG/GSH and ab65348 for NAD+/NADH) as per manufacturer’s 

protocol.  

4.1.4.10. Protection from oxidative stress:  

MEF cells: MEF were seeded in a 96-well plate with 104 cells/well in DMEM media 

supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution and incubated in 

an atmosphere of 5% CO2 at 37 °C for 16 h. Stock solutions of compounds were prepared in 

DMSO with final concentration of DMSO not exceeding 0.5%. After 16 h, the cells were pre-

treated with different concentrations of the compound for 24 h followed by treatment with 

MGR-1 (25 µM). The cells were incubated for 4 h at 37 °C following which the media was 

removed and MTT assay was carried out as described above to determine cell viability. 
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N2a cells: N2a were seeded in a 96-well plate with 2.5 x 104 cells/well in DMEM media 

supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution and incubated in 

an atmosphere of 5% CO2 at 37 °C for 24 h. Stock solutions of compounds were prepared in 

DMSO with final concentration of DMSO not exceeding 0.5%. After 24 h, the cells were pre-

treated with different concentrations of the compound for 12 h followed by treatment with 

menadione (15 µM) or MGR-1 (25 µM). The cells were incubated for 4 h at 37 °C following 

which the media was removed MTT assay was performed as described above to determine cell 

viability. 

4.1.4.11. Mice studies:  This experiment was conducted by Dr. Shubham Singh from Dr. 

Siddhesh Kamat’s lab in IISER Pune. All mouse studies described in the manuscript received 

formal approval from the Indian Institute of Science Education and Research, Pune-

Institutional Animal Ethics Committee (protocol no: IISER_Pune IAEC/2019_2/07), 

constituted as per the guidelines outlined by the Committee for the Purpose of Control and 

Supervision of Experiments on Animals (CPCSEA), Government of India. All mice were 

maintained at National Facility for Gene Function in Health and Disease (NFGFHD) at IISER 

Pune, supported by a grant from the Department of Biotechnology, Govt. of India 

(BT/INF/22/SP17358/2016). All mice used in the study were generated by breeding wild type 

C57BL/6J mice and had ad libitum access to water and food. All mice used for experiment 

were age and gender matched. For compound toxicity studies in mice, the test compound was 

intraperitoneally injected at 20 mg/kg body weight (o.d.) for 7 days and the mice were 

monitored for any changes in their routine cage behavior. After 7 days, all mice were 

euthanized, their tissues were harvested, and examined for any signs of inflammation and/or 

toxicity. For the experiments where neuroinflammation was studied, an intraperitoneal 

injection of lipopolysaccharide (LPS) in 1× PBS (vehicle) at a dose of 5 mg/kg body weight 

was used to generate systemic inflammation. The test compounds (NaSH or 25) were also 

injected intraperitoneally in two doses – the first at 20 mg/kg body weight 4 h before the LPS 

administration and second dose of 20 mg/kg body weight 30 min after the LPS administration, 

following which, the mice were kept overnight.  

 4.1.4.11.1 Prostaglandin extraction and measurements: Mice were deeply anesthetized 

with isoflurane and euthanized by cervical dislocation. The brains of the mice were dissected 

within 15 s post decapitation, divided into two sagittal equal halves, weighed, washed with 

cold phosphate buffered saline (PBS) and flash frozen in liquid nitrogen. The prostaglandins 

were extracted and measured using protocols described previously.24,32 Briefly, half brains 
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were re-suspended in 2 mL cold 1× PBS and the lipids from them were extracted using 6 mL 

of 1:1 (vol/vol) ethyl acetate: hexane containing 1 nmol of 17:1 free fatty acid (FFA) (internal 

standard) per sample by dounce homogenization. The resulting mixture was vortexed 

vigorously and centrifuged at 2,500 g for 15 min to separate the aqueous and organic layers. 

Thereafter, the top (organic) layer containing the lipids (prostaglandins) was collected in a 

glass vial and dried under an inert N2 stream at room temperature. Dried extracts were re-

solubilized in 200 mL of 2:1 (v/v) chloroform: methanol (MeOH), and 20 mL was injected into 

liquid chromatography coupled mass spectrometry (LC/MS) instrument for prostaglandin 

measurements. All the prostaglandin measurements were done as per as previously established 

multiple reaction monitoring high resolution (MRM-HR) methods7 set on Sciex X500R QTOF 

mass spectrometer coupled to an Exion-series UHPLC with a quaternary pump. Briefly, the 

lipids were separated using a Gemini 5U C18 Phenomenex column (5 µm, 50 × 4.6 mm) using 

LC solvents as follows: Solvent A: 95:5 (vl/v) water: MeOH + 0.1% (vol/vol) ammonium 

hydroxide and Solvent B: 60:35:5 (v/v/v) isopropanol: MeOH: water + 0.1 % (vol/vol) 

ammonium hydroxide. The LC runs were for 30 min with gradient of 0% solvent B for 5 min, 

linear gradient of solvent B (0% to 100%) for 20 min followed by 100% solvent B for 5 min 

all at a flow rate of 0.3 mL per min. MS was calibrated in negative mode and samples were 

analyzed with the following parameters: Mode: Electrospray ionization (ESI), curtain gas 1 = 

60 psi, curtain gas 2 = 40 psi, ion spray voltage = - 4.5 kV, and temperature = 500 °C. All 

quantifications were done by normalizing the metabolite area under the curve to the area under 

the curve for the internal standard, followed by normalization to weight of the tissue. 

4.1.4.11.2. Measurement of cytokines: One half of the brains were re-suspended in 2 mL cold 

1× PBS and homogenized using dounce homogenization. The protein in each sample was 

estimated using Bradford assay and was finally adjusted to 1 mg/mL in each sample. The 

cytokines in each samples were measured using an ELISA kit. 
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CHAPTER 4.2. b-galactosidase activated prodrug of the artificial substrates for 3-MST 

4.2.1. Introduction 

Aging is a biological phenomenon characterized by a progressive decline in 

physiological functioning of the body, accompanied by an increase in age-associated disorders. 

A significant accumulation of senescent cells is an important hallmark of aging.1 Biomarkers 

of senescent cells include cell cycle arrest, metabolic and morphological changes, altered gene 

expressions and upregulated pro-inflammatory markers.2–4 Multiple theories have been 

proposed to understand the process of aging and a prominent one amongst these is the one 

proposed by Denham Herman. They proposed that deleterious free radicals and oxidants 

damaging biomolecules is a major contributor to the process of aging.5 Therefore, countering 

these species or inhibiting their production might aid in reducing the rate of aging or prevent 

incidences of age associated disorders. This theory is now widely accepted with several studies 

demonstrating the effects of antioxidants such as vitamin C, vitamin E, resveratrol, glutathione 

and antioxidant enzymes in boosting health and longevity of life.6,7 

H2S with its documented antioxidant properties have shown promising results in 

preventing oxidative damage and impairment of age associated disorders. A marked decline in 

plasma H2S levels was observed in individuals aged above 50.8 However, the underlying 

mechanisms implying the role of H2S in aging were unclear. Wang and co-workers in 2013 

have demonstrated that H2S was able to attenuate oxidative stress while delaying cellular 

senescence, mediated by persulfidation of the KEAP1-Nrf2 axis.9 H2S induces persulfidation 

of KEAP1, facilitating the translocation of Nrf2 to the nucleus and upregulate the expression 

of antioxidant enzymes glutamate-cysteine ligase and glutathione reductase. As per a recent 

report from Filipovic and co-workers, a considerable decline in the levels of persulfidation was 

observed in aged animals.10 Alternatively, an increase in persulfidation achieved through 

dietary or pharmacological intervention not only extended the life span of the animals but 

improved their ability to cope with stress. Thus, persulfidation plays a crucial role in the process 

of aging and inducing this modification might have pharmacological implications.  

As discussed previously, artificial substrates for 3-MST is an effective strategy to alter 

the levels of intracellular persulfides and alleviate oxidative damage. Furthermore, the artificial 

substrate confers structural stability with longer shelf life compared to the generic persulfide 

functional group. Therefore, we proposed the design of a prodrug of the artificial substrate of 

3-MST that can be selectively cleaved in senescent cells. b-galactosidase is overexpressed in 



Chapter 4.2 

 141 

senescent cells, an outcome of increased lysosomal biogenesis and senescence associated b-

galactosidase (SABG) is used as a biomarker for detection of senescent cells.11 SABG activated 

probes are extensively used for imaging senescent cells (Figure 4.2.1.).12–14 

 

Figure 4.2.1. Probes for b-galactosidase for imaging senescence 

We designed prodrug 30 that can be cleaved by the enzyme b-galactosidase. 

Subsequent intramolecular cyclization of the phenolate will release the artificial substrate 26 

along with the heterocyclic byproduct 31 (Figure 4.2.2.a). 26, as demonstrated in chapter 4.1 

can generate a range of reactive sulfur species including H2S, persulfides/polysulfides, 

catalyzed by the enzyme 3-MST (Figure 4.2.2.b).  

 

Figure 4.2.2. a) Design of b-galactosidase activated prodrug (30) of the artificial substrate (26). b) 
Catalytic turnover of 26 by 3-MST to generate H2S and persulfides/polysulfides. 
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4.2.2. Results and Discussion 

4.2.2.1. Synthesis 

Compound 30 was synthesized starting from 2-amino-4-nitrophenol in 7 steps (scheme 

4.2.1.). The amine in 2-amino-4-nitrophenol was protected with tert-butyloxycarbonyl (boc) to 

give 32 in 98% yield.15 32 was then reacted with b-galactopyranosyl bromide and silver oxide 

(Ag2O) to afford compound 33 in 75% yield.16 33 was N-methylated by using methyl iodide in 

the presence of Ag2O to form 34, followed by deprotection of the boc to obtain 35.17 For 

coupling 26 to the N-methyl derivative 35, 35 was activated to form a formyl intermediate by 

reacting it with triphosgene.18 The formyl intermediate was then immediately reacted with 26 

in the presence of freshly prepared sodium ethoxide to yield the coupled thiocarbamate 36.19 

Final deacetylation of the galactoside was carried out to obtain the final prodrug 30 in 87% 

yield. 

 

Scheme 4.2.1. Synthesis of b-galactosidase activated prodrug of 3-MST artificial substrate 30. 
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Compound 38, which would undergo a similar intramolecular cyclization upon 

cleavage by b-galactosidase but would generate ethanol, was designed as the negative control. 

38 was prepared starting from 35 in two steps (scheme 4.2.2.). 35 was reacted with 

ethylchloroformate to form 37, followed by deacetylation to obtain 38 in 58% yield. 

 

Scheme 4.2.2. Synthesis of negative control 38. 

4.2.2.2. Decomposition of 30 in the presence of b-galactosidase 

With compound 30 in hand, its ability to generate the artificial substrate 26 in the 

presence of b-galactosidase was tested. 30 was incubated with b-galactosidase (2 U/mL) in pH 

7.4 phosphate buffer at 37 °C. As monitored by HPLC, within 5 min of incubation appearance 

of two new peaks at retention time (RT) 10.2 min and 11.6 min were observed, along with the 

peak for 30 (Figure 4.2.3.). The peak for 30 was completely consumed within 30 min. The peak 

at RT 10.2 min was attributed to the byproduct 31 and the one at RT 11.6 min to the artificial 

substrate 26 respectively, by comparing it with the RT of the authentic compounds. The yield 

of the byproduct formed under these conditions was calculated to be 92%. 

  
Figure 4.2.3. HPLC decomposition profile of 30 in the presence of b-galactosidase. 
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4.2.2.3. Decomposition of 30 in the presence of b-galactosidase and 3-MST 

Next, the turnover of 26 generated from 30 in the presence of b-galactosidase, by 3-

MST was evaluated. 30 was incubated with b-galactosidase (2 U/mL), E. coli 3-MST (b3-

MST, 1 µM) and dithiothreitol (DTT, 10 mM) in pH 7.4 phosphate buffer at 37 °C. DTT is a 

reducing agent used to mimic the functions of thioredoxin due to its structural similarities. As 

monitored by HPLC, 30 was consumed within 60 min with the appearance of two new peaks 

attributable to the byproduct 31 and acetophenone 27 was observed (Figure 4.2.4.). From the 

above observation, it can be concluded that 30 undergoes cleavage by b-galactosidase to 

release the artificial substrate 26 which is then turned over by 3-MST in the presence of DTT, 

forming acetophenone 27 and 31 as the byproducts.  

 

Figure 4.2.4. HPLC profile for catalytic turnover of 26, generated from 30 upon treatment with b-
galactosidase (2 U/mL), by b3-MST. 
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Scheme 4.2.3. Formation of methylene blue dye by H2S. 

30 was incubated with b-galactosidase (2 U/mL), b3-MST (1 µM) and DTT (10 mM) 

in phosphate buffer at 37 °C for 60 min. An aliquot of this reaction mixture was treated with 

the methylene blue reagents (N,N-dimethyl-p-phenylene diamine and FeCl3) and further 

incubated for 30 min. The samples were then transferred to a well plate and the absorbance 

profile was recorded from 550 nm to 800 nm (Figure 4.2.5.). It was observed that 30 only in 

the presence of b-galactosidase, b3-MST and DTT produced a signal for methylene blue, 

suggesting the generation of H2S (purple, Figure 4.2.5.a). DTT enhances the catalytic 

efficiency of 3-MST, however, even in the absence of DTT a minor amount of H2S generation 

was observed (green). 25 was used as a positive control, which gives a distinct signal for H2S 

generation (red). 30 in the absence of b-galactosidase or b3-MST failed to produce H2S, so did 

the negative control 38 under similar conditions. (Figure 4.2.5.b).  

 
Figure 4.2.5. a) Methylene blue absorbance profile obtained for catalytic turnover of 30 in the presence 
of b-galactosidase (2 U/mL), b3-MST and DTT. 25 was used as the positive control. b) 30 in the absence 
of b-galactosidase (2 U/mL) and b3-MST does not produce H2S. 38 was used as the negative control. 
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Further, the absorbance maximum of methylene blue at 676 nm was measured as a 

function of H2S formation. A similar observation was recorded (Figure 4.2.6).  

 

Figure 4.2.6. Absorbance of methylene blue recorded at 676 nm as a function of H2S formation. 
Significant generation of H2S was observed from 30 upon incubation with b-galactosidase, b3-MST 
and DTT. 

 

Figure 4.2.7. a) Methylene blue absorbance profile obtained for catalytic turnover of 30 in the presence 
of b-galactosidase (2 U/mL), h3-MST and DTT. b) 30 in the absence of b-galactosidase (2 U/mL) and 
h3-MST does not produce H2S.  
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A similar experiment as described above was carried out using the human homolog of 

3-MST (h3-MST). A signal for the generation of H2S was observed upon incubation of 30 with 

b-galactosidase (2 U/mL), h3-MST (1 µM) and DTT (10 mM) in pH 7.4 phosphate buffer at 37 

°C for 60 min (purple) (Figure 4.2.7.a). Slight amount of H2S was detected even in the absence 

of DTT, suggesting a sluggish turnover of the substrate (green). No signal for H2S was detected 

in the absence of either b-galactosidase or h3-MST (Figure 4.2.7.b).  

 

Figure 4.2.8. Absorbance of methylene blue recorded at 676 nm as a function of H2S formation. 
Significant generation of H2S was observed from 30 upon incubation with b-galactosidase, h3-MST 
and DTT. 

Thus, from the above experiments it can be concluded that prodrug 30 can be efficiently 

cleaved by b-galactosidase to release the free artificial substrate (26) for 3-MST and the 

byproduct 31 in excellent yield. Subsequent catalysis of 26 by 3-MST under reducing 
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fluorescent dye BODIPY (CN-BOT) which will selectively label the persulfide groups.21 This 

technique allows for the detection of protein persulfidation in cells. 

 The data for intracellular protein persulfidation was provided by Ms. Kavya Gupta from 

Dr. Deepak K. Saini’s group in IISc Bangalore. A549 cells were irradiated with 7Gy IR to 

induce senescence. Both senescent and non-senescent cells were incubated with 30 (100 µM) 

and Na2S (100 µM) for 1 h. The cells were then fixed with ice cold methanol and the cell 

membrane was permeabilized by using ice cold acetone. The cells were then incubated with 

MSBT-A overnight followed by treatment with CN-BOT for 1 h to tag the protein persulfides 

with BODIPY, which can be visualized under the microscope. Senescent cells treated with 30 

produced a significantly enhanced signal compared to a similar treatment on non-senescent 

cells (Figure 4.2.9). This data implies that 30 is selectively activated and is able to induce 

persulfidation in senescent cells, possibly due to an overexpression of b-galactosidase. 

 

Figure 4.2.9. Quantification of the fluorescence signal induced by 30 and Na2S in A549 senescent and 
non-senescent cell lines using the tag-switch technique. All data are presented as mean ± SD (n 
=3/group). Significance was determined with respect to control in each cell line by Student’s two-tailed 
unpaired parametric t test: ****p < 0.0001 versus ctrl group while ns = non-significant. 

4.2.3. Summary 

To summarize, a prodrug (30) of the artificial substrate for 3-MST (26) that is sensitive 

to cleavage by b-galactosidase was developed as a tool to investigate the role of persulfidation 

in senescence. 30 was shown to be efficiently cleaved upon exposure to b-galactosidase to 

release the free substrate and the byproduct 31 in excellent yield. Further, the turnover of the 
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cells. Collectively, our data suggests that 30 is a cell permeable persulfidating agent which can 

be used as a tool to interrogate the implications of persulfidation in senescence and aging.  
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4.2.4. Experimental Section 

4.2.4.1. Synthesis and characterization of compounds 

32 was prepared using a previously reported protocol.15 13 was synthesized as per protocol 

outlined in chapter 3. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-4-

nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (33):  

To an ice cold solution of tert-butyl (2-hydroxy-5-nitrophenyl)carbamate 

(32) (2 g, 7.8 mmol) and Ag2O (1.8 g, 7.8 mmol) in anhydrous 

acetonitrile (ACN) was added a solution of 13 (3.2 g, 7.8 mmol). The 

resulting mixture was stirred at room temperature (rt) for 12 h. After 

completion as determined by TLC, the reaction mixture was filtered 

through celite and washed with EtOAc. The filtrate was evaporated, the crude product obtained 

was diluted with H2O and extracted with EtOAc (3 × 50 mL). The combined organic layers 

were passed through anhydrous Na2SO4, filtered and the filtrate was evaporated to obtain the 

crude compound. The compound was further purified by silica gel column chromatography to 

give the desired product as a white solid (3.5 g, 75 %). FT-IR (ʋmax , cm-1) 3323, 2855, 1696, 

1633, 1543; 1H NMR (400MHz, CDCl3): d 9.08 (s, 1H), 7.87 (dd, J = 9.0, 2.7 Hz, 1H), 7.19 

(s, 1H), 7.10 (d, J = 9.0 Hz, 1H), 5.57-5.5 (m, 2H) 5.19 (dd, J = 11.0, 3 Hz, 1H), 5.08 (d, J = 

8.0 Hz, 1H), 4.25-4.12 (m, 3H), 2.2 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 2.03 (s, 3H), 1.56 (s, 

9H); 13C NMR (100 MHz, CDCl3) d 170.3, 170.2, 170.0, 169.9, 152.2, 148.8, 143.8, 130.0, 

117.8, 113.9, 113.7, 100.0, 81.4, 71.6, 70.0, 68.6, 66.6, 61.3, 28.2, 20.8, 20.7, 20.6, 20.5; 

HRMS for C25H32N2O14 [M+Na]+: Calculated: 607.1751, Found: 607.1750. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)(methyl)amino)-4-

nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (34):  

To a solution of compound 33 (3 g, 5.1 mmol) in anhydrous ACN at 0 

°C was added Ag2O (8.3 g, 36 mmol) and methyl iodide (1.6 mL, 25.6 

mmol). The reaction was stirred at rt for 30 mins. After completion as 

determined by TLC, the reaction mixture was filtered through celite and 

washed with EtOAc. The filtrate was evaporated, the crude product 

obtained was diluted with H2O and extracted with EtOAc (3 × 50 mL). The combined organic 

layers were passed through anhydrous Na2SO4, filtered and the filtrate was evaporated to obtain 
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the crude compound. The compound was further purified by silica gel column chromatography 

to give the desired product as a white solid (2.9 g, 95%). FT-IR (ʋmax , cm-1) 3315, 2852, 1692, 

1633; 1H NMR (400MHz, CDCl3): d 8.13-8.10 (m, 2H), 7.23-7.21 (m, 1H), 5.55-5.48 (m, 

2H), 5.14-5.10 (m, 2H), 4.24-4.11 (m, 3H), 3.12 (s, 3H), 2.19 (s, 3H), 2.08 (s, 3H), 2.06 (s, 

3H), 2.02 (s, 3H), 1.26 (s, 9H); 13C NMR (100 MHz, CDCl3) d 170.2, 170.0, 168.9, 157.0, 

142.9, 123.4, 115.8, 80.8, 71.5, 70.5, 68.1, 66.7, 61.3, 29.7, 28.2, 20.7, 20.6, 20.5; HRMS for 

C26H34N2O14 [M+Na]+: Calculated: 621.1907, Found: 621.1899. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-(methylamino)-4-nitrophenoxy)tetrahydro-2H-

pyran-3,4,5-triyl triacetate (35):  

To a solution of 34 (1 g, 1.7 mmol) in dichloromethane (6.4 mL) at 0 °C was 

added trifluoroacetic acid (TFA) (6.4 mL, 83.5 mmol) and stirred for 10 mins. 

After completion as determined by TLC analysis, the reaction was quenched 

by adding sodium bicarbonate solution and extracted with CH2Cl2 (3 × 25 

mL). The combined organic layers were passed through anhydrous Na2SO4, 

filtered and the filtrate was evaporated to obtain the crude compound. The crude was further 

purified using silica gel column chromatography to obtain 35 as a yellow solid (810 mg, 98%). 

FT-IR (ʋmax , cm-1) 3038, 1696, 1633; 1H NMR (400MHz, CDCl3): d 7.54 (dd, J = 8.8, 2.7 Hz, 

1H), 7.38 (d, J = 2.6 Hz, 1H), 6.92 (d, J = 8.8 Hz, 1H), 5.52-5.48 (m, 2H), 5.18 (dd, J = 11.0, 

3 Hz, 1H), 5.08 (d, J = 8.0 Hz, 1H), 4.52 (s, 1H), 4.27-4.11 (m, 3H), 2.91 (s, 3H), 2.19 (s, 3H), 

2.09 (s, 3H), 2.03 (s, 3H), 2.04 (s, 3H); 13C NMR (100 MHz, CDCl3) d 170.4, 170.2, 170.0, 

148.1, 144.5, 140.3, 112.3, 111.9, 104.1, 99.7, 71.5, 70.2, 68.7, 66.7, 61.4, 30.0, 21.0, 20.7, 

20.7, 20.6; HRMS for C21H26N2O12 [M+Na]+: Calculated: 499.1564, Found: 499.1565. 

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-(methyl(((2-oxo-2-

phenylethyl)thio)carbonyl)amino)-4-nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl 

triacetate (36): 

A solution of 35 (300 mg, 0.6 mmol) in anhydrous CH2Cl2 was cooled 

to 0 °C. Pyridine (97 µL, 1.2 mmol) was added to the reaction mixture 

followed by addition of triphosgene (268 mg, 0.9 mmol). The 

reaction was allowed to warm up to rt and stirred at rt for 2 h. Upon 

completion as evidenced by TLC analysis, the reaction was quenched 

by adding 1N HCl and extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were 

passed through anhydrous Na2SO4, filtered and the filtrate was evaporated to obtain the crude 
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compound. The carbamoyl chloride intermediate obtained was immediately carried forward 

for the next reaction without further purification.  

A suspension of the carbamoyl chloride in ethanol was cooled to 0 °C. The thiol 26 (203 mg, 

1.3 mmol) was dissolved in ethanol separately and a freshly prepared solution of sodium 

ethoxide (NaOEt) was added to it. This solution of the mercaptide was then added to the 

suspension of the carbamoyl chloride in ethanol, dropwise. The reaction was stirred at 0 °C for 

10 mins. Upon complete consumption of the carbamoyl chloride, the reaction was quenched 

by adding water and extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were 

passed through anhydrous Na2SO4, filtered and the filtrate was evaporated to obtain the crude 

compound. The crude obtained was purified by reverse phase HPLC using ACN-H2O as the 

eluent to afford the desired product as a white solid (200 mg, 66%). FT-IR (ʋmax , cm-1) 3349, 

2864, 1696, 1623, 1514; 1H NMR (400MHz, CDCl3): d 8.28 (m, 2H), 8.02 (d, J = 7.5 Hz, 2H), 

7.26-7.58 (m, 1H), 7.51-7.45 (m, 3H), 5.55-5.51 (m, 2H), 5.33 (dd, J = 30.0, 7 Hz, 2H), 

4.5-4.18 (m, 5H), 3.25 (s, 3H), 2.2 (s, 3H), 2.09 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H); 13C NMR 

(100 MHz, CDCl3): d 193.5, 170.3, 170.1, 169.9, 169.5, 166.8, 158.5, 143.4, 133.8, 133.7, 

128.8, 128.7, 128.5, 126.0, 119.0, 99.7, 71.7, 70.4, 67.9, 66.8, 61.4, 45.4, 38.8, 37.0, 29.7, 20.7, 

20.7, 20.6, 20.5; HRMS for C30H32N2O14S [M+Na]+: Calculated: 676.1574, Found: 676.1572. 

S-(2-oxo-2-phenylethyl) methyl(5-nitro-2-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)carbamothioate (30):  

To an ice cooled solution of 36 (200 mg, 0.3 mmol) in anhydrous 

methanol was added sodium methoxide (NaOMe) (16 mg, 0.3 

mmol). The reaction was warmed up to rt and stirred at rt for 60 min. 

After completion, the reaction was quenched by adding amberlyst 

catalyst and subsequently filtered. The methanol was evaporated and 

purified using reverse phase HPLC using ACN-H2O as the eluent to afford the desired product 

as a sticky solid which was triturated in CHCl3 to obtain a white solid (130 mg, 86%). FT-IR 

(ʋmax , cm-1) 3328, 1696, 1663, 1553; 1H NMR (400MHz, CD6CO): d 8.34 (s, 2H), 8.08 (d, J 

= 7.5 Hz, 2H), 7.69-7.54 (m, 4H), 5.29-5.15 (m, 1H), 4.52-4.03 (m, 3H), 3.92-3.89 (m, 1H), 

3.84-3.71 (m, 7H), 3.32-3.27 (m, 3H); 13C NMR (100 MHz, CD6CO): d 194.1, 166.9, 160.3, 

159.9, 141.9, 133.5, 130.8, 128.8, 128.4, 127.1, 126.9, 126.2, 116.5, 102.1, 76.2, 74.1, 73.6, 

71.0, 68.9, 61.4, 38.3, 36.4; HRMS for C22H24N2O10S [M+Na]+: Calculated: 531.1049, Found: 

531.1052. 
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(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((ethoxycarbonyl)(methyl)amino)-4-

nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (37):  

To an ice cooled solution of 35 (200 mg, 0.4 mmol) was added pyridine 

(65 µL, 0.8 mmol) followed by addition of ethyl chloroformate (76 µL, 

0.8 mmol). The reaction was left to warm up to rt and stirred at rt for 12 

h. After completion, the reaction was quenched by adding 1N HCl and 

extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were 

passed through anhydrous Na2SO4, filtered and the filtrate was evaporated to obtain the crude 

compound. The crude obtained was purified by reverse phase HPLC using ACN-H2O as the 

eluent to afford the desired product as a pale-yellow solid (175 mg, 75%). FT-IR (ʋmax , cm-1) 

2923, 2855, 1696, 1633, 1453; 1H NMR (400MHz, CD3Cl): d 8.17 (dd, J = 8.8, 2.7 Hz, 2H), 

7.27 (m, 1H), 5.55-5.48 (m, 2H), 5.13 (dd, J = 11.0, 3 Hz, 2H), 4.26-4.10 (m, 5H), 3.18 (s, 

3H), 2.20 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H), 1.36-1.26 (m, 3H); 13C NMR (100 

MHz, CDCl3) d 170.3, 170.1, 170.0, 157.3, 155.1, 143.0, 133.5, 125.6, 124.0, 115.2, 98.9, 71.6, 

70.5, 68.0, 66.7, 62.0, 61.4, 29.7, 20.7, 20.6, 20.5, 14.5; HRMS for C24H30N2O14 [M+Na]+: 

Calculated: 593.1595, Found: 593.1599. 

ethylmethyl(5-nitro-2-(((2S,3R,4S,5R,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)carbamate (38):  

Compound 37 was synthesized according to the procedure outlined for 

30. Compound 37 (100 mg, 0.18 mmol) and NaOMe (10 mg, 0.18 

mmol) were used to afford 38 as a colorless liquid (42 mg, 58%). FT-

IR (ʋmax , cm-1) 2923, 2855, 1696, 1633, 1453; 1H NMR (400MHz, 

CD3OD): d 8.21 (dd, J = 9, 2.8 Hz, 1H), 8.14 (s, 1H), 7.45 (d, J = 9 Hz, 

1H), 5.07 (d, J = 7.7 Hz, 1H), 4.2-4.08 (m, 2H), 3.91 (d, J = 3.3 Hz, 1H), 3.84-3.72 (m, 4H), 

3.60 (dd, J = 9.6, 3.3 Hz, 1H), 3.31-3.29 (m, 1H), 3.23 (s, 3H), 1.34-1.11 (m, 3H); 13C NMR 

(100 MHz, CD3OD) d 158.3, 156.4, 142.0, 132.4, 124.6, 124.0, 115.7, 100.9, 76.0, 73.6, 70.5, 

68.7, 62.0, 61.0, 36.1, 13.4; HRMS for C16H22N2O10 [M+Na]+: Calculated: 425.1172, Found: 

425.1170. 

 

3-methyl-5-nitrobenzo[d]oxazol-2(3H)-one (31): 
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Scheme 4.2.4. Synthesis of 31 

To a stirred solution of 2-amino-4-nitrophenol (100 mg, 0.65 mmol) in dry THF was added 

carbonyldiimidazole (136 mg, 0.844 mmol) and the reaction was stirred at 70 °C for 4 h. Upon 

completion of the reaction, the reaction solvent was evaporated under reduced pressure, the 

crude was dissolved in water and extracted with CH2Cl2. The combined organic layer was 

washed with brine, passed through Na2SO4, filtered and the filtrate was evaporated to obtain 

intermediate I, which was carried forward to the next reaction without purification 

The intermediate I was dissolved in DMSO (2 mL) and K2CO3 (84 mg, 0.61 mmol) was added 

to the solution, followed by addition of methyl iodide (110 µL, 1.66 mmol). The reaction 

mixture was left to stir overnight. The reaction mixture was quenched by addition of water and 

extracted with CH2Cl2. The combined organic layer was washed with brine, passed through 

Na2SO4, filtered and the filtrate was evaporated to obtain the crude product. The crude was 

further purified by silica gel column chromatography. FT-IR (ʋmax , cm-1) 2845, 1624, 1593, 

1553; 1H NMR (400MHz, CD3Cl): d 8.15 (dd, J = 8.8, 2.7 Hz, 1H), 7.89 (d, J = 4 Hz, 1H), 

7.34-7.32 (d, J = 8 Hz, 1H), 3.5 (s, 3H); 13C NMR (100 MHz, CDCl3) d 154.1, 146.7, 144.6, 

132.3, 119.3, 109.9, 104.0, 28.6; HRMS for C8H6N2O4 [M+Na]+: Calculated: 217.0225, 

Found: 217.0229. 

4.2.4.2. HPLC based decomposition study of 30 

A stock solution of 30 (10 mM), 26 (10 mM) and 31 (10 mM) was prepared in DMSO. Stock 

solution of b-galactosidase (100 U/mL) was prepared in deionised (DI) water. The reaction 

mixture was prepared by adding 100 µM of 30 (5 µL, 10 mM stock) and 2 U/mL b-

galactosidase (10 µL, 100 U/mL stock) and the volume was adjusted to 500 µL using 20 mM 

phosphate buffer, pH 7.4. The reaction mixture was stirred at 37 °C, 100 µL aliquots were 

taken out at set time points, filtered (0.22-micron filter) and injected (25 µL) in a High 

Performance Liquid Chromatography (HPLC Agilent Technologies 1260 Infinity). The 

stationary phase was C-18 reverse phased column (Phenomenex, 5 µm, 4.6 × 250 mm). 

Acetonitrile (A) and 0.01% trifluoroacetic acid in water (B) was used as the mobile phase. A 
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gradient starting with 30: 70 → 0 min, 40: 60 to 30: 70 → 0 – 5 min, 30: 70 to 10: 90 → 5 – 

17 min, 10: 90 to 30: 70 → 17 – 20 min, 30: 70 to 30: 70 → 20 – 22 min was used with flow 

of 1 mL/min. Under these conditions, 30 in buffer eluted at 8.5 min, 26 at 11.6 min and 31 at 

10.2 min.  

4.2.4.3. HPLC based turnover of 26 by 3-MST 

A stock solution of 30 (10 mM), 27 (10 mM) and 31 (10 mM) were prepared in DMSO. Stock 

solutions of b-galactosidase (100 U/mL) and DTT (100 mM) were prepared in DI water. The 

reaction mixture was prepared by adding 100 µM of 30 (3 µL, 10 mM stock), 2 U/mL b-

galactosidase (6 µL, 100 U/mL stock), 2 µM 3-MST (22 µL, 27 µM stock) and 1 mM DTT (3 

µL, 100 mM stock). The volume was adjusted to 300 µL using 20 mM phosphate buffer, pH 

7.4. The reaction mixture was stirred at 37 °C, 100 µL aliquots were taken out at set time points, 

filtered (0.22-micron filter) and injected (25 µL) in a High Performance Liquid 

Chromatography (HPLC Agilent Technologies 1260 Infinity). The stationary phase was C-18 

reverse-phase column (Phenomenex, 5 µm, 4.6 × 250 mm). Acetonitrile (A) and 0.01% 

trifluoroacetic acid in water (B) was used as the mobile phase. A gradient starting with 30: 70 

→ 0 min, 40: 60 to 30: 70 → 0 – 5 min, 30: 70 to 10: 90 → 5 – 17 min, 10: 90 to 30: 70 → 17 

– 20 min, 30: 70 to 30: 70 → 20 – 22 min was used with flow of 1 mL/min. Under these 

conditions, 30 in buffer eluted at 8.5 min, 27 at 10.3 min and 31 at 10.2 min. 

4.2.4.4. Methylene blue assay for the detection of H2S 

A stock solution of 25 (10 mM), 30 (10 mM) and 38 (10 mM) were prepared in DMSO. b-

galactosidase (100 U/mL), DTT (100 mM) and Zn(OAc)2.2H2O (40 mM) were prepared in DI 

water. Stock solution of FeCl3 (30 mM) was prepared in 1.2 M HCl and N,N–dimethyl-p-

phenylenediamine sulfate (DMPPDA) (20 mM) was prepared in 7.2 M HCl.  

The compounds (100 µM) were treated with 2 U/mL b-galactosidase (4 µL, 100 U/mL) in pH 

7.4 phosphate buffer (20 mM). The volume was adjusted to 200 µL using 20 mM phosphate 

buffer, pH 7.4 and incubated at 37 °C for 30 mins. This was followed by addition of 1 µM b3-

MST (3 µL, 66 µM stock) or 1 µM wt h3-MST (5 µL, 40 µM stock), 1 mM DTT (2 µL, 100 

mM stock) and 400 µM Zn(OAc)2 (2 µL, 40 mM stock) and further incubated for 2 h. 100 µL 

aliquot was taken from each reaction set and diluted with 100 µL of FeCl3 (30 mM stock in 

1.2 M HCl) and 100 µL of DMPPDA (20 mM in 7.2 M HCl). The mixture was further 

incubated at 37 °C for 30 mins. The aliquots were transferred to a 96 well plate (200 µL/well) 
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and the absorbance spectra were recorded from 550 nm to 800 nm range using a microtiter 

plate reader. Absorbance value for methylene blue was recorded at 676 nm.  
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4.2.5. NMR spectra of compounds 

1H and 13C NMR spectra of 30 
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1H and 13C NMR spectra of 32 
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1H and 13C NMR spectra of 33 
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1H and 13C NMR spectra of 34 

 

 



Chapter 4.2 

 161 

1H and 13C NMR spectra of 35 
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1H and 13C NMR spectra of 36 
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1H and 13C NMR spectra of 37 

  

 



Chapter 4.2 

 164 

1H and 13C NMR spectra of 38 
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1H and 13C NMR spectra of 31 
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Synopsis 

Stimuli-Responsive Small Molecule Persulfidating Agents 

CHAPTER 1: Introduction 

Hydrogen sulfide (H2S) is one of the simplest physiologically relevant thiols. The first 

report on the physiological relevance of H2S dates back to 1996, where Kimura and co-workers 

have reported the role of H2S as a potential neuromodulator.1 Ever since there have been 

mounting evidence of H2S mediating several intracellular signaling process, joining the family 

of gasotransmitters along with nitric oxide (NO) and carbon monoxide (CO). H2S has been 

reported to play fundamental roles in human physiology, modulating an array of cellular 

functions including vasodilation,2,3 neurotransmission,4 angiogenesis,5,6 inflammation,7,8 

hypoxia sensing,9 myocardial ischemia reperfusion10 to name a few. Several studies have 

demonstrated the cytoprotective nature of H2S, possibly due to its ability to readily react with 

a variety of reactive species such as oxyradicals,11 hypochlorous acid12 and peroxynitrite.13 

One of the widely accepted mechanisms of H2S signaling is the oxidative post translational 

modification (oxPTM) of cysteine residues (CysSH), known as protein persulfidation 

(CysS-SH). Direct reaction of H2S with CysSH is limited by redox constraints, since the S in 

both these species exists in the lowest oxidation state (–2). H2S can only react with oxidized 

CysSH residues in the protein such as sulfenic acid (CysS-OH), disulfides (CysS-SCys), 

nitrosothiols (CysS-NO) or glutathionylated (CysS-SG) cysteine (Figure 1a).14–16  

 

Figure 1. a) Persulfidation of proteins by reaction of H2S with oxidized cysteine residues. b) Protein 
persulfidation induced by persulfides and polysulfides.  
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While H2S can induce persulfidation only under oxidative conditions, persulfides (RS-

SH) and polysulfides (RS-SnH, RS-SnR) can directly modify proteins to form persulfide 

(Figure 1b).17–21 Persulfidation of proteins have functional implications in multiple 

physiological processes, including inflammation,22 antioxidant response,23 neurodegenerative 

disorders like Parkinson’s disease (PD),24 Alzheimer’s disease (AD)25 and Huntington’s 

disease.26 Typically, under conditions of excess H2O2 (oxidative stress), cysteine residues in 

proteins gets oxidized to sulfenic acid (RSOH) which can be further oxidized to the sulfinic 

(RSO2H) and sulfonic acid (RSO3H).27 These are considered to be irreversible modifications 

and can potentially lead to loss of activity of the protein.28,29 However, if the cysteine residues 

are persulfidated, analogous to the reaction of thiols with H2O2, persulfides are likely to form 

perthiosulfenic acid (RS-SOH). In presence of excess oxidants, RS-SOH can be further 

oxidized to form the perthiolsulfinic acid (RS-SO2H) and the perthiosulfonic acid (RS-SO3H), 

detected as products of oxidation in papain and glutathione peroxidase.30,31 Unlike the sulfinic 

(RSO2H) and sulfonic acid (RSO3H) derived from thiols, the persulfide analogues can be 

reduced by enzymes such as thioredoxin to restore the native thiol (Figure 2.).32,33 Thus, 

persulfides can protect proteins from overoxidation under conditions of oxidative stress. 

 
Figure 2. Persulfidation protects protein from overoxidation under conditions of oxidative stress. 

With the recent advances in persulfide detection strategies, significant concentrations 

of LMW persulfides and polysulfides, collectively known as the sulfane sulfur pool have been 

detected in biological systems. CysS-SH and polysulfides have been detected in a number of 

cell lines like lung cancer (A549), human neuroblastoma (SH-SY5Y), Hela and HEK293 

cells.17,34,35 Akaike and co-workers have detected significantly high concentrations of GS-SH 

in the brain tissue of mice (150 µM) along with the heart and lung tissues (50 µM). 

One of the major pathways for the biosynthesis of persulfides involves the enzyme, 

sulfurtransferase. The catalytic cycle of sulfurtransferases proceeds via a two-step reaction; the 
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active site cysteine forms a transient persulfide intermediate (S-SH) by accepting a sulfur from 

a donor compound. The sulfur then subsequently gets transferred to a thiophilic acceptor, 

regenerating the native enzyme. These thiophilic acceptors can be proteins like thioredoxin or 

glutaredoxin or small molecule thiols like cysteine or glutathione that can potentially mediate 

transpersulfidation of proteins (Figure 3).36–39 However, persulfidation of two-cysteine 

containing proteins are reported to be extremely short-lived due to the presence of a resolving 

cysteine, leading to a competition between transpersulfidation and H2S release. 

 
Figure 3. Catalytic cycle of sulfurtransferase. First step of the catalytic cycle involves the active site 
cysteine forming a persulfide intermediate by accepting a sulfur from the sulfur donor. The second step 
of the catalytic cycle involves sulfur transfer from the persulfidated enzyme to a sulfur acceptor, 
reinstating the sulfurtransferase to its original state.  

Apart from sulfurtransferase, CBS and CSE, the H2S producing transsulfuration pathway 

enzymes are also involved in the biogenesis of LMW persulfides in mammals. The formation 

of CysS-SH from cystine by CSE was initially reported in 1981.40 Only recently, CBS was 

found to undergo a similar reaction as well (Figure 4).17  

 
 

Figure 4. CBS and CSE catalyzing the synthesis of CysS-SH using cystine as the substrate. 

Very recently, another enzyme that is involved in the biosynthesis of CysS-SH was 

discovered.41 Cysteinyl-tRNA synthetase (CARS) is originally known to catalyze the 
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formation of cysteinyl tRNA via cysteine and aminoacyl tRNA. However, recent biochemical 

analyses revealed its ability to catalyze the synthesis of CysS-SH using cysteine as the 

substrate.42 

Small molecule persulfides are superior reducing agents and better nucleophiles 

compared to thiols or H2S. These reactive species are now recognized as important 

intermediates in countering oxidative and electrophilic stress.17,43,44 Furthermore, 

persulfidation of proteins is a prominent signaling mechanism mediated by persulfides through 

which it exerts a wide array of physiological functions. However, persulfides are unstable and 

undergoes rapid disproportionation in aqueous solution, posing a major challenge in 

controllable generation of these species in situ.45 Multiple attempts to isolate persulfides have 

remained unsuccessful, with the exception of a few sterically hindered persulfides in organic 

medium, limiting their use in defining their functional implications in biological systems. 

Hence, to unravel the complex biochemistry of persulfides and delineate its role in sulfur 

signaling, there is a need to develop precursors or prodrugs of persulfides. These donors should 

ideally be shelf stable, cell permeable and generate the active persulfide species upon 

stimulation by a relevant stimulus (Figure 5.). In the recent years, there have been significant 

advancement in the development of stimuli responsive persulfide prodrugs. The prodrugs 

reported thus far are have various limitations including lack of trigger specificity and formation 

of potentially toxic byproducts.  

 

Figure 5. General strategy for prodrug activation to generate persulfides. 

To address these gaps, our aim was to design cell permeable persulfide prodrugs that 

are responsive to a disease relevant stimulus. In chapter 2, we propose a persulfide prodrug 

responsive to elevated ROS, to closely mimic a diseased state. The strategy for persulfide 

generation is based on a previously unexplored retro-Michael reaction that would yield 

cinnamaldehyde as the byproduct. The prodrug was tested for its ability to protect cells against 
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oxidative stress induced cell death. One of the concerns regarding the above strategy is the 

formation of cinnamaldehyde, which although widely used in the food industry, is a mild 

electrophile. In chapter 3, we propose a persulfide prodrug activable by the enzyme b-

glycosidase, found to be overexpressed under conditions of stress including inflammation and 

cancer. The prodrugs upon cleavage by b-glycosidase undergoes an intramolecular cyclization 

to generate sulfane sulfur intracellularly along with a non-electrophilic, heterocyclic 

byproduct. Although these prodrugs provided important insights into the physicochemical 

properties of persulfides along with their therapeutic utility, these classes of prodrugs suffered 

from certain drawbacks. These include complex synthetic strategies, low shelf stability and 

the disulfide bond being prone to nucleophilic attack. In chapter 4.1, we designed compounds 

without the persulfide moiety but upon entry into cells would generate persulfides. We utilized 

the biochemical machinery of the cell here to develop artificial substrates for the enzyme 3-

mercaptopyruvate sulfurtransferase (3-MST). In chapter 4.2, we designed a b-galactosidase 

activated prodrug of the artificial substrate for 3-MST. b-galactosidase levels are 

overexpressed in senescence and it is therefore used as a marker for senescence. The prodrug 

designed can be used as a tool to study the consequences of persulfidation in senescent cells.  

Collectively, we have developed two distinct strategies for the intracellular generation 

of persulfides. The approaches developed herein will help address important questions 

regarding the role of persulfides in cellular signaling and understand its therapeutic utility. 

CHAPTER 2: A Vinyl-Boronate Ester Based Persulfide Donor Sensitive to Reactive 
Oxygen Species (ROS) 

The classes of persulfide prodrugs reported to date can be broadly classified into two 

categories based on the self-immolation strategy; 1,2-elimination mechanism and 1,6-

elimination mechanism that generates a relatively toxic quinone methide byproduct (Scheme 

1).46  

 
Scheme 1. Classes of persulfide prodrugs based on the self-immolation strategy. 

The lack of selectivity in these donors might limit their utility in biological systems. To 

address these limitations, we designed a prodrug based on a previously unexplored 1,4-O,S-
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reactive oxygen species (ROS) can be associated with several diseased conditions.3,23,47,48 

Therefore, to interrogate the role of persulfides in diseased conditions, we proposed the design 

of a ROS sensitive persulfide donor. It involves masking the enol as a vinyl boronate ester. It 

was hypothesized that the vinyl boronate ester would be oxidized in the presence of H2O2 to 

generate the free enolate that can undergo a retro-Michael or 1,4 elimination to release the 

persulfide and form cinnamaldehyde as a byproduct (Scheme 2).  

 
Scheme 2. Design of ROS sensitive persulfide donor. 

Compound 5 was synthesized as the ROS sensitive persulfide donor in 31% yield. 5 in 

pH 7.4 buffer hydrolyses to the boronic acid which upon incubation with H2O2 (10 eq) 

gradually decomposes over a period of 90 min (Figure 6). A time course of decomposition was 

obtained and the curve fitting to first order gave a pseudo first order rate constant k1 5.3 × 10-2 

min-1. 

 
Figure 6. HPLC traces for the decomposition of 5 in the presence of H2O2 (10 eq) in pH 7.4 buffer.  

Once it was established that compound 5 can be cleaved by H2O2 under physiological 

conditions, we next attempted to detect the release of the persulfide. Persulfides can be detected 

by trapping it as an adduct of a suitable electrophile (Scheme 3). The adduct formed with 

electrophile fluorodinitrobenzene (FDNB) was 7 and with monobromobimane (mBBr) was 8. 

The adducts formed were monitored by HPLC. 
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Scheme 3. Detection of persulfide by trapping it with an electrophile. 

Compound 5 upon incubation with FDNB in the presence of H2O2 showed a gradual 

decomposition of the peak corresponding to boronic acid of 5 with a concomitant formation of 

the adduct 7, over 60 min (Figure 7). The rate constant (k3) for the formation of 7 was calculated 

to be 0.15 min-1.  

 

Figure 7. HPLC analysis to monitor the formation of adduct 7 upon reaction of 5 with H2O2 in the 
presence of FDNB in pH 7.4 buffer (containing 20% ACN). 

5 was incubated with mBBr in the presence of H2O2, the boronic acid of 5 decomposed to form 

the adduct 8 and cinnamaldehyde over a period of 90 min (Figure 8). The formation of adduct 

8 was confirmed by mass spectrometry (m/z = 369.0707; observed, 369.2551).  

 

Figure 8. HPLC analysis to monitor the formation of adduct 8 upon reaction of 5 with H2O2 in the 
presence of mBBr in pH 7.4 buffer (containing 20% ACN).  
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The time course for the rate of formation of 8 was monitored and its rate constant (k4) was 

calculated to be 0.12 min-1. The rate of formation of cinnamaldehyde was monitored under 

these conditions and the rate constant (kcinn) was calculated to be 12.8 × 10-2 min-1. 

To test the selectivity of 5 towards activation by H2O2, a TLC based experiment was 

carried out to monitor the formation of adduct 7 in the presence of FDNB. Adduct 7 was 

observed only when compound 5 was treated with H2O2 and not in the presence of any other 

oxidants (Figure 9). 

 
Figure 9. TLC analysis to monitor the formation of 7 upon reaction of 5 with various analytes. (A) 
authentic 7 (Rf 0.37) (B) 5 alone (Rf 0.66) (C) 5 + H2O2 (D) 5 + HOCl (E) 5 + TBHP (F) 5 + GSH. 

 
Scheme 4. Mechanism of persulfide generation from 5 in the presence of H2O2.  

Based on these observations, a mechanism for the generation of persulfides from the 

vinyl boronate ester scaffold was proposed (Scheme 4). The boronate ester moiety hydrolyses 

in pH 7.4 buffer to form the boronic acid, as observed by the HPLC analysis. The boronic acid 

functional group reacts with H2O2 (10 eq) to form the enolate intermediate (II) which then 
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undergoes 1,4-elimination to generate the persulfide and form cinnamaldehyde as a byproduct. 

The rate of formation of cinnamaldehyde (kcinn) is comparable to the rates of formation of the 

persulfide adducts (7 and 8), suggesting that the formation of persulfide and the 

cinnamaldehyde is a concerted process. Therefore, the oxidation of the boronate ester by H2O2 

is most likely the rate determining step. 

Next, the ability of the persulfide prodrug 5 to protect cells from cytotoxicity induced 

by oxidative stress was evaluated. Menadione and JCHD were used as ROS generators to 

induce oxidative stress in cells. Co-treatment of DLD-1 cells with 5 and oxidants showed a 

dose dependent increase in cell viability, compared to the negative control 6. Thus, suggesting 

that the persulfide donor 5 was able to rescue cells from the oxidative stress induced cell death 

by menadione and JCHD (Figure 10). 

 

Figure 10. a) Cytoprotective effects of compound 5 against menadione (50 µM). (b) Cytoprotective 
effects of compound 5 against JCHD (50 µM). Results are expressed as mean ± SEM (n = 3). 	

CHAPTER 3: Enhancing Intracellular Sulfane Sulfur Through b-glycosidase Activated 
Prodrugs 

Elevated levels of b-glycosidase have been observed in several inflammatory disorders 

including inflammatory bowel disorder (IBD), ulcerative colitis, Crohn’s disease and 

cancer.49,50 The underlying etiology of these inflammatory disorders are multifactorial and is 

often associated with an excessive production of ROS, leading to collateral tissue damage.51 

Under these conditions, modulating the levels of ROS by an exogenous supply of antioxidants 

or upregulating the cellular antioxidant machinery is a possible therapeutic approach. Sulfane 

sulfurs comprising of persulfides and polysulfides have been established as potent 

antioxidants.17,23,33,52 We therefore, proposed the design of b-glycosidase activated persulfide 
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donors comprising of two series (10-11), responsive to b-galactosidase and b-glucosidase 

respectively (Figure 11). As per our hypothesis, upon cleavage by b-glycosidase the phenolate 

would undergo an intramolecular cyclization, resulting in the formation of a heterocyclic 

byproduct (12) with the simultaneous release of the persulfide. 

 

 
Figure 11. Design of b-glycosidase activated persulfide donor. 

Compounds 10b was synthesized as the b-galactosidase activated prodrug and 11a and 

11b were synthesized as the prodrug activable by b-glucosidase. 11a upon incubation with b-

glucosidase (10 U/mL) decomposed over a period of 10 h with a pseudo first order rate constant 

k1 5.4 × 10-3 min-1 (Figure 12a). LC/MS analysis showed a concomitant formation of the 

byproduct 12 with a rate constant of 7.1 × 10-3 min-1, which is similar to the rate of 

decomposition of 11a (Figure 12b). 

 
Figure 12. a) Decomposition of 11a over 10 h in the presence of b-glucosidase was observed, as 
monitored by LC/MS. Curve fitting to first order gave a rate constant of 5.4 × 10–3 min–1.  b) Formation 
of 12 over 10 h in the presence of b-glucosidase was observed. Curve fitting to first order gave a rate 
constant of 7.1 × 10–3 min–1 
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Next, persulfide/polysulfide generation from the NACMe derivative 11a was assessed. 

Persulfides can be detected by reacting it with a suitable electrophile. N-(4-hydroxyphenethyl)-

2-iodoacetamide (HPE-IAM) has been previously reported as an effective persulfide alkylating 

agent due to its mild electrophilic nature.53 11a was incubated with 10 U/mL of b-glucosidase 

and HPE-IAM (20 eq) in pH 7.4 phosphate buffer and incubated at 37 °C. The peak for the 

formation of the HPE-IAM adduct of NACMe persulfide (NACMeS-SH) was observed, which 

gradually increased over 10 h. In addition, peaks for HPE-AM polysulfide adducts NACMeS-

SSH and NACMeS-SSSH were detected as well (Figure 13a). Appreciable amounts of H2S, 

H2S2 and H2S3 were also detected along with the persulfide/polysulfide adducts of NACMe 

(Figure 13b). Generation of disulfides and trisulfides of NACMe were observed as well under 

the aforementioned condition. 

 

Figure 13. a) Extracted ion chromatogram of persulfides and polysulfides of N-acetylcysteine methyl 
ester (NACMe-S(S)nH) generated from compound 11a, detected as their HPE-AM adducts using 
LC/MS (R = N-acetylcysteine methyl ester, NACMe. b) Extracted ion chromatogram of hydrogen 
sulfide and hydrogen polysulfides detected as their bis-HPE-AM adducts.  

Based on the above observations, a mechanism for the generation of persulfides/ 

polysulfides from the glycopersulfide prodrugs was formulated (Scheme 5). The glycoside in 

prodrugs 10-11 is cleaved by the enzyme b-glycosidase to form the intermediate I. The 

phenolate in I undergoes an intramolecular cyclization to release the persulfide and form the 

heterocyclic byproduct 12. The persulfide once released can further react with itself to form 

the hydropolysulfide (RSSnH) species. These species being unstable in nature can ultimately 

be reduced by thiols or persulfides to generate hydrogen sulfide (H2S) or polysulfide (H2Sn). 
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Scheme 5. a) Proposed mechanism for the generation of persulfides and polysulfides from compounds 
10-11. b) Probable pathways for decomposition in the presence of a thiol.  

The persulfide scaffold has been previously reported to be susceptible to thiols, 

generating COS as a by-product.54 COS is known to hydrolyse into H2S catalysed by the widely 

prevalent enzyme carbonic anhydrase.55 Therefore, in the presence of both b-glycosidase and 

thiols, there are two possible competing pathways, A and B as shown in Scheme 5b. Pathway 

A is indicative of persulfide generation as a result of b-glycosidase activation while pathway 

B indicates COS release upon cleavage of the disulfide bond by thiols. 

 

Figure 14. Quantification of the area under the curve (AUC) for the peak corresponding to 12.  
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with N-acetylcysteine (NAC) in the presence of b-galactosidase. The formation of the 
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contrast to NAC, a 65% reduction in the formation of the byproduct 12 was observed within 

30 min of incubation, suggesting that pathway B is predominant in case of GSH.  

Cytotoxicity of compounds 10-11 were tested in two different cell lines, DLD-1 and 

HepG2. The benzyl persulfide derivatives 10b and 11b appeared to be mildly cytotoxic, 

presumably due to the benzyl moiety, whereas the NACMe persulfide derivative 11a was well 

tolerated up to a concentration of 100 µM. To assess the intracellular generation of 

persulfide/polysulfide from these prodrugs, 11a was chosen due to its low toxicity profile. To 

detect intracellular persulfide/polysulfide, the previously reported probe SSP2 was used.56 

DLD-1 cells were pre-treated with 50 µM SSP2 in the presence of cetyltrimethylammonium 

bromide (CTAB) followed by incubation with varying doses of 11a for 1 h. A significant 

increment in fluorescence, corresponding to the generation of persulfide/polysulfide was 

observed at a concentration of 0.5 mM of 11a (Figure 15). 

  

Figure 15. Detection of persulfide/polysulfide generated by compound 11a in DLD-1 cells, using the 
dye SSP2. The cells were imaged in the 20x GFP filter. Scale bar is 200 µm. 

Next, the ability of the persulfide prodrug 11a to protect cells from the oxidative stress 

induced cell death was evaluated. MGR-1 a prodrug of the ROS generator JCHD, which upon 

cleavage by the widely prevalent enzyme esterase would generate JCHD in cells, was used as 

the ROS generator. DLD-1 cells were pre-incubated with varying concentrations of 11a for 12 

h followed by treatment with MGR-1 (35 µM) for 4 h. A dose dependent increase in cell 

viability was observed (Figure 16a). To further corroborate our results, a similar experiment 

was conducted on another cell line HepG2 and a similar result was obtained (Figure 16b). 

Collectively, these results suggest that 11a is a cell permeable persulfide generator that has the 

potential to protect cells against oxidative damage. 

11a (100 µM)Ctrl 11a (500 µM)
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Figure 16. a) Cytoprotective effects of 11a against ROS induced cell death on DLD-1 cells b) A similar 
experiment carried out on the liver cell line (HepG2). Results are presented as mean ± SD (n = 3). (***) 
p < 0.001 vs MGR-1. 

CHAPTER 4.1: Insights into the therapeutic potential of persulfides using artificial 
substrates for 3-mercaptopyruvate sulfurtransferase (3-MST) 

One of the important enzymes involved in the biogenesis of persulfides is the H2S 

producing enzyme, 3-mercaptopyruvate sulfurtransferase (3-MST) a member of the 

sulfurtransferase family. 3-MST utilizes 3-MP as the sulfur acceptor to form a transient 

persulfide intermediate in its active site cysteine and an enolate of pyruvate as the 

byproduct.37,38 The enolate subsequently tautomerizes to the keto form. The natural substrate 

for 3-MST which is 3-MP can reportedly generate H2S spontaneously, through non-enzymatic 

mechanisms, which can be a potential limitation.57 Therefore, we considered developing an 

artificial substrate with structural features similar to 3-MP, that would be essential for the 

formation of 3-MST persulfide. We hypothesized that the 3-MST persulfide once formed 

would feed into the biosynthetic machinery for total cellular persulfidation and H2S generation. 

Therefore, we designed compound 26 that has a sulfur donor and an enolizable ketone, similar 

to 3-MP and would form acetophenone (27) as the byproduct after tautomerization (Figure 17). 

Due to the propensity of thiols to undergo aerial oxidation, 26 was protected as the thioacetate 

(25) to impart stability and longer shelf-life. The thioacetate in 25 can be easily deprotected by 

the widely prevalent enzyme esterase. 24, the dimer of ethyl ester of 3-MP was used as the 

positive control in all the experiments. 28 with an O instead of the S and 29 with an extra 

methylene group were used as the negative controls. 
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Figure 17. An artificial substrate having a similar enolizable ketone and a sulfur donor was designed, 
which upon turnover by 3-MST feeds into the biosynthetic machinery of the cell to induce 
persulfidation and generate H2S. Acetophenone would be generated as a byproduct. 

First, we evaluated the formation of 3-MST persulfide in its active site cysteine as 3-

MST accepts the sulfur from the artificial substrate 26. A previously reported tag-switch 

technique was used to detect the protein persulfide.31,33 To test the formation of the 3-MST 

persulfide, 3-MST was treated with compound 25 in the presence of esterase in pH 7.4 buffer 

and incubated at 37 °C for 1 h, followed by tag switching reagents, MSBT-A and CN-biotin. 

A strong band was observed when 3-MST was treated with the positive control 24 suggesting 

the formation of a 3-MST persulfide. A similar result was obtained with the substrate 25. 

Whereas, the negative controls 28 and 29 produced a significantly diminished signal under 

similar conditions (Figure 18a). The bands were quantified using ImageJ (Figure 18b). 

 
Figure 18. (a) Persulfidation of 3-MST by the ethyl ester of 3-MP (24) and the artificial substrate (25) 
in presence of ES, detected using the modified tag-switch technique. Compounds 28 and 29 were used 
as negative controls. PonceauS staining was used as a loading control. (b) Relative quantification of the 
bands using ImageJ. 

The formation of persulfide/polysulfide was next studied using a fluorescent probe, SSP2.56 
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assessed. In the absence of a reducing agent such as DTT, 3-MST-SS- can further catalyse the 

turnover of 26 to 27, likely forming a 3-MST polysulfide. Varying concentrations of 25 was 

reacted with 3-MST in the presence of esterase followed by incubation with SSP2. The release 

of fluorescein was measured using a microtiter plate reader (excitation 482 nm; emission 518 

nm). A dose dependent increase in fluorescence corresponding to the formation of 

persulfide/polysulfide was observed (Figure 19). Treatment of the above reaction mixture with 

DTT, resulted in a diminished signal. The active site cysteine of 3-MST was blocked by pre-

treatment with IAM followed by treatment with 25 + ES. A significantly diminished signal was 

recorded when 25 + ES was reacted with the IAM pre-treated 3-MST. Similar results were 

obtained with the positive control 24. No significant fluorescence signal was observed from 

the negative controls 28 and 29 (Figure 19). 

 

Figure 19. Persulfide/polysulfide detection using SSP2: 3-MST ctrl refers to 3-MST alone and 25 ctrl 
refers to 25 + ES only; 25 refers to co-incubation of varying concentrations of 25, ES and 3-MST; 
+DTT: addition of DTT; +IAM: addition of iodoacetamide, an electrophile that reacts with thiols; 24 
refers to incubation 24 with 3-MST; 28 and 29 refers to the incubation of the compounds with ES 
followed by treatment with 3-MST. 

The effect of persulfidation on the activity of GAPDH was next evaluated by utilizing 

the artificial substrate-3-MST system. 3-MST-SS- was prepared by incubating 3-MST with 25 

for 1 h in the presence of esterase (1 U/mL). This was followed by addition of GAPDH and 

incubation for another 1 h. Under these experimental conditions, the activity of GAPDH was 

found to be significantly enhanced upon treatment with 3-MST-SS-, when compared to 

untreated GAPDH (Figure 20). 
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Figure 20. Activity of GAPDH was measured by monitoring the formation of NADH, real-time at 340 
nm.  

Next, the ability of the artificial substrate 25 to permeate cells and feed in as a substrate 

for cellular 3-MST was assessed. The 3-MST-SS- formed as an intermediate can transfer the 

sulfur to thiophilic acceptors such as thioredoxin or cysteine, subsequently undergoing 

reduction to eliminate H2S.37 Intracellular H2S was detected in A549 cell line using a 

previously reported fluorescent probe for H2S, NBD Fluorescein.58 A 3-MST knock down cell 

line was generated (3-MST KD) by introducing 3-MST shRNA in A549 cell line. When the 

cells were co-incubated with the COS/H2S donor and NBD-fluorescein, an enhanced 

fluorescence signal was observed both in the scrambled as well as 3-MST KD cell line. 

However, a significantly diminished signal was observed when the 3-MST KD cell line was 

treated with compound 25, compared to the scrambled cell line. Negative control 28 failed to 

produce a signal in either of the cell lines (Figure 21). Thus, implying that the H2S generated 

by 25 is mediated by 3-MST. 

 

Figure 21. a) Detection of H2S in 3-MST KD A549 cell line and the corresponding scrambled cell line 
using NBD fluorescein. Ctrl refers to untreated cells. Scale bar represents 200 µm.  
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Next, antioxidant effect of 25 was tested. To test this, a reported ROS generator MGR-

1 was used to induce oxidative stress in cells.59 Intracellular hydrogen peroxide (H2O2) levels 

were measured using a previously reported fluorescent probe TCF-B.60 A549 cells were pre-

treated with varying concentrations of 25 for 12 h followed by co-treatment with MGR-1 (25 

µM) and TCF-B (25 µM) for 1 h. A similar experiment was carried out with the negative 

control 28. A dose dependent quenching in fluorescence was observed, that was unperturbed 

in case of the negative control 28 (Figure 22). 

 

Figure 22. (TOP) A549 cells were treated with veh control (DMSO), 25 (50 µM) and MGR-1 (25 µM)  

(BOTTOM) A549 cells treated with varying concentrations of 25 (5 µM, 10 µM, 25 µM and 50 µM) 
or 28 (50 µM) for 12 h followed by treatment with MGR-1 (25 µM). Intracellular H2O2 was detected 
using the H2O2-sensitive turn-on fluorescence sensor TCF-B. Cells were imaged using a 20´ TxRed 
filter. Scale bar is 200 µm. 

A cell viability assay conducted on N2a showed no potential toxicity of the compounds 

for a period of 12 h. Upon determining the antioxidant properties of 25, its ability to rescue 

cells from ROS induced cell death was next studied. Cells were then pre-treated with varying 

concentrations of 25 and the negative controls 27 and 28 for 12 h, followed by the ROS 

generator MGR-1 for 4 h. A dose dependent increase in cell viability was observed only with 

25 and not the negative controls (Figure 23.).  
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Figure 23.  Cell viability assay conducted on N2a cells. A dose-dependent protection of cells from 
MGR-1 induced cell death by 25 was observed. The byproduct ketone 27 or the negative control 28 did 
not show any protection against the cytotoxic effects of MGR-1. All data are presented as mean ± SEM 
(n = 3 per group). ***p < 0.001 vs MGR-1. 

 

Figure 24. Mouse endotoxin shock model: Animals were treated with 25 (20 mg/kg) or NaSH (20 
mg/kg) 4 h prior to treatment with lipopolysaccharide (LPS, 5 mg/kg). 30 min post-administration of 
LPS, another dose of 25 or NaSH was given. The brain tissue samples were harvested followed by 
measurement of: (A) Pro-inflammatory cytokines, TNF-a and IL-6 using a standard ELISA assay. All 
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data are presented as mean ± SD (n = 6 per group). ***p < 0.001 vs LPS; and (B) Prostaglandins 
PGE2/D2 using LC/MS. All data are presented as mean ± SD (n = 10 per group). ***p < 0.001 vs LPS. 

Finally, anti-inflammatory effects of 25 was studied in mice model. The mice were pre-

treated with 25 for 4 h, followed by lipopolysaccharide (LPS) treatment and another dose of 

25. Proinflammatory cytokines and prostaglandins were measured in the brain tissue of these 

mice. In the control group treated with LPS alone, significantly elevated levels of cytokines 

TNF-a and IL-6 were found, compared to the vehicle-treated mice. In the group pre-treated 

with 25, a marked decrease in the levels of cytokines were observed, whereas NaSH failed to 

exhibit similar effects (Figure 24a). PGE2/PGD2 levels are used as a reliable marker for 

inflammation. LC/MS analysis of brain tissue homogenates were carried out to measure the 

levels of PGE2/PGD2. A similar result was obtained wherein, the levels were significantly 

lower in groups pre-treated with 25 compared to LPS only treatment (Figure 24b). These results 

collectively demonstrate the potential of 25 to mitigate neuroinflammation. 

CHAPTER 4.2. b-galactosidase activated prodrug of the artificial substrates for 3-MST 

In chapter 4.2, we propose the design of b-galactosidase activated 3-MST artificial 

substrate. It has been proposed that deleterious free radicals and oxidants damaging 

biomolecules is a major contributor to the process of aging.61 Therefore, countering these 

species or inhibiting their production might aid in reducing the rate of aging or prevent 

incidences of age associated disorders. This theory is now widely accepted with several studies 

demonstrating the effects of antioxidants such as vitamin C, vitamin E, resveratrol, glutathione 

and antioxidant enzymes in boosting health and longevity of life.62,63  

We designed prodrug 30 that can be cleaved by the enzyme b-galactosidase. 

Subsequent intramolecular cyclization of the phenolate will release the artificial substrate 26 

along with the heterocyclic byproduct 31 (Figure 25a). 26, as demonstrated in chapter 4.1 can 

generate a range of reactive sulfur species including H2S, persulfides/polysulfides, catalysed 

by the enzyme 3-MST (Figure 25b).  
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Figure 25. a) Design of b-galactosidase activated prodrug (30) of the artificial substrate (26). b) 
Catalytic turnover of 26 by 3-MST to generate H2S and persulfides/polysulfides. 

With compound 30 in hand, its ability to generate the artificial substrate 26 in the 

presence of b-galactosidase was tested. 30 upon incubation with b-galactosidase decomposed 

within 30 min with the concomitant formation of the byproduct 31 in 92% yield (Figure 26). 

 
Figure 26. HPLC decomposition profile of 30 in the presence of b-galactosidase. 
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30 was consumed within 60 min with the appearance of two new peaks attributable to the 

byproduct 31 and acetophenone 27 was observed (figure 27). 

 
Figure 27. HPLC profile for catalytic turnover of 26, generated from 30 upon treatment with b-
galactosidase (2 U/mL), by b3-MST. 

From the above observation, it can be concluded that 30 undergoes cleavage by b-

galactosidase to release the artificial substrate 26 which is then turned over by 3-MST in the 

presence of DTT, forming acetophenone 27 and 31 as the byproducts. We next attempted to 

detect H2S under these conditions using a standard methylene blue assay.64 30 was incubated 

with b-galactosidase (2 U/mL), b3-MST (1 µM) and DTT (10 mM) in phosphate buffer at 37 

°C for 60 min. An aliquot of this reaction mixture was treated with the methylene blue reagents 

(N,N-dimethyl-p-phenylene diamine and FeCl3) and further incubated for 30 min. The samples 

were then transferred to a well plate and the absorbance profile was recorded from 550 nm to 

800 nm. It was observed that 30 only in the presence of b-galactosidase, b3-MST and DTT 

produced a signal for methylene blue, suggesting the generation of H2S (purple, Figure 28a). 

DTT enhances the catalytic efficiency of 3-MST, however, even in the absence of DTT a minor 

amount of H2S generation was observed (green). 25 was used as a positive control, which gives 

a distinct signal for H2S generation (red). 30 in the absence of b-galactosidase or b3-MST failed 

to produce H2S, so did the negative control 38 under similar conditions. (Figure 28b).  
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Figure 28. a) Methylene blue absorbance profile obtained for catalytic turnover of 30 in the presence 
of b-galactosidase (2 U/mL), b3-MST and DTT. 25 was used as the positive control. b) 30 in the absence 
of b-galactosidase (2 U/mL) and b3-MST does not produce H2S. 38 was used as the negative control. 

The ability of prodrug 30 to permeate cells and mediate intracellular persulfidation was 

next investigated. Tag-switch assay described in chapter 4.1 was used for the detection of 

persulfides in cells. A549 cells were irradiated with 7Gy IR to induce senescence. Both 

senescent and non-senescent cells were incubated with 30 (100 µM) and Na2S (100 µM) for 1 

h. The cells were then incubated with MSBT-A overnight followed by treatment with CN-BOT 

for 1 h to tag the protein persulfides with BODIPY, which can be visualized under the 

microscope 

 
Figure 29. Quantification of the fluorescence signal induced by 30 and Na2S in A549 senescent and 
non-senescent cell lines using the tag-switch technique. All data are presented as mean ± SD (n 
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=3/group). Significance was determined with respect to control in each cell line by Student’s two-tailed 
unpaired parametric t test: ****p < 0.0001 versus ctrl group while ns = non-significant. 

Senescent cells treated with 30 produced a significantly enhanced signal compared to a similar 

treatment on non-senescent cells (Figure 29). This data implies that 30 is selectively activated 

and is able to induce persulfidation in senescent cells, possibly due to an overexpression of b-

galactosidase. 
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ABSTRACT: A vinyl boronate ester-based persulfidating
agent that is selectively activated by hydrogen peroxide,
which is a reactive oxygen species (ROS), and efficiently
generated a persulfide by a hitherto unexplored 1,4-O,S-relay
mechanism is reported. This donor was found to protect cells
from cytotoxicity induced by oxidants, and the major
byproduct is cinnamaldehyde, which is widely used in the food industry as an additive.

Hydrogen sulfide (H2S) has emerged as an important
mediator of redox cellular processes, especially in the

context of cellular responses associated with oxidative
stress.1−3 During several disease-like conditions, cells are
exposed to increased reactive oxygen species (ROS), which
contribute to neurodegenerative disorders, inflammation,
diabetes, tumor progression, and aging.4−8A mechanism by
which H2S exerts its effects is protein persulfidation (or S-
sulfhydration),3 which is an oxidative post-translational
modification where a cysteine (Cys-SH) residue is modified
to Cys-SSH group.1 Ambient protein persulfidation in cells is
symptomatic of normal functioning in certain cells;4 a corollary
to this observation is that diminished persulfidation is
associated with stressed or diseased states. For example,
diminished persulfidation of parkin, an E3 ubiquitin ligase that
contains a reactive cysteine residue, is correlated with
decreased rescue of damaged neurons. Increasing parkin
persulfidation appears to protect neurons by removing
damaged proteins. This finding has tremendous implications
in the treatment of neurodegenerative diseases such as
Parkinson’s disease.9 However, this correlation does not hold
for other proteins, underscoring the importance of developing
new tools to interrogate the chemical biology of persulfidation
under disease-relevant conditions.1 Furthermore, since persul-
fides (RSS−) are superior reductants, compared with RS−,
these species have gained traction as important intermediates
in countering oxidative stress.10,11 However, since persulfides
are unstable in biological milieu, it is challenging to generate
these reactive sulfur species in a controllable manner,10,11

hence the growing interest in small-molecule persulfidating
agents as tools to interrogate redox chemical biology of this
reactive sulfur species.
An ideal donor would respond to elevated ROS to produce a

protein persulfidating agent. The general strategy to generate a
persulfide in situ involves stimuli responsive deprotection,
followed by electronic rearrangement or a relay mechanism to
release a persulfide.12,13 Subsequent exchange of the sulfhydryl
group between the persulfidating agent and a protein occurs to
induce protein persulfidation (Figure 1a). To closely mimic

inflammatory conditions, the donor would ideally need to be
triggered by hydrogen peroxide, which is a stable ROS.14 The
first major class of persulfidating agents are based on a 1,2-O,S-
relay mechanism, where the oxygen and sulfur are placed
adjacent to each other (Figure 1b).15 These donors respond to

Received: October 31, 2018
Published: December 7, 2018

Figure 1. (a) Design of a triggerable protein S-sulfhydrating agent.
(b) Key intermediates of some reported triggerable persulfide donors
that operate via a 1,2- or a 1,6-O,S-relay mechanism. (c) An example
of a retro Michael reaction: the first step is presumably the generation
of an enol(ate), which generates a thiol by a 1,4-O,S-relay mechanism.
(d) Design of a ROS-triggered persulfide donor that is expected to
operate by a 1,4-O,S-relay mechanism.
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a nucleophile,15,16 enzyme,17−19 or fluoride.20 These donors,
while useful, have limited selectivity toward oxidative stress
conditions. The next class of persulfidating agents involves a
1,6-O,S-relay mechanism, where the oxygen is masked in the
form of a boronate ester, which is a substrate for oxidation by
ROS such as hydrogen peroxide.21 As a testament to its
therapeutic utility, this donor was shown to protect cells from
oxidative stress. The formation of a quinone-methide22 during
persulfide delivery is possibly a limitation of this method.
To address these major gaps, we considered an alternate

design for a ROS-triggerable persulfide donor, which was based
on a hitherto unexplored 1,4-O,S-relay mechanism.12 Formally,
this type of rearrangement is a retro Michael reaction involving
a thiol as a leaving group (Figure 1c).23,24 Here, the enol
undergoes a 1,4-O,S-relay mechanism to generate a thiol and
an α,β-unsaturated carbonyl compound. Since the pKa of R-
SSH (6.2) is somewhat lower than a thiol (7−9), it was
envisaged that this group might depart under these
conditions.11 The carbonyl was masked as a vinyl boronate
ester 1, which is known to undergo oxidation in the presence
of hydrogen peroxide to generate an aldehyde (Figure 1d).25,26

The byproduct of decomposition of 1 is cinnamaldehyde,
which is a constituent of cinnamon oil, and has been classified
as Generally Recognized As Safe (GRAS). Together, 1 should
respond to oxidative stress to generate a persulfide and
relatively innocuous byproducts.
To synthesize 1 (Scheme 1a), benzaldehyde and TMS-

acetylene were reacted in the presence of n-butyllithium to

produce the secondary alcohol 2.27 Under Mitsunobu reaction
conditions, 2 was converted to the thioacetate 3a in 65%
yield.28 Hydroboration of 3a gave 4 as the trans isomer (vicinal
olefinic, J = 17.2 Hz). Deprotection of the thioacetate in the
presence of acetyl chloride afforded the thiol 5 in 52% crude
yield. Next, using a reported protocol, the reaction of benzyl
thiol 6 with 5 afforded the desired product 1 in 31% yield.29

First, to ascertain the reactivity of 1 toward ROS, 1 was
incubated with H2O2 (10 equiv) in pH 7.4 buffer at 37 °C.
HPLC analysis of the reaction mixture revealed the complete
disappearance of this compound in 90 min (Figure S1a in the
Supporting Information). A time course of this decomposition
was obtained, and curve fitting to a first-order equation gave a
rate constant k1 of 5.3 × 10−2 min−1 (Figure 2a). The

estimated half-life of 1 under these conditions is 13 min. This
value is comparable with arylboronate ester decomposition
(0.09 min−1), suggesting no significant difference in the
mechanism of hydrogen peroxide-mediated oxidation. To
study the potential for 1 to generate a persulfide, we used a
method developed by Binghe Wang and co-workers, where
they used 1-fluoro-2,4-dinitrobenzene (7, FDNB) to trap the
persulfide.17 The resulting compound 8 (Figure 3) can be
detected by HPLC analysis.

Compound 8 was synthesized using a reported procedure
and HPLC analysis showed a distinct peak at 11.3 min (Figure
S3a in the Supporting Information). When 1 (retention time
(RT) = 16.3 min) was coincubated with FDNB in the presence
of H2O2, we found nearly complete decomposition in 90 min
with a concomitant formation of 8 (Figure S3b in the
Supporting Information). Because of the susceptibility of
persulfides to decompose, this experiment was performed at
room temperature. In the absence of hydrogen peroxide, we
did not observe the formation of 8 (Figure S3d in the
Supporting Information). These data support the generation of
a persulfide when 1 was reacted with H2O2. The rate constant
for the formation of 8 (k3) was 0.15 min−1 and is a proxy to the
persulfide formation rate (Scheme 2).
An independent assay based on monobromobimane (mBBr)

was next used for detecting persulfides (Figure 2b). Reaction
of mBBr with a persulfide is expected to produce the disulfide
9 (Figure 3). When 1 was reacted with hydrogen peroxide at
37 °C in the presence of mBBr, we find a distinct peak that is
attributable to the formation of 9 (m/z = 369.07; observed,

Scheme 1. (a) Synthesis of Thiol 5; (b) Reaction of
Benzylthiol (6) with 5 Affords the Desired Compound 1a

aBtCl = 1-chlorobenzotriazole and BtH = benzotriazole.

Figure 2. (a) Decomposition of 1, as monitored by HPLC analysis.
Curve fitting to first-order decomposition gave a rate constant (k1) of
5.3 × 10−2 min−1. (b) HPLC analysis of the reaction of 1 with
hydrogen peroxide in the presence of monobromobimane (mBBr) at
37 °C in pH 7.4 buffer (containing 20% CH3CN).

Figure 3. Structures of key tools and compounds used in this study.
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369.25; see Figure S4 in the Supporting Information). The
time course for formation of this compound was monitored,
and a rate constant of k4 of 0.12 min−1 was obtained. This rate
constant is comparable with k1. Furthermore, the value of k3
was determined at 25 °C, and considering rate effects on
temperature, we suggest that the values of k1, k3, and k4 are
similar.
Next, the silylated derivative 10 was synthesized in two steps

from the propargyl alcohol 2 (Scheme S1 in the Supporting
Information). Compound 10 should undergo decomposition
in the presence of hydrogen peroxide but does not generate a
persulfide. When 10 was incubated in the presence of H2O2,
indeed, we find evidence for the formation of cinnamaldehyde
(Figure S2 in the Supporting Information).
Curve fitting yielded a rate constant (k2) of 4.8 × 10−2 min−1

that was comparable in value with the rate of decomposition of
1 (Scheme 2). The yield of cinnamaldehyde under these
conditions was 73%, which is comparable with the yield of 8
during incubation of 1 with hydrogen peroxide and FDNB
(Figure S3b in the Supporting Information). Phillips and co-
workers have previously demonstrated the use of vinyl
boronate esters in the deprotection of alcohols with pKa
values of >11.26 Since the estimated pKa value of tert-
butyldimethylsilanol is 15, this result supports the use of such
vinylboronate esters for the release of poorly acidic alcohols as
well.
When 1 was incubated in the presence of hydrogen

peroxide, we similarly observed the formation of cinnamalde-
hyde, but with diminished yield (Figure S1a in the Supporting
Information). This diminished yield could be due to the
collateral consumption of cinnamaldehyde by the persulfide.
To test this possibility, we incubated 1 in the presence of H2O2
and mBBr, and we found that the yield of cinnamaldehyde was
significantly better (∼70%; Figure 2b). The rate constant for
the formation of cinnamaldehyde (kcinn) was 12.8 × 10−2

min−1 (Scheme 2). Persulfides, being good one-electron
reductants, have a high propensity to undergo oxidation to
form tetrasulfides (RSSSSR) and polysulfides (RSnR).

30

Although all assays were performed in the presence of
diethylenetriaminepentaacetic acid (DTPA) as a chelating

agent, to prevent the decomposition of H2O2 and the
subsequent radical-based oxidation of persulfides, the possi-
bility of polysulfide formation cannot be ruled out.
Furthermore, in cells, we would expect cinnamaldehyde to
react with other thiols such as glutathione, which typically
occurs in millimolar concentrations. When cinnamaldehyde
was reacted with glutathione, the pseudo-first-order rate
constant for this reaction was found as 2.3 × 10−2 min−1,
which translates to a half-life of ∼30 min (Figure S5 in the
Supporting Information). Previously, cinnamaldehyde was
found to react with thiols as well as bovine serum albumin;31

the half-life of the latter reaction was in the range of 3−8 min.
These data suggested the possibility of cellular thiols
competitively reacting with cinnamaldehyde and possibly
sparing the persulfide to conduct protein persulfidation.
We next estimated the selectivity of 1 toward activation by

H2O2. We tested 1 against a variety of oxidants in the presence
of FDNB and tested if the persulfide adduct 8 was produced.
We find no evidence for decomposition of 1 or the formation
of 8 under these conditions (Figure S6a in the Supporting
Information). In a separate assay with 10, we found no
evidence for the formation of cinnamaldehyde, except when 10
was treated with H2O2 (Figure S6c in the Supporting
Information). Together, these data support the excellent
selectivity of the vinyl boronate ester functional group toward
oxidation by hydrogen peroxide.
The proposed mechanism for the reaction of 1 with

hydrogen peroxide involves the oxidation of the vinyl boronate
ester (likely the boronic acid in pH 7.4 buffer) to produce an
enolate intermediate, which decomposes to produce the
persulfide and cinnamaldehyde. Since the value of kcinn was
comparable in magnitude with that of k3 and k4, it is likely that
the formation of the persulfide and cinnamaldehyde is
concerted. Previously, retro Michael reactions involving
thioethers of N-ethylmaleimide have been reported.23,24

These reactions are extremely slow (half-lives ranging from
∼1−7 days). Hence, the present method appears to be distinct
from the previous reports due to the direct generation of an
enolate II that rapidly rearranges to produce a persulfide. The
equilibrium constant for tautomerism (Ktaut), which is defined
as [keto]/[enol] for aliphatic aldehydes, is in the range of
10−3−10−4.32
These data suggest that, once formed, III would likely

equilibrate to the aldehyde IV (Scheme 2). If the aldehyde
(keto form) is indeed produced, it is likely that the generation
of the persulfide might be extremely slow. Our attempts to
detect this aldehyde IV were unsuccessful. Since the yields of
products are in excess of 70%, we reasoned that tautomerism
may not be a major competitive process. Thus, it is likely that
the enolate II, once formed, would rapidly rearrange to
generate the persulfide. The estimated pKa for the enol is 9−
10, likely to be deprotonated in pH 7.4.33 Previously, in basic
solution, the enolate was found to be the dominant form for
certain aldehydes.33 Although the operating pH is 7.4, it
appears to stabilize the enolate sufficiently to promote the 1,4-
O,S-relay.
Lastly, since persulfides are reported to mitigate oxidative

stress, we tested the ability of 1 to protect colon carcinoma
DLD-1 cells from cytotoxicity induced by elevated ROS. Colon
cells are constantly exposed to xenobiotics and stress induced
by pathogens. It has been reported that hydrogen sulfide is an
important mediator of stress response in the gut.34−36 Using
DLD-1 colon carcinoma cells, a cell viability assay was first

Scheme 2. Mechanism of Persulfide Formation during the
Oxidation of 1a

aThe rate constant for decomposition of 1 was k1 = 5.3 × 10−2 min−1,
whereas that for the decomposition of 10 was k2 = 4.8 × 10−2 min−1.
The rate constant for the formation of cinnamaldehyde during the
decomposition of 1 in the presence of FDNB was kcinn = 12.8 × 10−2

min−1. The rate constants for the formation of 8 (k3 = 0.15 min−1)
and 9 (k4 = 0.12 min−1) were comparable.
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conducted with increasing doses of 1, and no significant
inhibition up to 100 μM was observed (Figure S7a in the
Supporting Information). Next, using menadione, which is a
known redox cycling agent and inducer of oxidative stress, we
evaluated the protective effects of 1.37,38 DLD-1 cells were
treated with menadione and viable cells were measured (Figure
S7b in the Supporting Information). We found significant cell
killing at 50 μM (30% viable cells); this concentration was
chosen to study possible cytoprotective effects of 1. When 1
was cotreated with menadione, a dose-dependent cytoprotec-
tion was observed (Figure 4a). A cell viability assay conducted

with 10 revealed that this compound was not significantly
cytotoxic (Figure S7a). However, 10 was unable to protect
cells from menadione-induced cytotoxicity, supporting the
importance of the persulfide in cytoprotective effects (Figure
4a). Next, JCHD, which is a derivative of juglone, was used to
simulate increased ROS within cells. This compound has been
previously characterized to generate ROS in pH 7.4 buffer
under ambient aerobic conditions and increase ROS levels in
cells (Figure S8 in the Supporting Information). Again, we find
significant cytotoxicity induced at 50 μM by JCHD (Figure
S7b).39−41 The persulfide donor 1 protected cells from JCHD-
induced toxicity, while 10 showed no effect (Figure 4b). Thus,
the results of these cell studies demonstrate the potential for
this new donor to protect cells from xenobiotics and oxidative
stress.
In summary, we report a new class of 1,4-O,S-relay

mechanism-based persulfide donors with a unique retro
Michael reaction as the key step. Generation of persulfide
from this donor was independently validated by two assays,
and the mechanism is consistent with experimental data. The
major byproducts that are produced appear well tolerated by
cells and this observation is encouraging for further develop-
ment of this donor. We found that 1 was able to protect cells
from oxidative stress induced by exogenous ROS generators.
Taken together, this compound is a valuable addition to the
growing redox toolbox to understand the chemical biology of
reactive sulfur species better while progressing toward new
classes of sulfur-based therapeutic agents.
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Enhancing cellular sulfane sulfur through
b-glycosidase-activated persulfide donors:
mechanistic insights and oxidative stress
mitigation†

Prerona Bora, Manjima B. Sathian and Harinath Chakrapani *

Sulfane sulfur species such as persulfides and polysulfides along

with hydrogen sulfide protect cells from oxidative stress and are key

members of the cellular antioxidant pool. Here, we report

perthiocarbamate-based prodrugs that are cleaved by b-

glycosidases to produce persulfide and relatively innocuous bypro-

ducts. The b-glucosidase-activated persulfide donor enhances

cellular sulfane sulfur and protects cells against lethality induced

by elevated reactive oxygen species (ROS).

Redox-active species derived from sulfur play a central role in
cellular signalling and metabolism, stress response and
homeostasis.1 Persulfides (RS-SH) and polysulfides (RS-(S)nH),
which are members of the sulfane sulfur pool, have emerged as
important mediators in stress response.2,3 Collectively, the sulfane
sulfur pool together with hydrogen sulfide (H2S) is now considered a
reservoir of antioxidant species that responds to oxidative stress and
protects key cellular components from oxidative damage.4 Hence, in
addition to thiols such as glutathione and H2S, persulfides are
summoned to counter stress caused by elevated reactive oxygen
species (ROS). RS-SH is more nucleophilic than RSH as evidenced by
a higher HOMO (51 kJ mol!1 for CysS-SH vs. CysSH) leading to
superior reactivity with electrophilic species.5 Persulfides and poly-
sulfides are also better at sequestering reactive oxygen species (ROS)
and countering oxidative stress.6 Protein persulfidation, which is an
oxidative post translational modification of cysteine residues, not
only contributes to redox signalling but also protects cysteines from
irreversible oxidation.7 Persulfides and polysulfides are excellent
persulfidating agents compared to H2S and hence new strategies to
enhance cellular persulfides responsive to fluoride,8 esterase,9 pH,10

light,11 H2O2
12,13 and nitroreductase14 have been developed.

Recently, artificial substrates for 3-mercaptopyruvate sulfurtransfer-
ase (3-MST) as enhancers of cellular persulfides was reported.15

Several of the aforementioned strategies have shown promise in

mitigating oxidative stress in cellular and animal models (Fig. 1a).
However, several of them produce byproducts that are electrophilic,
some have poor selectivity across cell types, many have diminished
aqueous solubility, and in a few cases, no therapeutic relevance was
demonstrated. Here, we report the design and development of a cell
permeable b-glycosidase-activated persulfide donor that protects
cells from oxidative stress.

b-Glycosidases are a class of enzymes that cleave glycosidic
bonds in oligo/polysaccharides. These enzymes are over-
expressed in the gastrointestinal (GI) tract, especially the colon.
Elevated levels of b-glycosidases are associated with certain
pathophysiologies of the GI tract including inflammatory bowel
disorder (IBD), Crohn’s disease and ulcerative colitis and
cancer.16,17 Increased reactive oxygen species (ROS) leading to
collateral damage of the tissue is common in these
conditions.18 Thus, enhancing antioxidants is a possible ther-
apeutic approach for such conditions. Several colon-specific
prodrug strategies that involve cleavage by b-D-glucosidase, b-D-
galactosidase, b-D-xylosidase produced by the intestinal micro-
flora are known.16,19 Hence, taking the aforementioned aspects
into consideration, we designed b-glycosidase-activated

Fig. 1 (a) Prodrug strategies to generate sulfane sulfur in cells. (b) Present
work; prodrugs of persulfides/polysulfides cleavable by b-glycosidase
(1: b-glucoside, 2: b-galactoside).
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persulfide prodrugs (Fig. 1b); two series of compounds were
considered: one cleavable by b-glucosidase (1) and the other by
b-galactosidase (2). Being sugars, these compounds are
expected to have enhanced aqueous solubility and would there-
fore have better applicability. Lastly, unlike certain other
donors, once a persulfide is generated, no electrophilic and
potentially toxic byproduct is formed.20

Compound 1a (R = N-acetylcysteine methylester, Scheme 1)
was synthesized in 5 steps (Scheme 1). First, the reaction of 2-
nitrophenol with 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl bro-
mide 4, using a reported protocol21 gave compound 5. This was
followed by reduction of the nitro group in 5 to its corres-
ponding aniline 6 by using zinc in HCl. Formylation of the
aniline followed by its reduction using borane
dimethylsulfide22 gave the N-methylaniline derivative 7. In a
separate reaction, N-acetylcysteine methylester (NACMe) was
treated with chlorocarbonylsulfenyl chloride to obtain the
S-perthiocarbonyl chloride 8a, which was immediately reacted
with compound 7 to obtain compound 9.10 Finally, de-
protection of acetyl groups of 9 using sodium methoxide in
methanol afforded 1a.

To ascertain the reactivity of the compound towards b-
glucosidase, 1a was incubated with b-glucosidase in pH 7.4
phosphate buffer at 37 1C. LC/MS analysis of the reaction
mixture revealed a complete decomposition of the compound
within 10 h (Fig. 2a). A time course for this decomposition was
obtained and curve fitting to a first order equation gave a rate
constant of 5.4 " 10!3 min!1 with a half-life of 128 min (Fig. 2a
and Fig. S1, ESI†).

Under these conditions, as expected, the formation of N-
methyl benzoxazolone byproduct (3) was observed with m/z =
150.0551 [M + H]+ (expected m/z = 150.0555) (Fig. S2, ESI†).
Curve fitting gave a rate constant of 7.1 " 10!3 min!1, which is
comparable to the rate of decomposition of 1a (Fig. 2b).
Together, these data suggest that the cleavage step is the rate
determining and once the sugar is cleaved, the release of the
persulfide is fast. The ability of 1a to generate persulfides under
these conditions was next evaluated. A standard method for the
characterization of persulfide species is to trap them with an
electrophile to form a covalent adduct, which can be detected
using HPLC or LC/MS.

N-(4-Hydroxyphenethyl)-2-iodoacetamide (HPE-IAM) has
been previously reported23,24 to be a potent and efficient
persulfide/polysulfide alkylating agent (Scheme 2).25 When 1a
was co-incubated in the presence of b-glucosidase and

HPE-IAM, the appearance of a new peak at 12.36 min with
m/z = 387.1042 [M + H]+ was observed that gradually increased
over time (Fig. S3, ESI†). It was attributed as the NACMe
persulfide adduct, 15a (expected m/z = 387.1048), thus confirm-
ing the generation of a persulfide under these conditions
(Fig. 2c). We also found evidence for the formation of poly-
sulfide adducts, 15b and 15c under these conditions (Fig. 2c).
Additionally, appreciable amounts of H2S as the bis-S-HPE-AM
adduct (16a) with m/z = 389.1545 [M + H]+ (expected m/z =
389.1535) was detected along with hydrogen polysulfides (H2Sn,
n = 2 and 3) (Fig. 2c). Furthermore, disulfide and trisulfide of
NACMe were also detected (Fig. S4, ESI†). Together, these data
demonstrate the ability of 1a to produce a gamut of reactive
sulfur species, hydrogen sulfide, persulfide and polysulfide.

Having confirmed the in vitro generation of persulfides/
polysulfides from 1a, we attempted to study its cell permeability
and intracellular generation of sulfane sulfur. Human cytosolic
b-glucosidase is present in significant concentrations in the
liver, kidney, spleen and colon.26,27 Human colon carcinoma
(DLD-1) and hepatocarcinoma (HepG2) cell line were therefore
used as model systems. A standard cell viability assay was
conducted to assess the cytotoxicity of 1a on DLD-1 and HepG2
cells. No significant toxicity was observed up to a concentration
of 100 mM (Fig. S5, ESI†). To detect intracellular sulfane sulfur,

Scheme 1 Synthesis of glucopyranosyl derivatives, 1.

Fig. 2 (a) Decomposition of 1a upon incubation with b-glucosidase
(10 U mL!1) as monitored by LC/MS (m/z = 521.1250 [M + H]+; expected,
521.1264). Curve fitting to first order gave a rate constant of 5.4 "
10!3 min!1. (b) Formation of by-product 3 under the same conditions
(m/z = 150.0551 [M + H]+; expected, 150.0555). Curve fitting to first order
gave a rate constant of 7.1 " 10!3 min!1. (c) Extracted ion chromatogram
of persulfides and polysulfides of N-acetylcysteine methylester (NACMe-
S(S)nH) generated from compound 1a, detected as their HPE-AM adducts
using LC/MS. 15a (m/z = 387.1042 [M + H]+; expected, 387.1048); 15b
(m/z = 419.0781 [M + H]+; expected, 419.0769); 15c (m/z = 451.0500 [M +
H]+; expected, 451.0490). (d) Extracted ion chromatogram of hydrogen
sulfide and hydrogen polysulfides detected as their bis-HPE-AM adducts.
16a (m/z = 389.1545 [M + H]+; expected, 389.1535); 16b (m/z = 421.1272
[M + H]+; expected, 421.1256); 16c (m/z = 453.0991 [M + H]+; expected,
453.0976).
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the persulfide probe SSP2 was used.28 DLD-1 cells were pre-
treated with SSP2 (50 mM) in the presence of CTAB (500 mM)
followed by treatment with 1a. A significant increment in the
fluorescence signal corresponding to generation of sulfane
sulfur was observed upon treatment with 1a (Fig. S6, ESI†).
The elevated concentration needed for enhancement of cellular
persulfides is likely due to the diminished stability of persul-
fides in the reducing environment of the cells. Nevertheless,
our data suggests that 1a is cell permeable and is able to
enhance the levels of intracellular sulfane sulfur pool.

Persulfides/polysulfides have previously been reported to
have potent antioxidant effects and are efficient scavengers of
ROS. Previously, H2S-NSAID hybrids have been reported to have
potent anti-inflammatory effects on models of colitis, attribu-
table to H2S.29 In addition, COS/H2S donors have shown to
display cytoprotective effects against xenobiotic induced stress
in colon cells.30 To test the protective effects of persulfides/
polysulfides in the colon against oxidative stress induced
lethality, MGR-1, a cell permeable ROS generator was used to
induce oxidative stress (Fig. S7, ESI†).31 DLD-1 cells that were
pre-treated with 1a for 12 h were next exposed to MGR-1 for 4 h,
following which cell viability was determined using a standard
MTT assay. The assay indicates that 1a was able to rescue cells
from ROS induced lethality in a dose dependant manner.
Under similar conditions, NAC failed to exhibit protective
effects (Fig. S8a, ESI†). Next, to further corroborate our results,
we used another cell line with an elevated expression of b-
glucosidase, HepG2 cell line. When tested on HepG2 cells,
similar results were obtained supporting the cytoprotective
effects of the cell permeable persulfide donor 1a (Fig. S8b,
ESI†).

The next series of compounds (2) were designed to be
cleaved by b-galactosidase. Our attempts to synthesize the
galactopyranosyl derivative with NACMe persulfide 2a
(Fig. 1b; R = N-acetylcysteine methyl ester) were unsuccessful.
The benzyl persulfide derivative 2b was however synthesized
(Fig. 1b, R = Bn; Scheme S1, ESI†). The rate of cleavage of 2b by
b-galactosidase significantly faster than that of the b-glucoside
by b-glucosidase (Fig. S9a; rate constant, 6.8 " 10!2 min!1 and
t1/2 = 10 min, Fig. S9b, ESI†). The observed differences in the
rates of cleavage by these enzymes is similar to previous

reports.32,33 The byproduct 3 was observed under these condi-
tions and its rate of formation was calculated to be 8.6 "
10!2 min!1 (Fig. S10, ESI†). Upon co-incubation with b-
galactosidase and HPE-IAM, as expected benzyl persulfide/
polysulfide Bn(S)nSH (n = 1–3) along with the H2Sn (n = 1–3)
adducts were detected (Fig. S11, ESI†). The compound 2b was
however found to be moderately cytotoxic when compared with
1a (Fig. S12, ESI†). To verify if the benzyl persulfide contributed
to cytotoxicity, the analogue 1b was next synthesized by reacting
7 with the S-perthiocarbonyl chloride generated from benzyl
mercaptan (8b) (Scheme 1). The decomposition profile of 1b
and persulfide/polysulfide generation profile of 1b was compar-
able with that of 1a (Fig. S13–S16, ESI†). The analogue 1b was
also found to be moderately cytotoxic in cells suggesting the
importance of the functional group that is bound to the
persulfide (Fig. S17, ESI†).

The following mechanism for the formation of persulfides/
polysulfides from the glycopersulfide donors is proposed
(Scheme 3a). The persulfide generators undergo decomposition
in the presence of b-glycosidases to generate the intermediate
phenolate I. Intramolecular cyclization of I produces a persul-
fide species along with the benzoxazolone byproduct 3. The
persulfide species once formed can further react with itself or
reduced thiols to generate hydropolysulfide (RSSnH) species.
Hydropolysulfides (RSSnH) upon reduction by thiols/persul-
fides would result in the generation of hydrogen polysulfide
(H2Sn, n Z 1). A similar perthiocarbamate scaffold has been
reported by Khodade et al. as precursors to persulfides that
reacts with thiols to generate carbonyl sulfide (COS) as well.10

COS undergoes hydrolysis to produce H2S and this reaction is
accelerated by carbonic anhydrase, an enzyme that is widely
prevalent in cells.34 Hence, in the presence of b-glycosidase and
thiols, two possible parallel pathways A and B are possible
(Scheme 3b). Pathway A indicates cleavage by b-glycosidase that
forms the carbamate byproduct 3 with concomitant formation
of persulfides/polysulfides. Pathway B indicates the cleavage of

Scheme 2 (a) Reaction scheme showing detection of persulfides/poly-
sulfides as their HPE-AM adducts. Ar = 4-hydroxyphenol (b) hydrogen
sulfide/polysulfides as their bis-S-HPE-AM adducts.

Scheme 3 (a) Proposed mechanism for the generation of persulfides and
polysulfides from compounds 1-2 in the presence of b-glycosidases.
(b) Major pathways for decomposition of 1 or 2 in the presence of a thiol
and b-glycosidase. Pathway A involves decomposition by the enzyme
while pathway B indicates disulfide bond cleavage by thiols to generate
COS/H2S.
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the disulfide bond by thiols resulting in the generation of COS,
which generates H2S.34 The donor 2b was examined for its reactivity
towards biologically relevant thiols like N-acetyl cysteine (NAC) and
glutathione (GSH) in the absence of an electrophile. When 2b was
co-incubated with b-galactosidase and NAC (5 equiv.) at 37 1C, if
pathway B is significant, a reduction in the yield of 3 is expected.
Indeed, when this reaction was conducted, a 25% reduction in the
yield of the byproduct 3 was observed within 30 min (Fig. S18, ESI†).
Mixed disulfides/polysulfides of NAC and benzyl (NAC-SS-Bn and
NAC-(S)3-Bn) were also observed, which is indicative of pathway A
(Scheme 3b and Fig. S19, ESI†). Whereas with GSH (10 equiv.), a
65% reduction in the formation of 3 was observed (Fig. S20, ESI†).
The persulfide produced upon cleavage can also react with the
prodrug via pathway B, forming COS. The derivative 1a has a slower
rate of cleavage by b-glucosidase derived from almonds with a half-
life of 128 mins. Given the propensity of the compounds to react
with thiols, it was envisaged that an important pathway for intra-
cellular decomposition of 1a would be pathway B. Previous reports
show that human cytosolic b-glucosidases (hCBG) are more efficient
at cleavage of b-glucosidic bonds compared to the enzyme derived
from plants supporting the relevance of pathway A in mammalian
cells.35 Hence, our overall analysis suggests that the use of prodrugs
developed herein results in the enhancement of cellular sulfur
species, which have a protective effect against elevated ROS.
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Leveraging an enzyme/artificial substrate system to
enhance cellular persulfides and mitigate
neuroinflammation†

Prerona Bora, ‡a Suman Manna, ‡a Mrutyunjay A. Nair, ‡§a

Rupali R. M. Sathe, b Shubham Singh,b Venkata Sai Sreyas Adury,a Kavya Gupta,c

Arnab Mukherjee, a Deepak K. Saini,c Siddhesh S. Kamat,b Amrita B. Hazra *ab

and Harinath Chakrapani *a

Persulfides and polysulfides, collectively known as the sulfane sulfur pool along with hydrogen sulfide (H2S),

play a central role in cellular physiology and disease. Exogenously enhancing these species in cells is an

emerging therapeutic paradigm for mitigating oxidative stress and inflammation that are associated with

several diseases. In this study, we present a unique approach of using the cell's own enzyme machinery

coupled with an array of artificial substrates to enhance the cellular sulfane sulfur pool. We report the

synthesis and validation of artificial/unnatural substrates specific for 3-mercaptopyruvate

sulfurtransferase (3-MST), an important enzyme that contributes to sulfur trafficking in cells. We

demonstrate that these artificial substrates generate persulfides in vitro as well as mediate sulfur transfer

to low molecular weight thiols and to cysteine-containing proteins. A nearly 100-fold difference in the

rates of H2S production for the various substrates is observed supporting the tunability of persulfide

generation by the 3-MST enzyme/artificial substrate system. Next, we show that the substrate 1a

permeates cells and is selectively turned over by 3-MST to generate 3-MST-persulfide, which protects

against reactive oxygen species-induced lethality. Lastly, in a mouse model, 1a is found to significantly

mitigate neuroinflammation in the brain tissue. Together, the approach that we have developed allows

for the on-demand generation of persulfides in vitro and in vivo using a range of shelf-stable, artificial

substrates of 3-MST, while opening up possibilities of harnessing these molecules for therapeutic

applications.

Introduction
Hydrogen sulde (H2S) and its redox congeners, persuldes
(HSSH) and polysuldes (H2Sn) act as mediators of several
intracellular signaling processes.1,2 Persuldes and poly-
suldes, collectively known as the sulfane sulfur pool, along
with H2S are summoned in response to oxidative stress in cells,
and dysfunctional sulfur metabolism is implicated in neuro-
degeneration,3,4 cardiovascular disease5,6 and antibiotic resis-
tance.7,8 To regulate the sulfane sulfur pool, one of the strategies

used by cells is to employ protein persuldation, a post-
translational modication where the thiol group of a reactive
cysteine (Cys-SH) is modied to a persulde (Cys-SSH).9 The
persuldated protein mediates S-transfer to appropriate
biomolecular targets, and not only provides protection against
irreversible oxidation of cysteine residues but also regulates
cellular signaling and sulfur homeostasis.10,11 Persuldation
has been linked to modulation of the catalytic activity of key
proteins such as parkin and GSK-3b that are involved in
neurodegenerative diseases, underscoring the therapeutic
relevance of exogenously controlling this post-translational
modication by administering persulde/H2S.4,9 Here, we
report a novel approach of developing articial/unnatural
substrates for persulde-generating enzymes in vivo as a tool
to study and tune sulfur metabolism in cells with applications
in mitigating neuroinammation.

In this study, we leverage natural biochemical mechanisms
for generating persuldes by the development of a new class of
substrates for 3-mercaptopyruvate sulfurtransferase (3-MST),
a central persulde/polysulde generating enzyme that has
been implicated in the mitigation of oxidative stress.12–14 3-MST
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operates by generating its own persulde by the activation of
a hyper-reactive active site cysteine with the sulfur atom of 3-
mercaptopyruvate (3-MP) and produces pyruvate as the
byproduct (Fig. 1A).15 The persuldated 3-MST (3-MST-SS!) can
transfer the sulfur to low molecular weight thiols such as
glutathione (GSH) to produce a persulde (GSSH), which in turn
persuldates proteins (Fig. 1B).16 Alternately, 3-MST-SS! can
produce a polysulde species (3-MST-SnS!) which subsequently
persuldates low molecular weight thiols and other proteins in
the cell.2 3-MST-SS! has been found to be involved in

mitochondrial respiration and fatty acid metabolism,17,18

synthesis of thiouridine in tRNA,19 iron–sulfur cluster forma-
tion,20 and in cyanide detoxication.21 Also, 3-MST is among the
major H2S-generating enzymes in the brain and is thus impli-
cated in regulation of the sulfane sulfur pool and sulfur traf-
cking in neuronal cells.14 Therefore, a methodology that
generates 3-MST-SS! in a specic, controlled and catalytic
manner would be advantageous for understanding the mecha-
nisms of sulfur metabolism, and its role in signaling and
disease.

The natural substrate 3-MP can, in principle, be used for this
purpose. However, previous reports suggest that 3-MP produces
H2S even in the absence of 3-MST in the cell, thus, using it may
have limitations.22 Hence, our strategy of developing a suite of
articial substrates specic for 3-MST as a methodology for the
controlled generation of its persulde is unique with diverse
implications. Since cellular signaling is highly dependent on
the concentration and rate of generation of the signaling
species, it is important that the new methodology developed
contains in-built characteristics for tuning these parameters.
We expect that the systematic functionalization of the articial
substrates will alter their binding to the enzyme, as well as the
rate of persulde generation (Fig. 1C). Together, these factors
will consequently allow for tuning the sulfur transfer reaction.
Finally, since thiols are prone to oxidation, it was envisaged that
the unnatural substrate could be generated in situ from the
corresponding thioesters through ester hydrolysis that is cata-
lyzed by a widely prevalent esterase enzyme (Fig. 1C).

Results and discussions
Docking studies, synthesis, enzymology, detection of
persulde and H2S

Molecular docking studies of the crystal structure of the human
homolog of 3-MST (h3-MST, PDB ID: 4JGT) with the natural
substrate 3-MP were conducted (Fig. 2A). The most energetically
favorable conformation (!4.2 kcal mol!1) revealed interactions
with arginine residues R188 and R197 that are consistent with
previous accounts of these residues aiding in anchoring the
substrate carboxylate and carbonyl groups.23,24 The cysteine
C248 residue was proximal to the reactive sulydryl group of 3-
MP at a distance of 4.4 Å.

When a similar study was conducted with the proposed aryl
substrate, this compound 2a (R1 ¼ Ph, R2 ¼ H in Fig. 1C) was
well accommodated in the active site and key interactions of 2a
with R188 and R197 were preserved (Fig. 2B). The distance
between the C248 and the sulfur of 2a was 5.2 Å, which was
comparable with the lowest energy conformation of 3-MP in the
active site of 3-MST. The binding energy of 2a was nearly
identical with 3-MP, !4.2 kcal mol!1.

We cloned and puried h3-MST and a bacterial 3-MST (b3-
MST) from Escherichia coli (Table S3, Fig. S1†) for subsequent in
vitro assays.23,25 Compound 1a (Fig. 1C) was synthesized by the
treatment of 2-bromoacetophenone with potassium thioacetate
using a reported protocol.26 This compound should produce the
thiol 2a upon reaction with an esterase enzyme (ES). Compound
1a was incubated in the presence of ES and h3-MST enzymes.

Fig. 1 (A) Catalytic cycle of 3-MST: the sulfur of 3-MP is transferred to
3-MST to produce 3-MST-SS! and pyruvate. (B) 3-MST-SS! reacts
with reducing agents containing two cysteine residues such as thio-
redoxin (Trx) to generate H2S. 3-MST-SS! can also generate a protein
persulfide through protein–protein interaction or transfer sulfur to low
molecular weight thiols such as GSH to produce glutathione persulfide
(GSSH). (C) Thioacetate 1 is expected to be cleaved by esterase (ES) to
produce the designed 3-MST substrate 2. This thiol is positioned to
undergo a sulfur transfer reaction to produce 3-MST-SS! and a ketone
3 as the byproduct.

12940 | Chem. Sci., 2021, 12, 12939–12949 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Gradual disappearance of 1a and concomitant formation of the
thiol 2awas observed (Fig. 2C and S2†). Aer 10 hours, complete
disappearance of 2a along with the formation of acetophenone
3a was recorded. These observations suggest that aer 1a
produces 2a upon ester hydrolysis, it is utilized by 3-MST to

produce 3a. Under the same conditions, b3-MST also shows
complete conversion to 3a in 2 h (Fig. S3†).

The next series of experiments were designed to probe the
intermediates during this transformation. The rst interme-
diate that is expected to be formed in this reaction is 3-MST-SS!.

Fig. 2 (A) Docking analysis of the active site of h3-MSTwith 3-MP shows a favorable conformation with the S–S bond distance as 4.4 Å. The R188
residue is 6.1 Å from the carboxyl group whereas the R197 residue is at a distance of 6.3 Å from the carbonyl group. (B) Docking analysis of the
designed substrate 2a (R1 ¼ Ph, R2 ¼ H in Fig. 1C) reveals a similar anchoring of the substrate by the two arginine residues and the S–S bond
distance was found as 5.2 Å. (C) HPLC analysis of 1a + ES in the presence of h3-MST shows the formation of the thiol 2a which is then
subsequently converted to acetophenone 3a during 10 h. (D) Intrinsic fluorescence assay on 3-MSTwith dimer of ethyl 3-mercaptopyruvate (E3-
MP) 4 shows a decrease in fluorescence intensity which is consistent with the generation of 3-MST-SS!. A similar result was observed with the
unnatural substrate 2a. Ctrl refers to 3-MST alone. (E) Detection of 3-MST-SS! using the modified tag-switch technique (Fig. S7a†), conducted
with 4 and 1a + ES; The C238A 3-MST mutant treated under similar conditions showed a diminished band corresponding to the formation of 3-
MST-SS!: (i) detection of 3-MST persulfide (ii) loading control. (F) Effect of persulfidation on the activity of GAPDH: GAPDH upon treatment with
1a + ES + 3-MST enhances its activity compared to GAPDH alone presumably due to the formation of the persulfide of GAPDH. Ctrl refers
GAPDH + ES + 3-MST; 1a refers to co-incubation of 1a + ES + 3-MST followed by addition of GAPDH (absorbance 340 nm). (G) Structures of
compounds 5 and 6. (H) Persulfide/polysulfide detection using SSP-2: Ctrl refers to 3-MST alone and 1a ctrl refers to 1a + ES only (100 mM); 1a
refers to co-incubation of varying concentrations of 1a, ES and 3-MST; +DTT: addition of DTT; +IAM: addition of iodoacetamide, an electrophile
that reacts with thiols; 4 refers to incubation of the compound with 3-MST; 5 and 6 refers to the incubation of the compounds with ES followed
by treatment with 3-MST. (I) Extracted ion chromatogram from a mass spectrometry-based analysis of reaction products formed upon incu-
bation of 1a and 3-MST in the presence of ES followed by addition of GSH as the thiol acceptor. Reaction of the reactive sulfur species (GSSH)
with an electrophilemonobromobimane (mBBr) was employed. LC/MS analysis revealed the formation of the GSS-bimane adduct (expectedm/z
¼ 530.1379; observedm/z¼ 530.1357) when 1awas incubated with ES and 3-MST. (J) Area under the curve (AUC) for the peak corresponding to
GSS-bimane (Fig. 2I); Ctrl refers to 1a alone while 3-MST refers to 3-MST alone and 1a refers to 1a + ES + 3-MST.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12939–12949 | 12941
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The formation of 3-MST-SS! was monitored by measurement of
the intrinsic uorescence of this enzyme using a reported
protocol.27 Upon incubation of 3-MST with 2a, a signicant
quenching of intrinsic uorescence of the enzyme as compared
to the apo-protein was observed suggesting the formation of 3-
MST-SS! (Fig. 2D and S4†).

Compound 4, which exists as a dimer and dissociates in
buffer to produce the ethyl 3-mercaptopyruvate, E3-MP, was
synthesized and used as a substrate for 3-MST (Scheme 1).21

Molecular docking analysis gave a binding energy for this ester
as !4.2 kcal mol!1 (Table S4†), identical to that of 3-MP. When
3-MST was incubated with 4, quenching of uorescence was
observed as before supporting the generation of the protein
persulde (Fig. 2D and S4†). A similar set of results was also
recorded for b3-MST (Fig. S5†). The compounds themselves did
not show signicant uorescence under these conditions
(Fig. S6†).

A reported tag-switch assay (Fig. S7†) was used for detecting
persuldated proteins (Fig. 2E).28 When 3-MST was reacted with
4 or with 1a and ES, as expected, this assay conrmed the
formation of 3-MST-SS! (Fig. 2E). In contrast, under similar
conditions, the mutant of 3-MST where the catalytic cysteine
was replaced with alanine (3-MST C238A) showed no signicant
increase in the signal corresponding to the 3-MST-SS! (Fig. 2E
and S7†). This result is consistent with a previous report of
a similar lack of activity of the h3-MST cysteine mutant.29

Next, we assayed the ability of the 3-MST-SS! to transfer the
sulde to another protein. GAPDH is a redox-sensitive protein
involved in the glycolytic cycle whose active site cysteine residue
is susceptible to redox uctuations and its function is inu-
enced by this modication.30 Accordingly, 3-MST-SS! was
prepared by treating 3-MST with 1a in presence of ES, following
which GAPDH was added and incubated for 30 min. The activity
of the enzyme was then estimated using a previously reported
protocol.9 Under these conditions, the GAPDH activity was
found to be signicantly enhanced as compared to a GAPDH
only control (Fig. 2F, S8a). Treatment with dithiothreitol (DTT),
which is expected to cleave the persulde and produce the
native enzyme, resulted in an activity prole that was compa-
rable with the control GAPDH (Fig. S8b†). Thus, 3-MST-SS!,
through sulfur trafficking, regulates the activity of key enzymes
such as GAPDH.

The formation of persulde/polysulde was then assessed
using SSP-2, a uorescence turn-on probe that is sensitive to
these species.31 The probe was validated using GSnSH (prepared
using a reported protocol) (Fig. S9†).10 When exposed to 1a + ES,
a distinct increase in uorescence was recorded (Fig. 2H and

S10a†). When the standard reaction mixture was treated with
the reducing agent DTT, a decrease in signal, likely due to the
cleavage of persulde by DTT, was observed (Fig. 2H and
S10b†). Pre-treatment with iodoacetamide (IAM), a thiol alky-
lating agent, is expected to inactivate the enzyme. When IAM-
pre-treated 3-MST was reacted with 1a + ES, nearly complete
abrogation of signal attributable to persulde/polysulde
generation was observed (Fig. 2H). This result is consistent
with the previous observation in the tag-switch persulde assay
where we found no evidence for persulde generation in the
catalytically dead 3-MST C238A mutant. Notably, compound 4
generated persulde at levels comparable with 1a (Fig. S11†).
Next, two control compounds – 5, the thioacetate with an
additional methylene group and 6, the analogous ester where
sulfur was replaced with oxygen – were prepared (Fig. 2G). Both
these analogues should not produce persulde under the
standard assay conditions. Generation of persulde was
assessed by the tag-switch assay (Fig. S12†) as well as by the
uorescence turn-on assay and no evidence for generation of
persulde from 5 or 6 was found (Fig. 2H).

The formation of persulde/polysulde was next studied by
leveraging the ability of 3-MST-SS! to transfer its sulfane sulfur
to an acceptor thiol. GSH, a thiol found abundantly in biological
systems, was reacted with the 3-MST-SS! formed from the
reaction of 1a + ES with 3-MST. The formation of various reac-
tive sulfur species was analysed using LC/MS, where mono-
bromobimane was used as an alkylating agent (Scheme S4†).10

LC/MS analysis showed the formation of the GSS-bimane
adduct only in the presence of 1a + ES and 3-MST (Fig. 2I, J
and S13†). In addition, we found evidence for the formation of
GSSSG and H2S as its bis-S-bimane adduct (Fig. S14 and S15†).
Together, these data support the ability of our unnatural
substrate–enzyme system to transfer S to low molecular weight
thiols.

A standard methylene blue colorimetric assay for the detec-
tion of H2S was conducted in the presence of DTT (Fig. 1B).23,32

This assay revealed the formation of H2S during incubation of
1a with 3-MST in the presence of DTT (Fig. 3A). H2S release from
compound 4 when treated with 3-MST was also observed
(Fig. S16†). Based on our observation that the thioacetate 1a
could be cleaved by DTT even in the absence of the esterase to
produce 2a, the remaining experiments were conducted with 1a
+ 3-MST + DTT (Fig. S17†). The rate constant kh for H2S gener-
ation from 1a when treated with h3-MST in the presence of DTT
was 1.48 h!1 (Table 1). A similar rate constant kb was observed
with b3-MST (Table 1).

Having established that the substrates we designed could be
used to generate persuldes as well as H2S in vitro, their ability
to permeate cells to function as substrates for cellular 3-MST
was studied. A human lung carcinoma A549 cell line with 3-MST
knocked down (3-MST KD) was rst generated (Fig. S18†). This
cell line was used in conjunction with the corresponding
scrambled cell line where 3-MST levels are not perturbed
(Fig. S18†). When treated with an esterase-activated H2S donor32

(Fig. S19†), signicant enhancement in H2S levels in both these
cell lines was observed as measured by the H2S-sensitive dye
NBD-uorescein (Fig. 3B).33 However, in the presence of 1a,

Scheme 1 Compound 4 is the dimer of E3-MP and in pH 7.4 buffer,
dissociates to produce the E3-MP.
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when the 3-MST KD cells were imaged, a signicantly dimin-
ished signal for intracellular H2S levels was observed (Fig. 3B).
In the scrambled cell line, however, where endogenous 3-MST
levels are not perturbed, an enhanced signal corresponding to
intracellular H2S was seen (Fig. 3B). Compound 6, which lacks
a sulfur, failed to enhance H2S in both cell lines (Fig. 3B, S20
and S21†). Together, these data suggest that 1a is a cell-
permeable persuldating agent that is activated by 3-MST

within cells to produce H2S, putatively via an intracellular per-
suldation mechanism, as conrmed by a separate tag-switch
uorescence reporter technique34 (Fig. S22†).

Based on the above observations, we put forth the following
mechanism for persulde generation from this unnatural
substrate – 3-MST system (Scheme 2). Cleavage of 1a by esterase
produces the thiol 2a, which then reacts with 3-MST to produce
the 3-MST-SS! and an enol(ate), which is expected to tauto-
merize to the ketone 3a. In the absence of a reducing agent, 3-
MST-SS! appears to catalyze the turnover of 2a to produce 3a and
produces polysulde during this transformation (Schemes 2 and
S5; Fig. S15†). Under reducing conditions (DTT), 3-MST-SS! is
cleaved to produce H2S (Scheme 2, Fig. 3A). HPLC analysis of the
reaction mixture containing 2a, 3-MST and DTT showed gradual
disappearance of 2a and the rate constant k1 was found to be 0.99
h!1. The formation of 3a was observed and a rate constant k2 of
0.75 h!1 was obtained (Fig. 4A and S23†). The rate of disap-
pearance of 2a and formation of 3awas nearly identical and both
parameters are comparable with the rate of H2S generation
under these conditions (Table 1, see h3-MST data). In the
absence of 3-MST, compound 2a is prone to oxidation to its
disulde PhCOCH2S–SCH2COPh under ambient aerobic condi-
tions (Fig. S24†). The conversion of 1a to 2a (and its disulde)
occurs in a nearly quantitative yield. Hence, our overall analysis
demonstrates that compound 1a is an excellent substrate for 3-
MST and produces a persulde intermediate, which is cleaved
under reducing conditions to produce H2S. In the absence of
esterase, 1a is gradually consumed in the presence of 3-MST and
the formation of 3a is observed aer several hours (Fig. S25 and
S26†). Also, persulde/polysulde were detected using the probe
SSP-2 under similar conditions (Fig. S27†). We nd no evidence
for the formation of the thiol 2a. This may be explained by the
formation of 3-MST thioacetate as a possible intermediate during
the transformation of 1a to 3a (Scheme S5†).

Substrate scope

In order to assess the unnatural substrate scope and the
possibility of tuning sulfur transfer using this newly developed

Fig. 3 (A) A methylene blue assay was used to measure the rate of H2S generation with 1a in the presence of h3-MST or b3-MST and DTT as the
reducing agent. Nearly identical rates of H2S generation were observed. (B) 3-MST KD refers to knock-down of expression of 3-MST in A549 cells
while scrambled refers to A549 cells containing non-targeting scrambled shRNA. The H2S donor used is an esterase-sensitive COS/H2S donor
that has been previously characterized. H2S levels were assessed using a previously reported dye NBD-fluorescein (see ESI, Fig. S20†). Ctrl refers
to untreated cells. Scale bar represents 200 mm.

Table 1 Kinetics of H2S generationa

Compd X Y

h3-MST b3-MST

kb/khkh (h!1) Rel. rateb kb (h!1)

1a H H 1.48 30 1.45 1.0
1b NO2 H 11.13 223 9.27 0.8
1c CN H 2.5 50 4.9 2.0
1d CF3 H 7.51 150 5.83 0.8
1e OCF3 H 4.48 90 2.29 0.5
1f F H 1.11 22 1.54 1.4
1g Me H 1.02 20 0.97 1.0
1h OMe H 0.39 8 0.37 0.9
1i H F 1.68 34 3.85 2.5
1j H OMe 0.08 2 0.99 12.5
1k H Me 0.05 1 1.22 25.0
1l R1 ¼ Ph; R2 ¼

Me
Slow — 0.19 —

1m R1 ¼ 1-
naphthyl; R2

¼ H

0.23 5 2.87 12.5

1n R1 ¼ 2-
naphthyl; R2

¼ H

0.50 10 1.98 4.0

a Reaction conditions: compound + 3-MST + DTT. H2S was monitored
using a methylene blue assay. b Calculated based on normalizing the
rate constant with respect to 1k.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12939–12949 | 12943
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protocol, we synthesized a series of analogues. Arginine resi-
dues in the active site interact with the carbonyl group of 3-MP
and are implicated in stabilizing the pyruvate enolate.23,24,27 In
order to test if the stability of the incipient enolate played a role
in the rates of H2S production, compounds 1b–1h with electron-
withdrawing or electron-donating groups were synthesized.
Molecular docking analysis with the corresponding thiols 2b–
2h showed nearly identical conformations (Table S5†). The rate
constants of H2S release ranged from 0.39 to 7.51 h!1 (Table 1,
Fig. S28†). Hammett analysis of rate constants gave a positive r
value of +1.11, that is consistent with a partial negative charge
developing in the transition state in the rate limiting step of the
reaction (Fig. 4B).

Due to the proximity of a substituent at the ortho position of
the aryl ring, enolate formation is likely to be affected by ster-
eoelectronic effects. In order to investigate these effects,
compounds 1i–1k were prepared and their H2S release was
recorded (Table 1, Fig. S29†). While the rate of H2S release from
1i was comparable with 1a, compounds 1j and 1k were
substantially slower in generating H2S when compared with 1a.
Molecular docking studies with the 2-uorophenyl derivative 2i
showed a conformation and S–S distance comparable with that
of 2a bound to the active site (Table S6†). However, the lowest
energy conformation of the thiol 2k was signicantly removed
from the active site with the S–S bond distance of 10.7 Å
(Fig. 4C). Unlike 2a, the interaction of 2k with the active site
cysteine is restricted by steric clashes of A185 and R188 with its
ortho-Me group, as illustrated in a higher energy conformation
(Fig. 4D). A similar result was recorded for the 2-methoxy
derivative 2j (Tables S6 and S7†). These studies provide
a molecular basis for the diminished H2S release rates from
these analogues.

In addition to electronics, enolate stability and reactivity can
also be affected by sterics. In order to study the effects of an
added substituent, compound 1l which has an a-methyl
substituent was synthesized. Docking analysis of 2l with 3-MST
revealed a docking score as well as a conformation that was
comparable with 2a (Table S6†). H2S release from 1l was,
however, found to be extremely slow (Table 1, Fig. S30†). The

formation of the enolate appears to be more sensitive to steric
effects than electronic effects. Recently, inhibitors for 3-MST
were developed and one of these inhibitors had a naphthyl
ring.35 Taking this cue, compounds 1m and 1n were synthesized
(Table S2†). Our assays conrmed that these compounds were
substrates for 3-MST, and H2S generation rates were moderately
higher when compared with 1a (Table 1, Fig. S30†) suggesting
that a combination of binding and turnover is essential for
tuning 3-MST-mediated sulfur transfer reactions.

Normalizing the rate constants with respect to 1k revealed
more than a 100-fold difference in relative rates for H2S release
(Table 1). This observation suggests that this series of substrates
can be used to tune rates of persulde/polysulde generation.
Next, bacterial 3-MST was used to study the rates of H2S
generation from the analogues and rst-order rate constants
were calculated (Table 1). Linear free energy relationship study
of H2S generation rates of 1a–1h with b3-MST gave a slope of
+1.13 (Fig. S31†), comparable with the data from h3-MST.
Control compounds 5 and 6 do not produce H2S under these
conditions, as expected (Fig. S32†). Under the standard reaction
conditions with 3-MST homologs, we found no major difference
in rates of H2S release from 4 (Fig. S16†). While a majority of the
substrates tested showed similar rates, compounds 1j, 1k and
1m whose kb/kh > 10, were notable exceptions. These results
indicate that our approach differentiates between human and
bacterial 3-MST homologs, and is capable of achieving selective
H2S generation between species. To the best of our knowledge,
this is the rst example of tuning persulde/polysulde gener-
ation, with the added advantage of species selectivity.

Antioxidant activity

Persuldes are widely prevalent in cells as protein persuldes as
well as other low molecular weight persulde species. For
example, glutathione persulde/polysulde has excellent in
vitro ROS-scavenging activity when compared with glutathione
or H2S alone.10 These species have been previously shown to
have potent antioxidant activity likely through the Nrf2-KEAP1
pathway, imparting protection from ROS-induced injury.36,37

Selected analogues with varying relative rates of H2S generation

Scheme 2 Proposedmechanism: thioacetate 1 is cleaved by esterase or DTT (HPLC in Fig. S23, ESI†) to produce the thiol 2, which is then turned
over by 3-MST to produce 3-MST-SS! and an enol(ate). The enol(ate) in aqueous buffer is rapidly converted to the ketone 3. 3-MST-SS! in the
presence of a reducing agent produces H2S. 3-MST-SS! can react with low molecular weight thiols such as GSH to produce GSSH. Under non-
reducing conditions, 3-MST-SS! can further turn over 2, generating the ketone 3; the likely byproduct of this reaction is polysulfide.

12944 | Chem. Sci., 2021, 12, 12939–12949 © 2021 The Author(s). Published by the Royal Society of Chemistry
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(in the range of 1 to 223) were next tested to study their
protective ability against oxidative stress-induced cell death. A
mouse neuroblastoma cell line N2a was used in this experi-
ment. MGR-1, a known cell-permeable ROS generator, was used
to induce oxidative stress and cell viability was determined.38

N2a cells were rst independently treated with fast H2S gener-
ators 1b and 1d (relative rate > 50), 1a (relative rate ¼ 30) as well
as slow generators 1j and 1k (relative rate < 2). At 25 mM, these
compounds showed no signicant effect on the growth of cells
as determined by a cell viability assay (Fig. S33†). Cells that were
independently pre-incubated with these compounds (25 mM) for
12 h were next exposed to MGR-1. Viable cells were determined
using a standard cell viability assay. The results of this assay
indicate that the fast generators did not signicantly protect
cells from oxidative stress-induced cell death while the other
analogues 1a, 1j and 1k showed remarkable protective effects
(Fig. 4E). From this initial screen, we identied compound 1a
for further evaluation. The compound 1a itself was well toler-
ated by cells (Fig. S34†) and the byproduct of turnover of 1a is
3a, which is classied as Generally Recognized as Safe (GRAS) by
the Food and Drug Administration.

The lead compound 1a was next tested against N2a cells
using MGR-1, and a dose-dependent protection from lethality

was recorded (Fig. 4F). The control compound 6 and the ace-
tophenone 3a tested under similar conditions failed to show
any protective effects (Fig. 4F). To further corroborate our
results, menadione, another known ROS generator was used to
induce lethality. Again, a dose-dependent protection was
recorded when cells were pre-treated with 1a (Fig. S35†). In
a separate experiment with mouse embryonic broblasts (MEF),
1a was similarly found to have signicant protective effects
(Fig. S36†). Together, these data illustrate the cytoprotective
effect of the cell-permeable persulde generator 1a.

To validate the molecular basis of this result, the effect of 1a
in reducing hydrogen peroxide (H2O2) levels in cells was
studied. Again, MGR-1 was used to increase H2O2 as determined
by the TCF-B uorescent dye in A549 cells (Fig. 5A).39 When cells
pre-treated with 1a were exposed to MGR-1, a signicant
decrease in H2O2 levels was observed (Fig. 5A). Under similar
conditions, control compound 6 did not affect H2O2 levels in
cells, suggesting that the ROS-quenching effects were directly
mediated by persulde/H2S generated by 1a (Fig. S37†).

Elevation of ROS in cells leads to perturbation of redox
homeostasis and alteration of levels of various components of
cellular antioxidant response. NAD+/NADH and GSSG/GSH ratio
serve as reliable markers of oxidative stress.40 Three cell lines

Fig. 4 (A) HPLC analysis of a reaction mixture containing 2a and 3-MST in the presence of DTT showed the gradual disappearance of 2a and
concomitant formation of 3a. Curve fitting to first order kinetics gave rate constants of 0.99 h!1 and 0.75 h!1 for the disappearance of 2a and the
formation of 3a, respectively. (B) Hammett analysis of rate constants of H2S generation from unnatural substrates (see Table 1) with wt h3-MST.
Linear regression analysis yielded a slope of +1.11 (R2 ¼ 0.8). (C) Docking of 2k in the active site of h3-MST shows S–S bond distance of 10.7 Å
which is substantially larger when compared with the low energy conformation of 2a (5.2 Å). (D) Docking of 2k in the active site of h3-MST shows
steric clashes of ortho-Me group of 2k with A185 and R188 residues in a higher energy conformation. (E) Cell viability assay conducted on N2a
cells: Cells were pre-treated with 25 mM of compounds 1a, 1b, 1d, 1j and 1k for 12 h and then exposed to MGR-1 (25 mM) for 4 h. Ctrl refers to
untreated cells. Cell viability was determined using a standard MTT assay. Results are expressed as mean# SD (n¼ 3). ***p < 0.001 vs.MGR-1. (F)
Cell viability assay conducted on N2a cells: cells that were pre-treated with 1a, 3a or 6 were then treated with a cell permeable ROS generator
MGR-1. A dose-dependent protection of cells from MGR-1 induced cell death by 1a was observed. The byproduct ketone 3a or the negative
control 6 did not show any protection against the cytotoxic effects of MGR-1. All data are presented asmean# SD (n¼ 3 per group). ***p < 0.001
vs. MGR-1.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12939–12949 | 12945
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(A549, MEF and N2a) were exposed to MGR-1 and enhanced
NAD+/NADH as well as GSSG/GSH ratios were recorded (Fig. 5B).
Pre-treatment of cells with 1a followed by incubation with MGR-
1 showed restoration of nearly normal ratios, and the control
compound 6 was found to be ineffective in doing so. Taken
together, these studies conclusively establish the efficacy of the
articial substrate 1a that we designed to mitigate oxidative
stress in both human as well as mouse-derived cell lines
(Fig. 5B).35

Mitigation of neuroinammation

Recently, a polysulde donor was used to study the effect of
enhanced endogenous polysulde levels on innate immune
response using a mouse endotoxin shock model.41 Lipopoly-
saccharides (LPS), a common constituent of bacterial cell walls,
are recognized by toll-like receptor 4 (TLR4) and trigger the
innate immune response leading to the activation of macro-
phages to generate pro-inammatory cytokines that contribute
to clearance of bacteria (Fig. S38†). The major nding of this
study was that elevated polysuldes can negatively regulate
TLR4-mediated pro-inammatory signaling and the polysulde

donor protects against this endotoxin shock. Taking this cue,
we evaluated the ability of 1a to mitigate neuroinammation in
a similar mouse model system. First, C57BL/6J mice were
intraperitoneally injected once daily with compound 1a over
a period of seven days, and it was found to be well tolerated.
Next, mice were treated with LPS alone and increased levels of
pro-inammatory cytokines TNF-a and IL-6 in the brain were
observed as compared with vehicle-treated mice (Fig. 5C).

In a separate experiment, mice which were treated with LPS
and 1a were found to have signicantly lower levels of TNF-
a and IL-6 in the brain, suggesting that 1a suppressed the
inammatory response triggered by LPS. No evidence for
reduction of pro-inammatory cytokines in mice treated with
LPS and NaHS was observed, consistent with the previous report
that NaHS had little or no effect on the reduction of cytokines.41

LPS is also known to induce the formation of pro-inammatory
prostaglandins in the brain. Prostaglandin E2 (PGE2) has
a variety of functions in the nervous system. Interaction of PGE2
with prostaglandin EP3 receptors leads to an increase in body
temperature and inammation (Fig. S39†). The use of nonste-
roidal anti-inammatory drugs (NSAIDs) blocks the activity of
cyclooxygenase-2 (COX-2) which decreases PGE2 production,

Fig. 5 (A) Effects of 1a on quenching hydrogen peroxide (H2O2) generated byMGR1:A549 cells treatedwith: (i and ii) dye control; (iii and iv) 25 mM
MGR-1; (v and vi) 25 mM of 1a for 12 h followed by addition of the 25 mM MGR-1 for 1 h. Intracellular H2O2 was detected using a reported H2O2-
sensor TCF-B (25 mM). Scale bar represents 200 mm. (B) Biomarkers for oxidative stress: Three cell lines (A549, mouse embryonic fibroblasts (MEF)
and N2a) were pre-treated with vehicle, 1a or 6 and exposed to MGR-1 following which NAD+/NADH ratio and GSSG/GSH ratio were determined
using an ELISA assay. All data are presented as mean # SD (n ¼ 5 per group). ***p < 0.001 vs. MGR-1. (C and D) Mouse endotoxin shock model:
animals were treated with 1a (20 mg kg!1) or NaSH (20 mg kg!1) 4 h prior to treatment with lipopolysaccharide (LPS, 5 mg kg!1). 30 min post-
administration of LPS, another dose of 1a or NaSH was given. The brain tissue samples were harvested followed by measurement of: (C) Pro-
inflammatory cytokines, TNF-a and IL-6 using a standard ELISA assay. All data are presented asmean# SD (n¼ 6 per group). ***p < 0.001 vs. LPS;
and (D) prostaglandins PGE2/D2 using LC/MS. All data are presented as mean # SD (n ¼ 10 per group). ***p < 0.001 vs. LPS.

12946 | Chem. Sci., 2021, 12, 12939–12949 © 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Edge Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
4 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
21

 9
:5

8:
43

 P
M

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03828a


resulting in remediation of fever and inammation.42 Hence,
measurement of PGE2/D2 levels is a reliable inammation
biomarker. LC/MS analysis of brain homogenates was carried
out to measure PGE2/D2 levels. LPS-treated mice were found to
have signicantly higher levels of PGE2/D2 when compared
with vehicle-treated mice. Animals which were exposed to both
LPS and 1a were found to have signicantly lower levels of
PGE2/D2, reiterating the ability of 1a to reduce neuro-
inammation (Fig. 5D). Again, NaSH-treated mice that were
exposed to LPS did not show any effect on PGE2/D2 levels.
Taken together, these assays conclusively demonstrate the
ability of 1a to act as an antioxidant as well as an anti-
inammatory agent.

Our data shows that the unnatural substrate is able to
transfer sulfur to low molecular weight thiols via 3-MST, and
induce protein persuldation in cells. Other strategies for
generating persuldes in cells have relied on installing the
persulde/polysulde functional group in the donor.5,6,41,43–53

These strategies work very well but have limitations in the ease
of synthesis, poor shelf-life due to susceptibility towards
decomposition, and heterogeneity of the persulde source due
to the ambiguity in the number of sulfurs in the donor. The
protocol developed here involves the synthesis of a thioacetate,
which is easy to prepare with high reproducibility and is stable
for extended periods. For in vitro experiments to generate per-
sulde, the addition of enzymes that are readily available
(esterase and 3-MST) is necessary while for cellular experiments
to enhance persulde, addition of the compound is sufficient.
The substrates we have developed allow for systematic study of
cellular sulfur transfer, and can be used to investigate the per-
sulde proteome which has been elusive till date.11

Conclusions
The study of reactive sulfur species is oen complicated by poor
detection techniques, artefacts and uncharacterized cellular
interactions. Thus, several facets of sulfur metabolism remain
to be studied in molecular-level detail. The use of selective tools
developed herein allow for systematic study of redox biology
through the lens of an important enzyme, 3-MST. Our data
underscores the potential of this approach as a novel thera-
peutic paradigm in mitigating inammation. The importance
of persuldes in ameliorating symptoms associated with
neurodegenerative disorders as well as favourably impacting
behavior in animals are some of the possible applications of the
strategy developed here.4 The tunability of rates of persulde
generation using the class of compounds that we have devel-
oped adds a new dimension to persulde donors that has
hitherto not been studied. Projecting forward, further structural
optimization of the substrate would be necessary to fully exploit
the translational potential of this approach. The decits asso-
ciated with diminished expression of 3-MST will likely need
mapping out the 3-MST-SS! proteome and identication of
proteins that depend on this enzyme for persuldation. Given
the selectivity of the substrate towards 3-MST in cells, the use of
our compounds as probes for studying sulfur trafficking will
provide insights into molecular mechanisms associated with

the dysfunction or deciency of 3-MST in neuronal diseases,
such as intellectual disability and Down's syndrome.54,55
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