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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 f-
glycosidases to produce persulfide and relatively innocuous bypro-
ducts. The p-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." Persulfides (RS-SH) and polysulfides (RS-(S),H),
which are members of the sulfane sulfur pool, have emerged as
important mediators in stress response.>® Collectively, the sulfane
sulfur pool together with hydrogen sulfide (H,S) is now considered a
reservoir of antioxidant species that responds to oxidative stress and
protects key cellular components from oxidative damage.* Hence, in
addition to thiols such as glutathione and H,S, 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 " for CysS-SH vs. CysSH) leading to
superior reactivity with electrophilic species.’ Persulfides and poly-
sulfides are also better at sequestering reactive oxygen species (ROS)
and countering oxidative stress.® 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.” Persulfides and polysulfides are excellent
persulfidating agents compared to H,S and hence new strategies to
enhance cellular persulfides responsive to fluoride,® esterase,” pH,
light,"* H,0,"" and nitroreductase' have been developed.
Recently, artificial substrates for 3-mercaptopyruvate sulfurtransfer-
ase (3-MST) as enhancers of cellular persulfides was reported.'®
Several of the aforementioned strategies have shown promise in
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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
1617 Increased reactive oxygen species (ROS) leading to
collateral damage of the tissue is common in these
conditions.'® Thus, enhancing antioxidants is a possible ther-
apeutic approach for such conditions. Several colon-specific
prodrug strategies that involve cleavage by B-p-glucosidase, f-p-
galactosidase, B-p-xylosidase produced by the intestinal micro-
flora are known."®"® Hence, taking the aforementioned aspects
into consideration, we designed f-glycosidase-activated
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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.*°

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-p-p-glucopyranosyl bro-
mide 4, using a reported protocol®" 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 wusing borane
dimethylsulfide*® 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.'° Finally, de-
protection of acetyl groups of 9 using sodium methoxide in
methanol afforded 1a.

To ascertain the reactivity of the compound towards f-
glucosidase, 1a was incubated with B-glucosidase in pH 7.4
phosphate buffer at 37 °C. 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 x 107> min~" with a half-life of 128 min (Fig. 2a
and Fig. S1, ESIt).

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 x 10> min~', 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 reported®*?* to be a potent and efficient
persulfide/polysulfide alkylating agent (Scheme 2).>> When 1a
was co-incubated in the presence of p-glucosidase and
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Fig. 2 (a) Decomposition of 1la upon incubation with B-glucosidase
(10 U mL™Y as monitored by LC/MS (m/z = 521.1250 [M + HI*; expected,
521.1264). Curve fitting to first order gave a rate constant of 5.4 x
1073 min~% (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 x 107° min~2. (c) Extracted ion chromatogram
of persulfides and polysulfides of N-acetylcysteine methylester (NACMe-
S(S),H) generated from compound 1a, detected as their HPE-AM adducts
using LC/MS. 15a (m/z = 387.1042 [M + HI*; expected, 387.1048); 15b
(m/z = 419.0781 [M + HI*; expected, 419.0769); 15¢ (m/z = 451.0500 [M +
HI*; 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 + HI*; expected, 421.1256); 16c (m/z = 453.0991 [M + H]*; expected,
453.0976).

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, ESIf{). 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 H,S 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 (H,S,,
n = 2 and 3) (Fig. 2¢). Furthermore, disulfide and trisulfide of
NACMe were also detected (Fig. S4, ESIT). 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.>®?” Human colon carcinoma
(DLD-1) and hepatocarcinoma (HepGz2) 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 pM (Fig. S5, ESIT). To detect intracellular sulfane sulfur,
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Scheme 1 Synthesis of glucopyranosyl derivatives, 1.
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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.

the persulfide probe SSP2 was used.”® DLD-1 cells were pre-
treated with SSP2 (50 uM) in the presence of CTAB (500 uM)
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, ESIT).
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, H,S-NSAID hybrids have been reported to have
potent anti-inflammatory effects on models of colitis, attribu-
table to H,S.>° In addition, COS/H,S donors have shown to
display cytoprotective effects against xenobiotic induced stress
in colon cells.’® 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{).>" 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, ESIt). 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,
ESIY).

The next series of compounds (2) were designed to be
cleaved by P-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, ESIT). The rate of cleavage of 2b by
B-galactosidase significantly faster than that of the f-glucoside
by B-glucosidase (Fig. S9a; rate constant, 6.8 x 10~> min~" and
15 = 10 min, Fig. S9b, ESIt). The observed differences in the
rates of cleavage by these enzymes is similar to previous
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reports.*>** The byproduct 3 was observed under these condi-
tions and its rate of formation was calculated to be 8.6 x
107> min~" (Fig. S10, ESIt). Upon co-incubation with B-
galactosidase and HPE-IAM, as expected benzyl persulfide/
polysulfide Bn(S),SH (n = 1-3) along with the H,S, (n = 1-3)
adducts were detected (Fig. S11, ESIT). 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, ESIt). 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, ESIT).

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 (RSS,H) species.
Hydropolysulfides (RSS,H) upon reduction by thiols/persul-
fides would result in the generation of hydrogen polysulfide
(H2Sy, n = 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.'
COS undergoes hydrolysis to produce H,S and this reaction is
accelerated by carbonic anhydrase, an enzyme that is widely
prevalent in cells.>* 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
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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/H,S.
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the disulfide bond by thiols resulting in the generation of COS,
which generates H,S.** 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 °C, 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, ESIT).
Mixed disulfides/polysulfides of NAC and benzyl (NAC-SS-Bn and
NAC-(S);-Bn) were also observed, which is indicative of pathway A
(Scheme 3b and Fig. S19, ESIf). Whereas with GSH (10 equiv.), a
65% reduction in the formation of 3 was observed (Fig. S20, ESIT).
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.®® 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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