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Small molecule generators of biologically reactive
sulfur species
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Sulfur metabolism is integral to cellular growth and survival. The presence of a wide range of oxidation
states of sulfur in biology coupled with its unique reactivity are some key features of the biology of this
element. In particular, nearly all oxidation states of sulfur not only occur but are also inter-convertible. In
order to study the chemical biology of reactive sulfur species, tools to reliably detect as well as generate
these species within cells are necessary. Herein, an overview of strategies to generate certain reactive
sulfur species is presented. The donors of reactive sulfur species have been organized based on their
oxidation states. These interesting small molecules have helped lay a strong foundation to study the
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Introduction

Sulfur is an essential element for life and plays critical roles in
cellular functioning and growth. The naturally occurring amino
acids cysteine and methionine are important components of
numerous proteins. Since the emergence of life on earth, sulfur
chemistry has been intricately involved in a multitude of
metabolic pathways, the versatility of which can be attributed to
the interconvertible oxidation states of sulfur (Fig. 1)." Reactive
sulfur species are sulfur-derived entities that when generated
within cells can mediate biological processes and be cytopro-
tective in nature and are hence deployed by cells for defence.*?
In contrast, reactive sulfur species can also damage cellular
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biology of reactive sulfur species and some may have therapeutic applications in the future as well.

components, typically at elevated concentrations. The emer-
gence of these species parallels the development of reactive
oxygen species (ROS) that cause oxidative stress and reactive
nitrogen species (RNS) that lead to nitrosative stress,* from
sulfate, which has an oxidation state of +6, to thiol/hydrogen
sulfide, whose oxidation state is —2 with several intermediary
states. Thus, nearly all these oxidation states occur in normal
cells and may have critical roles to play in the functioning of
cells.

Reactive sulfur species

The lowest oxidation state of sulfur includes reactive species
like thiols, hydrogen sulfide (H,S) and carbonyl sulfide (COS).
H,S is obtained from r-cysteine via the transsulfuration pathway
involving cystathionine-B-synthase (CBS), cystathionine-y-lyase
(CSE) and 3-mercaptopyruvate sulfur transferase (3-MST).>™® It
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Fig.1 Some biologically relevant reactive sulfur species. Red and blue
are used to designate sulfur in negative and positive oxidation states
respectively. Thiosulfate (S,05%7) and polysulfides have sulfurs in
different oxidation states.

can interact metal centres in haemoglobin® and cytochrome ¢
oxidase,' act as an antioxidant or carry out downstream
signaling by S-sulthydration of proteins."* H,S can be oxidized
by the mitochondrial flavo-protein sulfide quinone oxidore-
ductase (SQR) forming a transient persulfide intermediate that
can potentially S-sulfhydrate proteins or act as a substrate for
the sulfurtransferase rhodanese to form thiosulfate.'>*
Sulfite, which exists in equilibrium with SO, can be gener-
ated by metabolism of 1-cysteine by cysteine dioxygenase (CDO)
and subsequently by aspartate aminotransferase (AAT)."* It can
also be formed from thiosulfate in the presence of thiosulfate
sulfurtransferase (TST). Interaction of sulfite with proteins via S-
sulfonation is the most common pathway. However, the
mechanisms by which SO, elicits varied physiological roles are
yet to be completely evaluated.'>* Sulfite oxidation is catalysed
by sulfite oxidase (SO) to form sulfate that is eventually excreted
in the urine.'” Sulfate can be obtained from the diet as well,
taken up by the cell through sulfate transporters. Sulfate
assimilation in all living organisms is activated by the enzyme
ATP sulfurylase to form adenosine-5-phosphosulfate (APS)
from ATP which subsequently gets converted to 3’-phosphoa-
denosine-5"-phosphosulfate (PAPS), leading to sulfonation and

Kundansingh  Pardeshi  has
completed his Bachelors (2005-
2008) and masters (2008-2010)
in chemistry from Dr B. Ambed-
kar Marathwada University,
Aurangabad, Maharashtra. He
enrolled in PhD programme at
Indian Institute of Science
Education and Research (IISER)
Pune in Aug 2011. He is
currently working under the
supervision of Dr Harinath
Chakrapani.  His  research
interest involves design, synthesis and evaluation of bioactivable
donors of sulfur dioxide (SO,).

27360 | RSC Adv., 2018, 8, 27359-27374

View Article Online

Review

detoxification of xenobiotics (Fig. 2).***° Dissimilation of sulfate
by reduction is quite common in microbes and plants, however
in mammals this pathway is yet unknown. This manuscript has
been arranged accordingly to address each of the oxidation
states that occurs in cells and describe chemical approaches to
generating these species within cells.

An important reactive sulfur species is hydrogen sulfide
(H,S), which in the past two decades has become a major player
in redox biology. Hydrogen sulfide (H,S) is an important
gaseous form of sulfur known for its lethal nature and toxicity
for centuries. However, over past 15 years it has emerged as an
important signaling molecule along with nitric oxide (NO) and
carbon monoxide (CO).>**' Chemical sources of H,S is also
proposed as an antioxidant and several small molecules are in
various stages of pre-clinical evaluation for a number of indi-
cations. Being able to modulate levels of hydrogen sulfide may
thus have tremendous potential in the treatment of certain
pathophysiological conditions. A product of oxidation of
hydrogen sulfide is sulfur dioxide (SO,), which is notorious for
its environmental polluting activity, acid rain and allergic
reactions in certain individuals.?>* Its hydrated form, sulfite, is
also used in the food industry as a preservative and an antiox-
idant.***¢ SO, gas has also shown vasodilatory activity and may
have regulatory roles as well.*”

Thus, the fascinating chemical biology of the various redox
forms of sulfur has triggered a lot of interest in systematically
studying each of these forms in further detail. In order to do
this, we need tools that can detect, generate as well as dissipate
these species. Although most detection technologies have
caveats associated with them, the use of multiple independent
assays will help with enhanced reliability of detection of these
species.

Specific dissipation (after generation) or inhibition of
formation is another challenging problem. Most approaches
have involved inhibiting a biosynthetic enzyme that catalyzes
the formation of these species (in particular, hydrogen
sulfide).*®* Although a number of strategies are available, this
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Fig. 2 A partial ensemble of sulfur oxidation states and their distinct physiological roles. CBS: cystathionine-B-synthase; CSE: cystathionine-vy-
lyase; 3-MST: 3-mercaptopyruvate sulfurtransferase; SQR: sulfide quinone oxidoreductase; Rhd: rhodanese; SO: sulfite oxidase; AAT: aspartate
aminotransferase; CDO: cysteine dioxygenase; APS: adenosine-5'-phosphosulfate; PAPS: 3'-phosphoadenosine-5'-phosphosulfate.

remains an unsolved problem and merits further attention. In
this review, we cover the various strategies to generate reactive
sulfur species within cells. The major challenges are to develop
carriers or caged compounds that are triggerable within cells
with minimal byproduct toxicity.

Hydrogen sulfide

The production of H,S in cells is tightly regulated by the
transsulfuration pathway enzymes. Therefore, abnormal
changes in the level of H,S could lead to various pathological
conditions, for example - neurological disorders, cardiovas-
cular diseases, gastrointestinal disorders, inflammation etc.
Exogenous administration of H,S under such conditions has
proved beneficial which brings into picture the potential ther-
apeutic effects of H,S. For example, exogenous administration
of H,S attenuates myocardial ischemia reperfusion injury.*
Also, being a reducing agent, it readily reacts with reactive
oxygen and nitrogen species (RONS) to reduce inflammation
and therefore acts as an anti-inflammatory agent. H,S along
with NSAIDs have been found to be more potent in treatment of
gastrointestinal disorders as compared to NSAID alone.**
Therefore, to better explore the therapeutic potential of the gas
and its mechanism of action, researchers from around the
world have developed small molecule based H,S donors. Many
of the donors are covered in some excellent reviews and will
therefore be briefly discussed here.*>**** Hydrogen sulfide
donors have been classified in three major categories as natu-
rally occurring, hydrolysis based H,S donors, and triggerable
H,S donors. In particular, we shall cover some recent develop-
ments in the use of carbonyl sulfide (COS) as a source of H,S
and efforts to trigger the release of COS within cells.

Naturally occurring polysulfides have been derived from
allium plants like garlic and onion which have been known for

This journal is © The Royal Society of Chemistry 2018

their beneficial health effects for centuries.** Consumption of
garlic relates to the reduction in the risk of cardiovascular
diseases such as high blood pressure, blood coagulation, and
high cholesterol.***” These are rich source of organosulfur
based polysulfides which are responsible for its pharmacolog-
ical nature. Kraus and co-workers in 2007 showed that allicin
which is produced upon crushing garlic rapidly decomposes to
give diallyl based polysulfides - diallyl sulfide (DAS), diallyl
disulfide (DADS) and diallyl trisulfide (DATS). Biological thiols
like GSH and cysteine then act on these polysulfides to produce
H,S (Fig. 3).*

Other sources of naturally occurring H,S donors include
ovothiol from sea urchin eggs, leinamycin produced by strep-
tomyces,*>*® and ergothioneine and lenthionine found in
fungi.®* These natural products could act as potential antioxi-
dant, antibacterial, antifungal and anti-cancer agents. The
therapeutic potential of the naturally occurring H,S donors is
yet to be completely evaluated.***

NaSH and Na,S are inorganic salts which upon dissolving in
water release H,S.>* The salts are widely used as source of H,S
but due to uncontrollable and burst release of sulfide, it is
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Fig. 3 Naturally occurring H,S donors.
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difficult to maintain a constant concentration in a cell and
therefore are not considered ideal for studying the physiological
and pharmacological effects of H,S. Lawesson's reagent is
a chemical compound used for sulfurization reactions in
organic synthesis.”**® It is used as a source of sulfide by
researchers due to slower rate of H,S release as compared to the
inorganic salts.*>*” Thiophosphoryl chloride (PSCl;) is another
inorganic salt that is known to produce H,S upon hydrolysis.*®
However, the insoluble nature of these reagents limits its
application.

Morpholin-4-ium 4 methoxyphenyl(morpholino) phosphi-
nodithioate, GYY4137 a derivative of Lawesson's reagent, has
better water solubility and produces H,S at a slower rate.
GYY4137 has been widely and extensively used for studying
(patho)physiological roles of H,S. Low level of H,S is main-
tained by GYY4137 even after 7 days.*>* Although the donors
exhibit H,S like activities but due to unavailability of appro-
priate negative controls the observed activities cannot be
attributed to H,S production alone. Also, the rate of H,S release
cannot be controlled due to lack of an appropriate handle. And
site directed delivery is not possible with these donors. 1,2-
Dithiole-3-thiones (DTTs) are yet another example of hydrolysis
based H,S donors which are synthesized by sulfurization and
dehydrogenation reaction of allylic methyl group. DTT coupled
with NSAIDs have showed significant reduction in the gastro-
intestinal damage caused by the parent NSAID.**** 5-(4-
Hydroxyphenyl)-3H-1,2-dithiole-3-thione (ADT-OH) is a deriva-
tive of DTT and has also been used as a potent H,S donor. ADT-
NSAID hybrids have also shown therapeutic potential
(Fig. 4a)*"*>% The mechanism of action of the donors remains
to be completely elucidated.

The concept of controllable H,S donors was first introduced
by Ming Xian and co-workers in the year 2011. They reported
a series of N-(benzoylthio)benzamide derivatives which upon
activation by cysteine form perthiols and further hydrolyse to
produce H,S.%” Following a similar strategy, the same group re-
ported cysteine perthiols protected with an acyl group. Cysteine
perthiols are sensitive to glutathione (GSH) or cysteine and
therefore get deprotected in the presence of thiols to yield H,S.*®
Having studied N-SH and S-SH based donors, dithioperox-
yanhydrides were introduced in 2013 by Galardon and co-workers
as thiol activated H,S donors.* Acylpersulfide was proposed as
the key intermediate. Arylthioamides were also reported and
categorized as thiol activated H,S donors.” However, the yield of
H,S produced from these donors was very low. Thiol activated
gem dithiols were also reported as H,S donors (Fig. 4b).”* Due to
large abundance of thiols in nearly all cells, the above-mentioned
donors have limited potential for site-directed delivery of H,S.

In an effort to further improve upon the existing donors and
overcome the limitations, Ming Xian and co-workers reported
pH controlled H,S release based on GYY4137 scaffold (Fig. 4c).”
Donors were found to release H,S only at pH 5.0 and were stable
at neutral and slightly alkaline pH. In vivo studies demonstrated
cardioprotective nature of these donors at low doses of 50 and
100 pg kg™

With an aim to achieve localized delivery of H,S Ming Xian
and co-workers reported light activated H,S donors. Upon
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irradiation with UV light, compounds decomposed to release
H,S.”* Nakagawa and co-workers also contributed to the field by
reporting thioether based scaffolds which are activated by UV
light to produce H,S.”* However, the toxicity caused by UV light
limits the use of these donors in a physiological system. Visible
light driven H,S donors were reported in the year 2013 by You
and co-workers where 1,3-diphenylisobenzothiophenone
(DPBT) reacts with singlet oxygen to produce unstable endo-
peroxide which promptly undergoes fragmentation to give
H,S.”® A very recent report of visible light activated H,S donor
with real time monitoring has been reported by Singh and co-
workers.”® Connal and co-workers also reported thio-
benzaldehyde based H,S donors which are activated by light of
355 nm (Fig. 5a).””

In order to attain better and efficient release of H,S in
a mammalian system Binghe Wang and co-workers in 2016
reported esterase sensitive H,S donors (Fig. 5b).” The donors
were found to attenuate the levels of pro-inflammatory cytokine
TNF-o by releasing H,S. The first ever report of bacteria targeted
delivery of H,S came in 2017 by Chakrapani and co-workers
where they report nitroreductase (NTR) activated H,S donors
for selectively generating H,S in bacteria (Fig. 5b).” The donors
were used to study the role of H,S in antibiotic resistance in
patient-derived uropathogenic strains of Escherichia coli (E.
coli). They find that modulating H,S levels has a tremendous

This journal is © The Royal Society of Chemistry 2018
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impact on the bacterium's ability to counter stress inducted by
an antibiotic. In particular, they find that multi-drug resistant
strains of this pathogen could be sensitized to the antibiotic
that they were previously resistant to by inhibiting biosynthesis
of hydrogen sulfide. The resistance was restored by supple-
menting the bacterium with their donor. This study, with
support from previous data, provided a significant advance-
ment in our understanding of the role of hydrogen sulfide in
antibiotic stress reduction and drug resistance.*

Although the rate of hydrolysis of COS in water is extremely
slow 2.2 x 107° s, it readily hydrolyses in the presence of
carbonic anhydrase (CA).**** The rate of COS hydrolysis by
carbonyl sulfide hydrolase (COSase) obtained from 7. thioparus
strain TH1115 is reported as 58 s~ '.** CA obtained from bovine
erythrocytes hydrolyses COS at the rate of 1.82 s~ to give H,S
and CO,.** CA is a ubiquitous enzyme and this enzyme would
therefore be available to hydrolyse COS within cells to produce
hydrogen sulfide (Scheme 1). This strategy was employed to
design a new class of H,S donors based on initial release of COS.

Pluth and co-workers in 2016 reported O-alkyl based thio-
carbamates with azide group as a trigger. The azide group was
reduced in the presence of H,S resulting in analyte consump-
tion which perturbed the homeostasis. Upon activation a self-
immolative decomposition of thiocarbamates led to the
formation of COS which was further hydrolysed by CA to give
back H,S (Scheme 2a).** Although it was the first report of
triggerable COS donors, the activation required consumption of
H,S and therefore this strategy is mainly useful for detection of
hydrogen sulfide.

Carbonic Anhydrase
0=C=8 H,S
k=182s"

water

H,S
k=22x10%s"

Scheme 1 Hydrolysis of COS to H,S.
© The
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Later in the year, Zhao et al. from the same group reported
COS/H,S donors which are activated by reactive oxygen and
nitrogen species (RONS). Compounds were found to exhibit
protective effects against H,0, induced oxidative stress (Scheme
2b).** A follow up on this report was published wherein the core
structure of thiocarbamate scaffold was modified to attain
different derivatives for achieving tunable release of H,S.
However, in the case of electron withdrawing groups the donors
were found to be unstable and resulted in isothiocyanate
formation. Isothiocyanates being electron deficient can readily
react with biological nucleophiles (thiols and amines) and
therefore can be toxic.

One of the derivatives led to carbon disulfide formation
which showed reduced yields of H,S due to slow rate of
hydrolysis.*® Although its hydrolysis in cells is possible, carbon
disulfide is toxic to the cells and prolonged exposure of cells to
CS, is not desirable. Hence, there is a need to have donors with
broad range of tunability and less toxicity. Pluth and co-workers
also reported COS donors using bio-orthogonal methods. The
thiocarbamate moiety was attached with cyclooctene which
upon reaction with tetrazine through inverse electron demand
Diels-Alder click (IEDDA) reaction release COS (Scheme 2c). The
donors were found to be incompatible with biological systems
and therefore could not be used for further applications.’”
Polymeric COS donors were reported by Matson and group in
2016 wherein they investigated N-thiocarboxyanhydride (NTA)
based scaffolds which upon reaction with biological nucleo-
philes result in COS release (Fig. 6d). Both small molecule
(NTA1) and polymer (pNTA1) were tested for their ability to
produce H,S via COS release. NTA1 was found to promote cell
proliferation.®®

COS based strategy to release H,S was further explored by
Chauhan and co-workers where they report esterase enzyme
activated S-alkyl carbonothioates and carbamothioates as COS/
H,S donors. The rate of H,S release from these donors was
moderately dependent on the basicity of the leaving group
amine. Being well tolerated by cells, the donors can be used for
further applications (Scheme 3).** A similar strategy was re-
ported by Pluth and co-workers to release COS upon activation
by esterase. The compounds were found to be toxic at 10 uM
concentration and therefore could not be employed for bio-
logical studies. However, the toxicity was attributed to the
reduced cellular respiration and ATP synthesis by inhibition of
cytochrome ¢ oxidase in the mitochondrial respiratory chain.®

The scope of the COS/H,S donors was further expanded by
the introduction of light activated COS donors. Pluth and co-
workers reported UV light activated COS/H,S donors (Fig. 6).”
But due to the toxic effects of UV light these donors may not
provide broad applicability.

Visible light activated COS/H,S donors reported by Sharma
et al. overcame this limitation and the donor BDP-H,S reported
by them works by activation by light at 480 nm (Fig. 6). The
authors find that upon activation, an enhancement in fluores-
cence signal occurred. This serves as a convenient signal to infer
activation. BDP-H,S was well tolerated by cells and may be
useful for studying H,S related cell signaling.”* However, the
wavelength of activation needs to be further increased as the

RSC Adv., 2018, 8, 27359-27374 | 27363
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light of ~450-500 nm also induces oxidative stress, albeit at
substantially lower levels when compared with UV light.*> Also,
the aqueous solubility of these compounds was diminished and
may be a major impediment to the wide use of this compound.

Although the field of H,S donors has made significant
advancements over the past two decades, there is still a need to
have better donors for studying precise biological effects of the
gas. Also, the donors should be benign with minimal side-
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effects to explore the therapeutic potential of this gaso-
transmitter. Further work in this area should focus on greater
efficiency of release with improved triggers. Also, the lack of
reliable in vivo studies on most of these donor compounds
makes evaluation of their therapeutic potential difficult.

Lastly, achieving tunability of H,S release from donors is
a major challenge. Since the rate of generation of hydrogen
sulfide has been previously shown to have major impact on the
observed biological end-point, it is therefore important to
develop donors with a good structural handle to modulate
release rates. A number of polymer or materials-based methods
for achieving this goal are in the literature.”*®® The rates of
release can be typically varied from a few seconds to minutes to
hours. However, the use of polymers is associated with issues
such as toxicity, cell-permeability etc.

While these methods are useful, it is highly desirable to be
able to modulate release rates using small molecules. Chauhan
and co-workers have some preliminary evidence for the
dependence of COS/H,S release rates on the amine. Thus, this

This journal is © The Royal Society of Chemistry 2018
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problem needs to be addressed in future in order to better
exploit the translational potential of this gas. A number of
research groups including ours are working on solving this
issue and it is anticipated that this problem will be adequately
addressed in the near future.

Perthiols

Perthiols or persulfides (RSSH) form another class of reactive
sulfur species with sulfur oxidation state —1 each. Protein S-
sulfhydration is an oxidative post translational modification
of cysteine residues wherein the cysteine thiol (RSH) gets
modified to a persulfide intermediate (RSSH)."* This burgeon-
ing area of research has gained considerable attention in the
recent years because of its potential role as a mediator in H,S
signaling pathways.>***” Several protein targets have been
identified to be S-sulfhydrated with various therapeutic
outcomes but the role of H,S and the mechanism by which it
carries out this modification remains largely elusive and
warrants further attention.*®®® Since H,S cannot modify protein
thiols directly due to redox constraints, it is considered to react
with oxidized cysteine residues. However, recent studies indi-
cate that other reactive sulfur species like polysulfides and
persulfides are more potent S-sulfhydrating agents.'®*** The
biogenesis of persulfides in mammals involve sulfur-
transferases like 3-mercaptopyruvate sulfurtransferase (3-MST),
human rhodanese and thiosulfate sulfurtransferase (TST),
which form a transient persulfide intermediate in the active site
cysteine, subsequently S-sulthydrating a protein.> Low molec-
ular weight persulfides like CysSSH, on the other hand are
biosynthesized by H,S producing transsulfuration pathway
enzymes like CSE and CBS using cysteine as a substrate.'*>'%>1%¢
Hence, as the biochemistry of persulfides begins to unravel,
whether H,S is the actual signaling molecule or just a product of
persulfide degradation is being debated. To better understand
the nuances of these reactive sulfur species, there is a need to
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develop robust detection techniques and precursors or pro-
drugs that can efficiently generate these species in situ. In this
regard, not much progress has been made in the field of per-
sulfides, in contrast to H,S mainly due to the challenges asso-
ciated with it. While there have been significant advances in
developing methods for reliable detection of S-sulfhydra-
tion,*'%77*12 there are limited number of donors available that
can generate persulfides in situ in a controlled manner.

The first report for the preparation of Low molecular weight
persulfides or ‘hydrodisulfides’ date back to 1954 by Horst and
Gerwalt."”® Following this there have been intermittent reports
on the preparation of few isolated persulfides like ethyl, tert-
butyl, benzyl, diphenylmethyl, trityl and adamantyl persulfides
providing snippets of information about the chemical proper-
ties and reactivity of persulfides (Fig. 7).°*” Trityl persulfides
are relatively stable owing to its steric bulk, for it to be charac-
terized by NMR, XRD, IR and Raman."™ Similarly, adamantyl
persulfides can be stored indefinitely under inert conditions
and at —20 °C."">''® However, the chemical biology of these
persulfides and their potency to S-sulthydrate proteins were not
reported. It is likely that this is due to their poor aqueous

(a)

HO S sh

S,SH s
©/\ HZN/\/\N/\/ “SH
H ~g-SH

Ph Ph
Fo j\ @\ -
_SH
)\ SH Ph}\S/SH S S

Ph™ °S

Fig. 7 Low molecular weight (a) unhindered persulfides (b) hindered
persulfides.
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solubility and perhaps diminished rates of persulfidation due to
steric hindrance.

In order to unravel the complex biochemistry of persulfides,
small molecule perthiols like cysteine and glutathione persul-
fides were prepared in situ by the reaction of their disulfide
counterpart with H,S.""”*** The reaction being reversible in
nature suffer from obvious drawbacks. To address this, a small
molecule persulfide precursor was developed by Erwan Gal-
ardon and Isabelle Artaud that spontaneously rearranges by an
intramolecular acyl transfer in aqueous buffer (pH > 6) gener-
ating the persulfide in situ. The rate of persulfide formation was
found to be pH dependant and maximum rate was observed
under basic condition (Scheme 4).**

Ming Xian and co-workers have also developed a biomimetic
persulfidation precursor, ie. a functional 9-fluorenylmethyl
disulfide (FmSSPy-A) for the formation of persulfides from the
corresponding thiols. These disulfide precursors efficiently
react with various small molecule thiols or protein thiols to
form a base sensitive disulfide RSS-Fm adduct, which upon
treatment with a suitable base generates the persulfide (Scheme
5a). The authors have used DBU as the base and have demon-
strated the reactivity of persulfides towards various electro-
philes. Using BSA as a model protein, DBU as a base and
monobromobimane (mBBr)/iodoacetamide (IAM) as the per-
sulfide blocking reagent, the authors have demonstrated the
efficiency of their method to S-sulthydrate protein thiols.'*
Although this method provides an excellent platform to explore
the chemical biology of persulfides, the use of chemical
reagents like DBU limits its utility in biological systems.

Ming Xian and co-workers have also recently reported
another facile method for generation of persulfide species using
cyclic acyl disulfides (Scheme 5b). Acyclic acyl disulfides have
been frequently used as precursors for synthesis of low molec-
ular weight persulfides. However, cyclic acyl disulfides as
potential persulfide donors had not been considered. Two five

(@)

CysS-SCys CysSH CysSSH
_—
or + HS «=—— o + oor
GS-SG GSH GSSH
o]
OMe _BufferpH7.4 - )S/Q,s OMe
JYQ A Kese
NHg* CI o H NHz- Cl O
HCl |
spontaneous
-S to -N methoxycarbonyl o
transfer - oM
oA K ome
\“/ NH, (0]
o
Scheme 4 (a) Generation of small molecule persulfides by reaction of

H,S with their corresponding disulfides (b) persulfide analogue of the
nitrosothiol S-nitrosoacetylpenicillamine (SNAP).
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membered ring substrates, dithiolane and benzodithiolane was
reported which was made to react with physiologically signifi-
cant nucleophiles like amines and thiols. Reaction of the
dithiolane derivative with n-BuNH, resulted in the formation of
a polysulfide intermediate, presumably through the formation
of an unstable persulfide intermediate. The intermediate was
subsequently trapped using iodoacetamide, a commonly used
thiol blocking agent. However, its reaction with thiols (n-BuSH)
appeared to be complicated. The authors have proposed two
plausible mechanisms for their observation, wherein the thiol
can attack either the carbonyl or the sulfur next to it. On the
other hand, the benzodithiolane proved to be more stable than
the former with sluggish reactivity towards amines and no
reactivity with thiols.'*® Even though the persulfide-
iodoacetamide adduct and H,S generation from these
compounds in presence of cysteine or glutathione is a testa-
ment to the generation of a perthiol species, further validation
under physiological conditions was not carried out.

Recently, Binghe Wang and co-workers have developed small
molecule prodrugs for persulfide generation while demon-
strating their therapeutic potential in murine model of
myocardial infarction reperfusion (MI/R) injury. These esterase
sensitive prodrugs would self-immolate in presence of the
widely prevalent esterase enzyme to generate a perthiol species
and the corresponding aldehyde as a by-product (Scheme 5c).
The authors have systematically evaluated the formation of
persulfide by trapping it with 2,4-dinitrofluorobenzene (DNFB)
and S-methyl methanethiosulfonate (MMTS). The varying ester
functionalities further provided a scope for tuning the release
kinetics of persulfides.' We anticipate that these prodrugs will
serve as vital tools to decipher biological mechanisms of
persulfides.

Hydrodisulfide or hydrogen persulfide (H,S,) has been
considered as an important player in sulfur signaling. However,
due to its rapid decomposition to produce H,S and elemental
sulfur, it is difficult to differentiate its effects from H,S.
Nevertheless, an enzyme activated prodrug for H,S, has been
developed by Binghe Wang and co-workers. The design employs
a tri-methyl lock based system masked by ester and phosphate
functionalities, such that upon activation by esterase or alkaline
phosphatase H,S, is generated after cyclization (Scheme 5d).
Significant levels of persulfidation was observed in GAPDH
when treated with the H,S, prodrug. In contrast, conforming
with earlier reports H,S alone failed to induce persulfidation
but only in presence of H,0,. However, polysulfides formed
from H,S, degradation might be the actual persulfidating agent
and not H,S, itself."” These handful of persulfide prodrugs
offer distinct advantages to study the intricate biochemistry of
persulfides and have initiated an area that will command
further attention in future.

Sulfur dioxide

Sulfur dioxide has been extensively used in organic synthesis
(Fig. 8) and needless to say, it is a versatile reagent."****” Sulfur
dioxide is generated during burning of fossil fuels, volcanic
eruptions and other industrial processes. Once released in the

This journal is © The Royal Society of Chemistry 2018
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1. Chemically activated persulfide prodrugs

(a) 9-Fluorenylmethyl Disulfides as biomimetic precursors for persulfides
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(b) Cyclic acyl disulfides as precursors for persulfides
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Scheme 5 Prodrug strategies for the generation of persulfides (a) biomimetic prescussors for the generation of persulfides in presence of a base
such as DBU (1,8-diazabicyclo(5.4.0)undec-7-ene). (b) Cyclic acyl disulfides as precursors for persulfides in presence of biological nucleophiles
(c) prodrugs of persulfides activated by the widely prevalent esterase enzyme (d) trimethyl based prodrugs for hydrogen persulfides, activated by
esterase and alkaline phosphatase.
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Fig. 8 Selected synthetic transformations of sulfur dioxide.

atmosphere, this gas can get further converted to acidic species
of higher oxidation states including sulfuric acid. This, in part,
leads to acidification of the atmosphere and contributes to acid
rain. In addition, several respiratory illnesses can be traced back
to excessive amounts of this gas in the environment.

Once generated within cells, sulfur dioxide and its hydrated
forms bisulfite and sulfite can interact with various biological
macromolecules.******?° Due to its propensity to get oxidized,
sulfite can be classified as an antioxidant. The molybdopterin
containing enzyme sulfite oxidase catalyzes this reaction. SO,
reacts with cysteine-containing proteins to produce S-sulfites
(RS-SO;7), presumably by reaction of a disulfide with
sulfite."*****> Autoxidation of sulfite catalyzed by metal ions can
generate highly reactive radical species which are known to
damage DNA.

Donors of sulfur dioxide are envisaged as tools to study the
precise biological effects of this gas as well as possibly exploit-
ing its therapeutic potential. Although sulfur dioxide is used
fairly well in organic synthesis, being a gas is somewhat
cumbersome for use. Recent efforts to make caged sulfur
dioxide donors for organic synthesis has been reviewed else-
where."?*1?7133 An example is DABSO,"** which is an adduct of
DABCO and sulfur dioxide and is used to generate this gas in
situ. The compounds discussed herein have been shown to
produce SO, under biologically relevant conditions.

In order to generate SO,, a sulfone or a sulfonate ester are
good starting points (Scheme 6). The first report in the literature
describing the anti-bacterial effects of sulfur dioxide donors was
from our laboratory in 2012.*** The authors used a 2,4-dini-
trophenylsulfonamide as the major functional group for
generating sulfur dioxide.™® This functional group has been

(\ _ Leaving

Tether
5 Group

- SOZ

Sulfones

Scheme 6 General strategies for SO, generation.
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used as a protective group in organic synthesis previously and is
deprotected by thiols.”® Using this observation as the cue, and
since cellular thiols occur in large concentrations, Malwal and
co-workers demonstrated the suitability of this series of
compounds as sources of sulfur dioxide (Scheme 7). They find
that the rate of sulfur dioxide generation was dependent on the
nature of the amine.”®” The more basic the amine was, the faster
was the sulfur dioxide generation. Thus, simple structural
modifications that affected the basicity of the amine formed the
basis for modulating release rates.

The authors evaluated the potential for these compounds to
inhibit bacterial growth and they found that, among closely
related compounds, the propensity to inhibit mycobacterial
growth was dependent on the rate of sulfur dioxide genera-
tion.”*>'¥” The lead compound was found to have low micro-
molar inhibitory potency against Mycobacterium tuberculosis,
the causative agent of tuberculosis, a disease that affects
millions each year. This series of compounds was evaluated for
the broad-spectrum antibacterial activity and it was found that
the benzylamine derivative, which had potent anti-
mycobacterial activity had no inhibitory activity against other
Gram-positive as well as Gram-negative bacteria. A recent study
on the effects of sulfur dioxide on tuberculosis occurrence in
human populations was conducted.™® The authors found
protective effects of this gas when patients were exposed to low-
level ambient sulfur dioxide against TB.

Pardeshi and co-workers did a series of structural modifi-
cations that led to improved anti-bacterial properties, but only
against Gram-positive pathogens."® The structural modifica-
tions resulted in compounds with good inhibitory activity
against drug-resistant strains of Staphylococcus aureus.

The benzylamine derivative has been used by several groups
as a positive control for sulfur dioxide/sulfite generation.* This
compound thus reliably generates sulfur dioxide upon perme-
ation into mammalian cells as well. Together, these compounds
are useful as tools to generate sulfur dioxide and provide the
scope for tuneable release of this gas. They display anti-bacterial
properties and will need further evaluation for potential as
therapeutic agents.

Sulfones have been reported to undergo cycloreversion to
generation sulfur dioxide (Scheme 8)."*"'** Typically elevated
temperatures are required for this reaction. This strategy has
been modified by Binghe Wang and co-workers to generate
a highly reactive sulfone intermediate in situ (Scheme 9). The
strategy followed was a “click and release” one, where a cyclo-
addition between and strained alkyne and a diene was used
(Scheme 9)."** This reaction was carried out with two indepen-
dent reactants and a follow-up on this work had an intra-
molecular reaction.'** The latter strategy has been used to tune
release of sulfur dioxide from a few minutes to days.
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n
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Scheme 7 Thiol activated SO, donors.

Binghe Wang and co-workers recently reported a sulfone that
was a candidate for Julia olefination reaction (Scheme 12).'*
They modified this substrate to be triggered by esterase to
generate and olefin and sulfur dioxide. Using a latent fluo-
rophore that reacts with sulfite to become fluorescent, the
donor was found to permeate cells to generate sulfur dioxide.
The authors also show that the half-life of release of sulfur
dioxide could be modulated by changing the substituent.
Together, this donor may find wide use for cellular studies to
interrogate the chemical biology of sulfur dioxide.
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Similarly, sulfones can also generate sulfur dioxide after
exposure to light. Malwal and co-workers have demonstrated
that benzosulfones can be irradiated with UV light to produce
sulfur dioxide in pH 7.4 buffer.**® While this method allows for
triggerable sulfur dioxide generation, the wavelength and
intensity of light used is not entirely compatible for biological
studies. Uchida and co-workers have reported a closed ring
isomer of diaryl ethene bearing a sulfone group as a masked SO,
donor.™” In presence of visible light, the closed ring isomer gets
converted into its open ring form but does not generate SO, and
also found to be stable at 70 °C. However, upon exposure to UV
light, both the isomers exist in equilibrium and the open ring
form efficiently generates SO,.

Sulfinate esters are also candidates for sulfur dioxide gener-
ation. A cycloreversion strategy was reported by Malwal and co-
workers."*® Here, benzosultines were synthesized and these
compounds were found to undergo retro Diels-Alder reaction to
produce sulfur dioxide (Scheme 10a). A Hammett relationship
study was carried out and the dependence of the rates of SO,
release on substituents on the carbon bearing the sulfinate ester
was determined. A moderate electronic effect (p = —0.6) was
found and the range of half-lives for SO, generation was 10~
68 min. A detailed computational investigation of the release
mechanism was carried out and was found to be consistent with
experimental data. This study showed that modulating the
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Scheme 9 Click and release strategies for sulfur dioxide generation.
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electronic environment around the sulfonate functional group
may have an effect on release of sulfur dioxide.

Ming Xian and co-workers have developed benzothiazole
sulfonate salt, a new sulfonate ester-based donor that
undergoes hydrolysis in buffer to produce sulfur dioxide.*** This
compound is water-soluble and release sulfur dioxide over
several hours (Scheme 10b). They studied this donor's vaso-
relaxation properties as compared to the authentic SO, gas
solutions and found that the donor compared well with SO, in
this respect. This compound showed pH-dependent release and
this study is a major advancement in the use of SO, as
a vasorelaxant.
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Scheme 12 Esterase activated SO, donors based on Julia olefination.
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Recently, Pardeshi and co-workers have reported a sulfo-
nate ester that undergoes self-immolation in the presence of
esterase to produce sulfur dioxide and an alcohol (Scheme
11).**° The sulfonate esters are modelled on carbonates,
which are frequently used as linkers in prodrugs. A large
majority of the sulfonates evaluated were found to generate
sulfur dioxide. Certain donors which are derived from
aliphatic alcohols were found to hydrolyze even in the
absence of esterase. The best donors were found to permeate
cells to generate sulfite. Thus, this series of compounds are
potentially useful for studying the chemical biology of sulfur
dioxide.

Summary and outlook

A better understanding of the precise physiological roles and
targets for reactive sulfur species is not only of academic
interest but also may have numerous applications. A key aspect
of gaining this knowledge is to generate in a controlled manner,
reactive sulfur species. This has been an interest in our lab as
well as in several laboratories globally. While numerous tech-
niques are presently available, this is yet an emerging field of
study. Some donors offer promise and may emerge as routine
tools for redox biologists. The major challenge is to translate
these interesting activities into therapy. Little work has been
done in this regard and the next generation of studies will focus
on this.

In parallel, the development of tools to detect each of these
reactive species has matured and robust methodologies are in
place. However, no single methodology can unambiguously
detect and quantify these reactive sulfur species, which remains
an unsolved problem. Lastly, the work done towards dissipation
or selective inhibition of biosynthesis is yet in its infancy. These
technologies may hold the key for accurate interrogation of the
physiological effects of these species. Tools that can reliably
inhibit the biosynthesis can be used in conjunction with small
molecules that can generate these species to study the effects of
modulating the levels of reactive sulfur species within cells. In
the past three decades, reactive nitrogen species such as nitric
oxide (NO),"** nitroxyl>'*> and peroxynitrite’*>*** have been
systematically studied and this is, in part, due to the ready
availability of small molecules that dissociate to generate these
species.'>* 158

This journal is © The Royal Society of Chemistry 2018
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Reactive oxygen species (ROS) are another major redox
regulator that have been found to be involved in many patho-
physiological processes and regulating them has enormous
implications in disease biology.***'® While these reactive
species have been looked at in isolation, they are often con-
nected and can regulate each other both positively and nega-
tively. Thus, the study of reactive species is often complicated by
poor detection techniques, artefacts and uncharacterized
cellular interactions. Nevertheless, the quest for efficient and
benign methods for generating reactive species with minimal
footprint will strengthen our understanding of the associated
complex biology.
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