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General remarks

'H NMR spectra were recorded on JEOL ECX 400 MHz or Bruker 400 MHz spectrometer
using tetramethylsilane (TMS) as an internal standard (dx = 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 (8) 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 reportedin cm™.
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 driedsolvents
under anhydrous conditions and yields refer to chromatographically homogenous materials
unless otherwise stated.

All evaporations were carried out under reduced pressure on Biichi 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 x 250 mm, 10 pm;
Kromasil C18).

HPLC analysis data was obtained using Agilent Technologies 1260 Infinity, C18 reversed
phase column (4.6 mm x 250 mm, 5 um).

Spectrophotometric and fluorometric measurements were performed using microwell plate
reader using ThermoScientific Varioskan Flash or PerkinElmer Ensight.

All SDS-PAGE gels (activity-based gels and coomassie gels) were imaged on a Syngene
G-Box Chemi-XRQ gel documentation system

All statistical analysis was carried out using One-way ANOVA analysis using GraphPad

Prism 8.0.1 software unless specified.
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Abstract

Abstract

Hydrogen sulfide (H2S) is a major gaseous signalling molecule that is responsible for redox
regulation within cells, having implications for primary metabolism, antibiotic response,
health, and ageing. 3-Mercaptopyruvate sulfurtransferase (3-MST) is one of the key enzyme
involved in the biosynthesis of H2S which occurs through a crucial intermediate step called as
3-MST persulfidation (MST-SSH). Persulfide generated from the 3-MST pathway is essential
for regulating mitochondrial activity and transporting sulfur via downstream sulfide transfer to
proteins, low molecular weight thiols, and Fe-S clusters. Precise mechanisms by which these
effects are mediated by 3-MST remain poorly understood. Also, several studies have shown
that dysfunction or dysregulation of 3-MST is linked to various pathophysiological conditions.
Hence, the development of a reliable tool is required in order to have better understanding of

3-MST activity as well as 3-MST expression level.

In order to understand the biological effects of 3-MST, we hypothesized to modulate the
substrate delivery to the enzyme. Owing to the limitations associated with the native substrate
(3-mercaptopyruvate), it can not be used reliably to enhance 3-MST activity. In this regard, our
lab identified 2-mercapto-1-phenylethan-1-one (PhCOCH,SH) as an artificial substrate for 3-
MST that produces HoS/persulfide in cells. Following this, a library of PhCOCH2SH analogues
was synthesized to tune the rate of H.S and persulfide production. Structure-activity study with
analogues revealed that 3-MST was fairly accommodative of structural modifications. Linear
free energy relationship study showed that H.S release rates from para-substituted aryl
substrates in the presence of 3-MST had a moderate positive slope supporting a transition state
with a no major charge build up. Ortho substituents slowed HzS generation rates likely due to
the steric effects and molecular docking studies showed that this substitution pattern reduced
access to the active site due to steric clash with certain residues. Next, building on these results,
a substrate tethered with a mitochondrial tag at the para-position was synthesized since 3-MST
is known to be over-expressed in mitochondria. This compound generated H>S/persulfide in
the presence of 3-MST and enhanced H>S levels specifically in mitochondria. Consistent with
H>S generation, a perturbation in the mitochondrial membrane potential was observed for the
cells treated with the substrate. Lastly, in order to further expand the scope and improve the
stability and selectivity of the artificial substrates, enzyme-activated artificial substrates were
prepared. A B-glucosidase sensitive donor was synthesized to enhance aqueous solubility and
better selectivity. Similarly, esterase-activated compounds were also synthesized to achieve a

broad spectrum of applications. Upon activation, both B-glucosidase and esterase activated

XV



Abstract

donors were found to produce H.S/persulfide in the presence of 3-MST. Taken together, a
series of artificial substrates for 3-MST were developed as a tool for enhancing persulfidation
levels in cells. Hence, therapeutic utilities of these substrates with respect to 3-MST activity
can be harnessed and will give a clearer understanding of persulfide biochemistry which was

obsolete to date.
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Chapter 1

CHAPTER 1. Introduction
1.1. H2S and persulfides in the biological system

From the beginning of life on earth, biomolecules containing sulfur atoms have served various
key roles in maintaining regular functions in living organisms. Sulfur atom present in amino
acids such as cysteine and methionine are known to be an important building block for creating
the foundation of life.! Often, cysteine is found in the active site of an enzyme and can
participate in enzyme catalysis.? On the other hand, methionine present in the protein takes part
in the regulation of metabolic process, the innate immune system, and digestive functioning in
mammals.® Furthermore, sulfur atoms are also part of iron-sulfur (Fe-S) clusters, coenzymes
and co-substrates and mediator of several metabolic pathways.* In addition to amino acids
containing sulfur, hydrogen sulfide (H2S), a small gaseous molecule, is found to be associated
with various important intracellular signaling processes and plays a central role in cellular
pathophysiology and disease.2° HS is known to influence the gastrointestinal, neuronal,
cardiovascular, respiratory, renal, and hepatic systems.!! Therefore, a variety of biological
functions such as vasorelaxation, angiogenesis, apoptosis, aging, and metabolism are often
linked to the activity of biological H2S.!! Moreover, H,S is known to be an important
antioxidant and balances cellular redox homeostasis.*? An imbalance of HS levels disturbs the
aforementioned redox homeostasis and can subsequently lead to diseased states.*® Therefore,
sustaining a certain range of H»S levels in cells becomes important for the normal functioning
of cells.

More recently, persulfides (RSSH/RSS-, where R = H or amino acid) have emerged as
important player in H,S biology.'* Persulfides are highly reactive, unstable species and have
sulfur oxidation state -1 each, belongs to the category of reactive sulfur species (RSS) (Figure
1.1).

-1 -1
'l' pH 7.4 'l'
R’S‘S’H - R’S‘SQ
_T1 R = H or amino acid -1

Reactive, Nucleophilic, Low pKa (6.2)

Figure 1.1: Persulfides in physiological pH.
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There are several examples of persulfides that are formed intracellularly and take part in various
biological processes (Figure 1.2).2>® Persulfides are reported to be superior antioxidants
compared to H,S, thus having more potential at countering oxidative stress and inflammation.’
A multitude of studies showed, similar to H2S, cellular persulfides are crucial in the signaling
process and also relevant to many cardiovascular and neuronal diseases.!’ Hence, regulating

the persulfide concentration in cells becomes important as well.

NH, b O
NH, NH; HO N, Ay OH
HO S. HO _SH N
0 S

Cysteine persulfide (CysSSH) Homocysteine persulfide (CysSSH) Glutathione persulfide (GSSH)

OH H2N

Hs;%’éjo\(\COOH 7’/\/ W w />

Bacillithiol persulfide Coenzyme A persulfide \P
\ ©

NH, 0
NH, (0] HO H OH
© ° 0<_NH N SH
OxNH \I o o o) 0 4 H oo s’
| vauwvl.vvvvww
S\S/S HWOH S

NH HS
Oxidised glutathione trisulfide (GSSSG) Glutathione trisulfide (CysSSSH) Protein persulfide

Figure 1.2: Examples of biological persulfides.

1.2. The biological relevance of protein persulfidation

Along with small molecule persulfides, the significance of protein persulfides have been
reported.® Protein persulfidation or S-sulfhydration is an oxidative post-translational
modification on the cysteine residue of protein where an additional sulfhydryl (SH/S") group
was added to a cysteine residue.'® S-sulfhydration is known to be a very important regulator of
several biological pathways.'® Studies on protein persufidation revealed it is a key biological
transformation that directly or indirectly is involved in several pathophysiological conditions,
such as protection from oxidative stress,?°?? antioxidant response through KEAP1-Nrf2,1223
neurodegenerative diseases,?*?® anti-inflammatory response,?’2® DNA repair,*® smooth
muscle relaxation,®! ageing, etc. Although few reports are contradictory presulfidation has
been shown to have a role in cancer,'®3*3 GAPDH protein activity,® etc. A few of these are

discussed.
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1.2.1. Protection from oxidative stress

Protein persulfidation is particularly interesting since there have been reports which suggest
that S-sulfhydration protects protein thiols.3”*® Protein thiols may be oxidized by ROS to
sulfenic acids (R—SOH); further oxidation to sulfinic (R—SO2H) and sulfonic acids (R—SOzH)
is considered an irreversible modification (Figure 1.3).2° As a free thiol on the cysteine residue
of protein is very important for catalytic reactions, irreversible oxidation deactivates the protein
function. In such cases, H>S or a persulfide intervenes the oxidation process at the sulfenic acid
stage, the sulfenic acid converts to a persulfide.??? The newly formed persulfide would then
be oxidized by ROS to form an S-sulfocysteine, from which the free thiol can be brought back

via reduction by thioredoxin (Trx), a bioreductive enzyme.*

R ROS ROS
—SH & —SOH —— -SOoH ——> —SO3H
Protein Sulfenic acid Sulfinic acid Sulfonic acid
RSSH
Trx H,S
ROS
H,0,
S ROS s Protection from / \
| . 64— — X - - = .
S0, SH overoxidation 0, OH
Persulfidated
protein

Figure 1.3: Oxidative stress protection via S-sulfhydration.

1.2.2. Antioxidant response through KEAP1-Nrf2

One of the pathways through which persufidation shows the antioxidant response in cells is
KEAP1-Nrf2 signaling pathway.!??® KEAP1 is an oxidative stress sensor protein that forms a
complex with Nrf2 under normal conditions (Figure 1.4). KEAP1, being part of ubiquitin ligase
system, it causes Nrf2 complex ubiquitinated which leads to its proteasomal degradation.
Under oxidative stress conditions, a free cysteine residue of KEAP1 was reported to be
persulfidated via H2S or persulfides and simultaneously Nrf2 gets separated and translocated
into the nucleus where Nrf2 binds to antioxidant-responsive elements (ARE) and activate ARE.

ARE upon activation release antioxidant-responsive proteins (GST, NQO1, HO-1).4
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HSS— KEAP1 @
HSS— KEAP1 GST
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r HO-1 responsive proteins

Kelch-like ECH-associated protein 1 (KEAP1), Nuclear factor erythroid-related factor 2 (Nrf2), Ubiquitin (Ub)
Figure 1.4: Antioxidant response mechanism through KEAP1-Nrf2 persulfidation.

1.2.3. Persulfidation in neurodegenerative diseases

Parkin is a well-known neurodegenerative disorder where a protein called parkin is known to
be responsible for dopamine-generating cell death.** Parkin is an E3 ligase protein that has a
free cysteine residue and is available for oxidative post-translational modification (Figure
1.5).%* For eg. parkin protein can be S-nitrosylated which deactivates the E3 ligase activity,
therefore, protein aggregates can form which leads to Parkinson's disease.*? But when the thiol
group of parkin is persulfidated it leads to E3 ligase activation followed by proteasomal

degradation which plays a crucial role in the clearance of damaged proteins.?*?

S-sulfhydration

(Diseased cells) Parkin \—SSH 4= | Parkin | sH

Protein
aggregation /—\
Protein Protein“
Proteosomal
degradation
Parkin —SH === | pParkin —sNO (Healthy cells)

S-nitrosation

Figure 1.5: Regulation of parkin activity through S-sulfhydration.
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Another well-known neurodegenerative disease, Alzheimer’s is also linked to protein
persulfidation. Alzheimer’s disease is reported to be caused by abnormal aggregation of certain
proteins deposited in the brain (Figure 1.6). One such protein called 3-amyloid is known to be
the main responsible factor as it aggregates plaques around the brain.** Another important
protein is called tau which changes its structural conformations due to hyperphosphorylation.
This hyperphosphorylation of tau is reported to be mediated by glycogen synthase kinase
(GSK3pB) which results in Tau protein aggregation that leads to neurotoxicity, a known
hallmark for Alzheimer’s disease. Persuflidation on GSK3p has shown to have a
neuroprotective effect as persulfidation inhibits its activity and thereby prevents

hyperphosphorylation of Tau protein.?®

D -
8
Hyperphosphorylation Aggregation

<D=
> - @ -6
Hyperphosphorylation Aggregatlon

Figure 1.6: Regulation of GSK3p activity through S-sulfhydration.

1.2.4. Persulfidation in DNA repair:

Another interesting case of protein persulfidation is relevant in DNA damage repair.>® DNA
damage stimulates a cascade of events leading to repair, part of which is the binding of PARPs
(poly(ADP-ribose)ation polymerases) to DNA strand breaks.

MEK1-SSH p-ERK1/2

H,S
RSSH PAR-PARP-1
Nucleus
MEK1-SH DNAligase Il XRCC1
Cytosol

Figure 1.7: Role of S-sulfhydration in DNA repair.
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These PARPs are activated by the MEK/ERK signalling. It has been reported that when Cys341
in MEK1 is persulfidated, as a response, the translocation of phosphorylated ERK1/2 into the
nucleus is being facilitated, where it activates PARP-1 and thus, encountering damage repair
(Figure 1.7).4

1.2.5. Persulfidation in Inflammation

Protein persulfidation also plays a key role in the immune response. The transcription factor
NF-«kp is known as a nuclear factor that regulates innate and adaptive immune functions in cells
and serves as a central mediator of inflammatory response machinery.*® NF-«f is known to
express pro-inflammatory genes including the genes for various cytokines and chemokines and
also participates in inflammasome regulation (Figure 1.8). NF-«f consists of two subunits p65

and p50 which under no stimulus condition form a complex with inhibitory «f (Ikf).

P
P
RSSH, RS,H O he-Ba
\ P50 Nuclear
P S-SH translocation
IKK NF-«B

. lc-Ba. Cytokines

P50 ®
p50 " “ LY ‘. : )
P65 "ANGENN. T TNF-q, IL-6,

IL-12

NF-«B

Figure 1.8. Role of S-sulfhydration in inflammation. Persulfidation of NF-«f triggers an anti-
inflammatory effect.

In a stimulus condition, TP kinase phosphorylates Ixp and NF-«p is released subsequently.?’

NF-xf is then phosphorylated and after nuclear translocation induces the pro-inflammatory
cytokines-releasing machinery to produce TNF-a, IL-6, IL-12, etc. Studies have shown that
persulfidation on the Cys38 residue of the p65 subunit of NF-xf has an anti-inflammatory
effect. Persulfidation leads to a decline in phosphorylation and reduces the rate of translocation,
therefore, inhibiting DNA binding activity.?® As a result, the level of cytokines level is

influenced by the persulfide formation.?®

1.2.6. Persulfidation in smooth muscle relaxation

Apart from these, persulfidation has a relevence in smooth muscle relaxation.®! For instance,

Cys43 in the Kir6.1 subunit of Katp channels in smooth muscle cells is believed to get
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persulfidated, leading to smooth muscle cell relaxation. Persulfidation inhibits the binding of
ATP to the channel and promotes its binding with a phospholipid component
(phosphatidylinositol-4,5-bisphosphate), the consequent opening of the channel to allow K*

ions to enter.

1.3. Biosynthesis of persulfides

Persulfides are synthesized in cells through enzymatic biosynthetic pathways. For instance, a
commonly known cysteine persulfide (Cys-SSH) is formed from cystine in the presence of
Cystathionine-B-synthase (CBS) and Cystathionine y-lyase (CSE) enzyme.'®% Also, it has
been recently reported that Cynteinyl-'RNA synthetases (CARS) can produce Cys-SSH from
L-cysteine (Figure 1.9).%

NH2 CBS or CSE CARS

H OOC/'\/S\S/\‘/COOH HS\S/YCOOH HS/\rCOOH

NH, NH, NH,

Cystine Cys-SSH Cysteine

Figure 1.9: Cysteine persulfide formation from CBS, CSE and CARs.

Another broad class of enzymes, namely sulfurtransferases is known to be majorly responsible
for persulfide biosynthesis and sulfur trafficking in the cells (Figure 1.10).48° The catalytic
cycle of this enzyme is known to follow a two-step mechanism. First, the active site cysteine
residue of the native protein gets persulfidated using a donor molecule to form a transient
protein-persulfide intermediate. Next, the sulfur is transferred from persulfidated intermediate

to a thiophilic acceptor molecule with an instantaneous generation of the native enzyme.

0 0
© )
sulfur J 1S O GSSH H,S . GSH o
2- -
donors 0 SS0O3 SO3 o}
3-mercapto pyruvate
pyruvate
I B
SH S8 SSH  —SS
SH
3-MST, TST SQR
@
X-SSH X-S
Persulfidated @IP—SSH Small molecule  @h—sH aS(L:jclzfeL:"tors
target protein acceptor p

Target protein

Figure 1.10: Catalytic turnover of sulfurtransferases.
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3-Mercaptopyruvate sulfurtransferase (3-MST),*>®! Thiosulfate sulfurtransferase (TST)® and
sulfide:quinone reductase®® are known to be primarily involved in the process of persulfide

formation and sulfur transfer.

1.3.1. Persulfide biosynthesis through 3-mercaptopyruvate sulfurtransferase

Among all the sulfurtranferases discussed, 3-MST has gained considerable attention over the
years due to its involvement in H.S, persulfide and polysulfide biosynthesis as well as in sulfur
trafficking.®>°*% The natural substrate of 3-MST, 3-mercaptopyruvate (3-MP), is
physiologically synthesized from L-cysteine by the action of cysteine aminotransferase (CAT)
in presence of a-ketoglutarate (Figure 1.11).5%% During turnover, 3-MP is known to bind with
3-MST where two crucial residues Arg 188 and Arg 197 anchor the substrate in the active site
whereas 3 amino acid-based catalytic triad (Asp 63 - His 74 - Ser 250) deprotonates Cys 248
residue, which reacts with 3-MP to form 3-MST persulfide (Figure 1.12).515¢

0]

HOOC/\)J\COOH

a—ketoglutarate

©
NH o 0 o S
H N
HS\/\H/O CAT \‘—> HS\)J\H/O > —S

o o r n
Cysteine /\)N\Hz 3-MP H 0 Persulfidated
HoOC COOH o TSN OH 3-MST
Glutamate S\ o
Cys
CAT: Cysteine aminotranferase 3-MST

Figure 1.11: Catalytic turnover of 3-MST.

Figure 1.12: Turnover mechanism of 3-MP in the active site of human 3-MST >

Formed 3-MST persulfide is known to undergo the following transformations.*>>°% 1) It can

transfer the sulfur to a thiol acceptor (a protein or a small molecule) and form persulfide;* 2)
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React with an excess amount of 3-MP and generate hydropersulfide and polysulfide;> 3) 3-
MST bound persulfide reacts with thiols or thioredoxin (in presence of NADPHY/thioredoxin

reductase) to generate HS (Figure 1.13).%

@ sH @ ssH

R-SH y
4 HS(SjSH

SH 3-MP n s
z Iy

Trx: Thioredoxin reductase

Figure 1.13: Enzymatic function of 3-MST in cellular H.S, persulfide and polysulfide

production.

3-MST is a widely prevalent enzyme in many living organisms. In bacteria, such as E. coli, 3-
MST is primarily responsible for enzymatic H>S and persulfide generation.>” However, in the
case of the mammalian systems, 3-MST coexists with CBS, CSE and CARS.*%% A
comprehensive tissue distribution study has shown that 3-MST is constitutively expressed in
the brain, liver and kidney (Figure 1.14).5°

low low High High

3-MST expression

Figure 1.14: Biodistribution of 3-MST in tissues.

Two types of isoforms of 3-MST are found in mammalian cells.®® At a subcellular level, 3-
MST is present in both cytosol and mitochondria. Expression 3-MST in mitochondria (m3-
MST) was found to be 2.5-3 times higher than that of cytosolic 3-MST (Figure 1.15).60.61
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Figure 1.15: Subcellular distribution shows a predominant expression of mitochondrial 3-MST

that generates HS and persulfides.

1.4. Biological roles of 3-MST activity and 3-MST expression

As the name suggests, 3-MST is majorly known for sulfur transfer to the acceptor protein thiols
or small molecular thiols through transpersulfidation.®5® Protein persulfides formed after 3-
MST sulfur transfer are responsible for various signaling processes. Small molecular
persufides, such as CySSH or GSSH formed as a result of 3-MST transpersulfidation is very
important for the antioxidant response.®* Also, H.S and persulfide generated from 3-MST
contribute to the cellular sulfane sulfur pool and the biological significance of these species
was discussed previously. Apart from this, 3-MST is known to have key roles in cyanide
detoxification,®>® fatty acid metabolism,®” synthesis of thiouridine in ‘RNA® and
mitochondrial bioenergetics.®®™ In mitochondria, 3-MST derived H-S is known to influence
the mitochondrial electron transport chain.”*> CySSH or GSSH generated in mitochondria is
known to react with excess ROS to form sulfur oxides to protect mitochondria from oxidative

stress.’374

Studies have shown that variation of 3-MST expression levels correlates well with the 3-MST
activity. The levels of 3-MST were found to be overexpressed in obese patients.t””
Furthermore, clinical studies have shown that patients with schizophrenia exhibited higher 3-
MST protein levels in the brain.”® On the contrary, the 3-MST level increases during
development and then gradually declines with aging.32°°7" Another study has revealed that
diabetic patients showed a tissue-dependent variation in the expression levels of 3-MST. For
example, the levels were lower in cardiac and smooth muscle whereas an increase in expression
was found in the skeletal muscles.”®’® Studies have shown dysfunction or dysregulation of 3-

MST may have a potential role in several pathophysiological conditions. A study has shown

10
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that 3-MST knocked down (KO) mice have a higher level of 2HT2a mMRNA expression which
is responsible for mental retardation and anxiety-like behaviour.2® Another compelling
evidence demonstrated that 3-MST (KO) mice developed an exacerbated joint calcification and

severe osteoarthritis.®!

1.5. Aim and objective

3-MST has a diverse role in biological processes and diseases and hence, the control over 3-
MST activity (expression) as well as persulfide generated by this pathway become important.
It was hypothesized that controlling the 3-MST activity in pathophysiological conditions would
eventually help us to gain control over the possible pharmacological facets such as

1) Perturbation of H2S and sulfane sulfur levels in cells: H.S and sufane sufur are very
important for normal cellular function. By modulating 3-MST activity and catalysis,
response to oxidative stress and maintenance of cellular health will be possible.

2) Tracking sulfur trafficking through 3-MST: 3-MST is known to transfer sulfur to
low molecular weight thiols or protein thiols. These species are known to be involved
in various downstream signaling pathways. Tracking the sulfur derived from 3-MST
will enable us to understand many yet to be uncovered transsulfuration pathways.

3) Controlling 3-MST-associated therapeutics: Owing to the direct or indirect
involvement in many diseases, control over 3-MST activity will provide a definite edge

in 3-MST-related therapeutics.

1.6. Possible approaches for modulation of 3-MST activity

In principle, 3-MST activity can be modulated through genetic method and biochemical
method. In a genetic method, a gene related to 3-MST expression can be modified. A knocked
down cell line can be generated via genetic engineering to lower the expression of 3-MST
which will eventually lead to lowering of 3-MST activity. On the contrary, overexpressed cells
can be generated for enhancing the 3-MST activity. However, these complex methods are
irreversible and involve many steps. Most importantly, genetic modification for 3-MST can
alter the activity of other neighboring proteins.

On the other hand, in a biochemical method using a substrate or an inhibitor can give a similar
result without harming neighboring enzyme’s activity. For this, the substrate must be specific
for 3-MST and the byproducts formed from the turnover must be innocuous. Similarly, an
inhibitor must have high specificity towards 3-MST. The utilization of a substrate or an
inhibitor can either enhance or diminish the 3-MST activity (Figure 1.16).

11
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Inhibitor

Substrate

Figure 1.16: Modulation of 3-MST activity using a substrate and an inhibitor.

In this context, an additional substrate can be provided to enhance 3-MST enzyme activity. A
substrate can be administered via the oral or intraperitoneal route to enhance the 3-MST activity
in 3-MST deficit disorders.

1.7. Outline of the thesis

3-MP, a natural substrate due to the labile C-S bond generates HzS in the absence of 3-MST
which is a major limitation.8? As 3-MP is not nameable for modification, the rate of catalysis
cannot be tuned. Hence, a new substrate with a structural handle is required. This substrate
should be synthetically accessible, stable, structurally amendable to modifications. In addition,
the by-products generated during the 3-MST reaction should be benign to cells. Since, enzymes
are known to be very specific for their substrates, designing a new substrate is challenging. As
3-MP is a small molecule, a similar analog needed to be designed to have efficient binding with

the enzyme.

In Chapter 2, the design and development of an artificial substrate of 3-MST is described. In
order to gain control over 3-MST turnover rates, we also constructed a small library of the
artificial substrates. This was achieved by designing a new substrate based on an aromatic
scaffold while retaining the reactive core of 3-MP. Upon turnover by 3-MST, the substrate will
produce persulfides 3-MST and a benign ketone (Figure 1.17). Stability was improved by
modifying the substrate to its thioacetate form. Activity of the newly developed substrate was
evaluated through the efficiency of H>S and persulfide generation. A structure activity
relationship study was performed with a focussed library of artificial substrates in order to

modulate turnover rates.

12
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Figure 1.17: Design and development of an artificial substrate for 3-MST.

As 3-MST is known to be expressed to a higher degree in the mitochondria as compared with
cytosol, design and synthesis of an artificial substrate tethered with a Mito-tag was investigated
in Chapter 3. A modified substrate was seen to be localized into mitochondria and thereby a

targeted H.S and persulfide generation was observed.

The substrate synthesized in Chapter 2 and 3 was found to be highly reactive with thiols. In
order to improve the thiol stability and aqueous solubility, a glycosidase activatable prodrug of
the artificial substrate was designed and synthesized in Chapter 4. The thiol group of the
artificial substrates was caged with the linker-trigger moiety, cleavable by a specific
glycosidase enzyme. Having an additional enzyme trigger for the generation of 3-MST

substrate make this strategy highly specific.

In Chapter 5, an esterase triggered artificial substrate of 3-MST was designed and synthesized.
Here a trimethyl lock linker was used for rapid substrate release during esterase-induced
uncaging. Esterase, a widely prevalent enzyme, present in many organisms, will be useful to

achieve a broader spectrum of applications with 3-MST.
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CHAPTER 2: Structure-Activity Relationship Study of Artificial Substrates of 3-MST

2.1. Introduction

In Chapter 2, the development of a new artificial substrate of 3-MST is discussed, followed by
the design, synthesis, and assessment of a library of synthetic substrates for modulating 3-MST
activity via structure-activity relationships. Initial assessment towards developing a new
artificial substrate of 3-MST was performed in collaboration with my colleagues,
comprehensive results and discussions of this research work are included in their theses.!? In
summary, phenacyl thiol (2a) was identified to be an artificial substrate of E. coli 3-MST (b3-
MST). The acetylated derivative of substrate 2a, 1a was able to generate H>S in the presence
of esterase and 3-MST (Scheme 2.1). In addition to esterase, the acetyl group of la can be
readily cleaved in presence of small molecule thiols such as glutathione (GSH). Using 1a, the
overall 3-MST turnover mechanism was evaluated where la upon esterase (or DTT/GSH)
mediated cleavage form 2a which is then turned over by 3-MST form 3-MST persulfide and
acetophenone (3a), a benign by-product. Next, with 1a, 3-MST mediated sulfur transfer to low
molecular weight thiols (Eg. GSH) and cysteine-containing proteins were demonstrated
(Scheme 2.2). As 3-MST is known to react with an excess amount of substrate to generate

polysulfide, therefore in presence of 1a the generation of persulfides was also detected.

0] (0]
Ph)J\/S\n/ A stable A benign :> )J\Ph
T substrate by-product 3a
Esterase H7a4 Reduction H74
or prH 7. pH 7.
DTT/GSH
0 S OH
~SSL,
S
Ph)J\/SH > | s — s-s + )\Ph
b3-MST N
2a Cys .
3-MST Persulfidated

- - 3-MST

Scheme 2.1: Catalytic 3-MST turnover mechanism by artificial substrate 1a.
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Scheme 2.2: H>S generation, sulfur transfer and polysulfide generation from 3-MST

persulfide.

This compound mitigates oxidative stress and inflammation in both cellular and animal models.
Representative data is described below. A known inducer of cellular ROS, MGR-1 was used
and using a known ROS-sensitive NIR probe (TCF-B),>* dose-dependent quenching ROS level
was observed with a variable concentration of 1a (Figure 2.1). Compound la was also found
to reduce the level of inflammatory cytokines and prostaglandins in LPS-challenged mice and

thereby exhibiting protection from neuroinflammation (Figure 2.2).

A
o ne NC
Es A ~CN
CLO—
0_0 O
o) MGR-1 TCF-B
C
Dye ctr MGR-1 (25 uM)
a5 pM a (25 uM)

Figure 2.1: (A) Structure of MGR-1 that generates ROS in presence of esterase. (B) Structure
of ROS-sensitive TCF-B probe. (C) Dose-dependent ROS quenching by la with MGR-1

treated cells (Credit: Dr. Prerona Bora).
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Figure 2.2: Mitigation in neuroinflammation in mice model (A) Shows a significant reduction
of pro-inflammatory cytokines TNF-a and IL-6 with 1a (n = 6 per group). (B) Shows a
significant reduction of prostaglandin level with 1a (n = 10 per group). All data are presented
as mean £ SD. ***p < 0.001 vs LPS (Credit: Dr. Prerona Bora and Dr. Subham Singh, Dr.
Siddhesh S. Kamat lab).

After validating 1a as an excellent substrate of 3-MST, we further looked for the structural
modifications on la in order to establish a structure-activity relationship (SAR) in artificial

substrate-enzyme catalysis.

2.2. Design and hypothesis for SAR

We hypothesized that incorporating a structural modification on 1a can give more control over
the 3-MST turnover rate. A substrate needs to bind to the enzyme first followed by a
nucleophilic attack of a cysteine residue of 3-MST, therefore, considering a combination of
electronic, steric and binding effects two series of compounds were proposed (Figure 2.3).

In series 1, a library of the artificial substrate with an electron-withdrawing group (EWG) and
electron-releasing group (ERG) at the ortho or para position of the aromatic ring was proposed.
A substrate with EWG is expected to stabilize the enolate and will likely have a higher rate.
On the contrary, a substrate with ERG is expected to destabilize the enolate and will have a
lower rate. In addition to this, series 2 compounds were designed wherein a substituent at o
position was introduced first. Also, it was hypothesized that a methyl group at a-position to the
sulfur will affect the planarity of the enolate and release the rate of H»S release. A methyl group
is known to be an electron-releasing group which may reduce the electrophilicity of the a-
carbon. Therefore, due to both bulkiness and electron-donating properties of the methyl group,

nucleophilic attack by 3-MST sulfur to the substrate is expected not to be favoured. In the same
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series, a naphthyl ring was considered in the place of a phenyl ring as a reported 3-MST

inhibitor with a naphthyl ring shown to have an excellent binding.

A Y O
@)&sY
Series 1
o) / X 0
S
Y :
S
x R1)J\/ \H/ Series 2
R, O
B
— # [ #
® ! ®
HNZ"NH, HNZ"NH,
e] \\\ ) d© \\\ e
6$H .08 @—w .06
Hé.. % Hé~~ )\
e Ar (EWG) T Ar (EDG)
— Stability A — - stability JJ -

Figure 2.3: (A) 3-MST artificial substrates library design for SAR. (B) Expected effects of
electron-withdrawing group (EWG) and electron-releasing group (ERG) in the transition state

of 3-MST turnover reaction.

2.3. Result and discussion

2.3.1. Synthesis

2.3.1.1 Synthesis of ortho and para substituents

Following the general protocol (Scheme 2.3), series 1 compounds with different ortho and para
substituted groups were synthesized. From the derivatized phenacyl bromides, the
corresponding S-ethanethioates (la-1k) were synthesized. Derivatized phenacyl bromide
reacted with potassium thioacetate (KSAc) in dry N,N-Dimethylformamide (DMF) to obtain
compounds la-1k in a good yield (Table 2.1). Of these, compounds 1b, 1c and 1h were

synthesized by a colleague using the aforementioned general protocol.!

Y (0] Y (@]
Br KSAc S\[(
/©)J\/ anh. DMF, RT /©)J\/ o)
X X
1a-1k

Scheme 2.3: Synthesis of compound 1a-1k.
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Table 2.1: Yield of the synthesized compounds la-1k.

Entry | Cpd. | X Yield, % || Entry | cpd. | X Y | Yield, %
1 1a H 78 7 19 Me H 77
2 1b NO, 86 8 1h OMe H 81
3 1c CN 79 9 1i H F 85
4 1d CF; 77 10 1j H OMe 88
5 1e OCF, 73 11 1k H Me 80
6 1f F 83

2.3.1.2 Synthesis of a-substituted-methyl and naphthyl derivatives

Following the general protocol (Scheme 2.4), starting from derivatized phenacyl bromide and

naphthyl bromides the corresponding artificial substrates (11-1n) were synthesized. Potassium

thioacetate (KSAc) (2 eq) was reacted with derivatized phenacyl bromide and naphthyl

bromides in anhydrous tetrahydrofuran (THF) to synthesize compounds 1I-1n in a good yield
(Table 2.2).

Scheme 2.4: Synthesis of compound 11-1n.

0] 0]
B KSAc S

Ry r - R?K( bl

anh. THF, RT R, O

11-1n
Table 2.2: Yield of the synthesized compounds 1I-1n.

Entry Cpd. R, R, Yield, %

1 11 H Me 78

2 1m 1-naphthyl H 86

3 1n 2-naphthyl H 79

2.3.2 Effect of para-substituted derivatives in 3-MST catalysis

Having synthesized the potential substrates of 3-MST, experiments were performed with para-

substituted derivatives (with EWG and ERG) in order to establish the substituent effect in the

3-MST catalysis rate. Therefore, the efficiency of HzS generation from these compounds was

studied.
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2.3.2.1. H2S generation

A methylene blue assay is commonly performed to measure H>S concentrations. Here, H2S
released from the experiment is initially trapped by Zn(OAc)2 which forms ZnS in the solution.
Upon reaction with methylene blue reagents (ferric chloride and N,N-dimethyl-p-phenylene
diamine), ZnS form methylene blue dye under acidic conditions (Scheme 2.5).5® Formation of
the methylene blue dye was monitored at 676 nm (Amax Of methylene blue) which accounts for

the release of H>S.

. ~ N~ N,
D G D =S B
A H,S /\
SH a
N SH S
H H
NH, NH q\ NH, NH, HN)
~hs l

Methylene blue
(Amax =676 nm)

OBy L R

Scheme 2.5: Mechanism of the methylene blue dye formation.

First, the methylene blue assay was performed with purified human 3-MST (h3-MST). In this
assay, 100 uM of the substrates (1a-1h) were incubated with h3-MST (0.5 puM), Zn(OAc)2
(400 uM) and DTT (25 mM) (Scheme 2.6). Aliguots were taken at predetermined intervals
from the reaction mixtures and treated with cocktail of methylene blue reagents. Then the
resultant mixtures were incubated in the dark for 30 min. Finally, the formation of the

methylene dye was monitored at 676 nm.

S
n(OAc), FeC|3 S)
7 S e e
X DTT
(Y = H) Methylene blue

Scheme 2.6 Methylene blue assay for studying the generation of H.S from la-1h.

Formation of H2S is known to be dependent on the rate determining first step where sulfur atom
was picked up from the substrate to form 3-MST persulfide. Since the amount of the substrate
present is this step is excessive (200-fold), therefore rate of the reaction was calculated using
pseudo first order kinetics. Hence, in order to find the rate constant for H,S generation, a time
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course for HS release was recorded following the time-dependent formation of methylene blue
(Figure 2.4). Kinetic analysis revealed that 3-MST substrate with EWG has a higher rate of
H>S release and substrate with ERG has a lower rate of HS release. Relative rates for all para
substituted derivatives compared with l1a (unsubstituted) showed nearly a 25-fold rate

difference in HS release which suggests that substituent’s affect the reaction (Table 2.3).
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Figure 2.4: Detection of H2S using methylene blue assay for para substituted substrates in the
presence of wt h3-MST. (A-H) Methylene blue formation during incubation of compounds l1a-

1h with wt b3-MST. Curve fitting using a pseudo-first-order equation y = yo + a(1 — ™) was
carried out. In the absence of the enzyme 3-MST, H>S was not detected from any of the above

substrates.

Next, a similar methylene blue assay was performed with purified E. coli 3-MST (b3-MST).
Using the time-dependent formation of methylene blue, time course for H>S release was
recorded and the rate constant for methylene blue formation (H2S generation) was calculated
(Figure 2.5). Congruent with the kinetic findings obtained with h3-MST, 3-MST substrate with
EWG displayed a higher rate of H>S release and substrate with ERG showed a lower rate of
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H>S release. Finally, relative rates for all para substituted derivatives compared with la

(unsubstituted) showed nearly a 21-fold tunability in the HzS release which is similar to h3-

MST (Table 2.3).
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Figure 2.5: Detection of H2S using methylene blue assay for para substituted substrates in the

presence of wt b3-MST. (A-H) Methylene blue formation during incubation of compounds 1a-
1h with wt b3-MST. Curve fitting using a pseudo-first-order equation y = yo + a(1 — e™**) was
carried out. In the absence of the enzyme 3-MST, H>S was not detected from any of the above

substrates.

Next, relative rates of H.S release for both h3-MST and b3-MST were compared to check

whether different analogues of 3-MST have a similar activity or not with the same artificial

substrate (Table 2.3). Data showed that both enzymes had nearly identical activity towards the

same substrate.
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Table 2.3: Relative comparison of H»S release rates among the substrates with h3-MST and

b3-MST.
Rates (h) Relative rates (arbitrary unit)
Cpd. X Y
b3-MST b3-MST h3-MST b3-MST h3-MST/
b3-MST
1a H H 1.48 1.45 1 1 1
1b NO, H 11.13 9.27 7.5 6.4 1.2
1c CN H 25 4.9 1.7 3.3 0.5
1d CF, H 7.51 5.83 5 4 1.2
1e OCF, H 4.48 2.29 3 1.6 1.9
1f F H 1.1 1.54 0.7 1.1 0.6
1g Me H 1.02 0.97 0.7 0.7 1
1h OMe H 0.39 0.37 0.3 0.3 1

Next, in order to examine the electronic effect of electronics on the transition state of 3-MST

turnover, Hammett analysis was carried out. Hence, log(kx/kn) was calculated from the H.S

releasing rates of para-substituted derivatives and plotted against the Hammett constant, ¢

(Figure 2.6). Finally, a slope (p) was calculated after linear regression analysis. A positive
slope (+1.11 for h3-MST and +1.13 for b3-MST) indicates a partial negative charge build in

the transition state. Therefore, an electron-withdrawing substituent on the aromatic ring may

possibly be stabilizing the enolate intermediate which also can be correlated with the higher

rate of H2S generation. On the other hand, an electron-releasing substituent on the aromatic

ring possibly destabilizes the enolate intermediate which can be correlated with the slower rate

of HaS generation.

A

log(k,/k)

p=+1.11 (R?=0.85)

Iog(kx/kH)

p=+1.13 (R2=0.93)

Figure 2.6: Hammett analysis of rate constants of H.S generation from unnatural substrates.
(A) with wt h3-MST. Linear regression analysis yielded a slope of +1.11 (R? = 0.85). (A) with

wt b3-MST. Linear regression analysis yielded a slope of +1.13 (R? = 0.935).
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2.3.2.2. Docking analysis

In addition to the electronic effect, binding of the substrate to the enzyme can also play a key
role in modulating the 3-MST turnover rate. Therefore, the extent of the substrate’s binding to
3-MST was analyzed using a docking study. A reported crystal structure of h3-MST (PDB ID:
4JGT) was used and para substituted substrates (corresponding free thiols) were docked.” For
all the derivatives (1a-1h), a favourable binding was observed (Figure 2.7). The binding energy
(AG) of the lowest energy docking conformation was evaluated. Along with this, the S-S
distance (active site cysteine sulfur to sulfur of the substrate) was also calculated. Similar
binding energy and S-S distance were observed in all the substrates, which suggests all 3-MST
substrates bind well to the enzyme and the binding effect did not significantly affect 3-MST

turnover for para substituted derivatives.

R 188 = R 197: R 197<
R 197 R 188 C248 R 188
\w . 248L /’ 7.4A /’ C 248 7.4A
7 4A ‘s.2A
.2A %
AG =-4.4 kcal/mol AG =-4.8 kcal/mol AG =-4.6 kcal/mol

~_R188 R 197 K188 R 197
' A~
7.4
c 248 C 248

c-év@%/

AG =-5.3 kcal/mol AG =-5.1 kcal/mol AG =-4.6 kcal/mol

G
R 188 oo hap8 7
AP c2s ’c 248] 7.3
7.4A . e
4.5A > R 197

AG =-4.7 kcal/mol AG =-4.4 kcal/mol

Figure 2.7: Lowest energy docking conformations of the para substituted substrates la-1h
(corresponding free thiols) in the active site of h3-MST. (Docking data provided by Venkata
Sai Sreyas Adury, Dr. Arnab Mukherjee lab).
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2.3.3. Effect of ortho substituted derivatives in 3-MST catalysis

Similar to para-substituted derivatives, the reaction rate can also be modulated using EWG and
ERG substituents at the ortho position of the 3-MST substrates. Additionally, having a bulky
substituent at the ortho position is expected to have steric hindrance with the enzyme as it is
near the reaction centre of the substrate. Hence, a reaction rate can be slowed. Therefore, the

effect of ortho substituted derivatives in 3-MST turnover was evaluated.

2.3.3.1. H2S generation
H>S generation by ortho substituted 3-MST substrates was studied using similar methylene

blue assay conditions as described previously. The assay was performed with both purified h3-

MST and b3-MST using 1i-1k (Scheme 2.7).

Y O

S
3-MST, DTT
Jij/k \([)]/ >~ &
X pH 7.4

1i-1k
(X=H)

Scheme 2.7: Assay conditions for H»S generation from 1i-1k.

Using the time-dependent formation of methylene blue, a kinetic plot was generated and the

rate of H»S generation was calculated for 1i-1k (Figure 2.8).
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Figure 2.8: Detection of H>S using methylene blue assay for ortho substituted substrates. (A-
C) Methylene blue formation during incubation of compounds 1i-1k in the presence of wt h3-
MST. (D-F) Methylene blue formation during incubation of compounds 1i-1k in the presence

of wt b3-MST. Curve fitting using a pseudo-first-order equation y = yo + a(1 — e™**) was carried
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out. In the absence of the enzyme 3-MST, H2S was not detected from any of the above

substrates.

Owing to the presence of an electron-withdrawing fluorine atom at the ortho position, 1i
showed a moderately higher rate of H.S release than la for h3-MST (Figure 2.8A). On the
other hand, 1j and 1k with ERG showed an extremely slower rate of H,S release (Figure 2.8B-
C). In similar conditions, kinetic data of b3-MST with 1i, 1j and 1k showed relatively higher
rate rates than h3-MST (Figure 2.8C-F). This result suggests that the active site of b3-MST is
highly flexible to accommodate a larger number of modified substrates. In such cases, after

binding, the electronic nature of the substituents majorly determines the H2S releasing rates.

2.3.3.2. Docking analysis

Next, a similar docking study was performed with h3-MST to rationalize the methylene blue
experiment results by ortho substituted 3-MST substrates. Docking of the thiol corresponding
to 1i showed favourable binding with h3-MST having a good docking score and suitable S-S
distance (Figure 2.9A). But the lowest energy conformations of the thiols corresponding to 1j
and 1k did not show a favourable binding to the active site of h3-MST and S-S distance was

found to be nearly 10 A (Figure 2.9B-C).
Wlss R 197
4.1A C 248&

A C
R 188 R 197
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Figure 2.9: Docking analysis with ortho substituted substrates in the active site of h3-MST.
(A-C) Lowest energy docking conformations for 1li-1k (corresponding free thiols) (D) High
energy docking conformations for 1j (F) High energy docking conformations for 1k. (Docking

data provided by Venkata Sai Sreyas Adury, Dr. Arnab Mukherjee lab).
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Next, further analysis for 1j and 1k was performed with a higher energy binding conformer
(Figure 2.6D-E). Although the S-S distance seemed to be in the favourable range due to the
bulkier substituents, substrates experienced a huge repulsion originating from steric clashes
between substituents and active site residues. Due to these steric clashes, a bulkier substituent
was expected to be very slow in the 3-MST turnover which can be correlated with extremely

slow rates of H2S production.

2.3.4. Effect of a-substituted-methyl and naphthyl derivatives in 3-MST catalysis

Having a weakly electron-donating methyl substituent at the a-position of the artificial
substrate will reduce the electrophilicity of the a-carbon. Also, due to steric effect of the the
bulky methyl group, reaction rate is expected to be lowered. Similarly, a lower rate of reaction
is also expected for naphthyl derivatives due to bulkiness and extended conjugation. Notably,
all these modifications on the substrate structure are expected to have an impact on substrate
binding with the enzyme. Therefore, the effect of a-substituted-methyl and naphthyl

derivatives in 3-MST turnover was evaluated.

2.3.4.1. H2S generation
As described previously, a similar methylene blue assay was performed with both h3-MST and
b3-MST using a-substituted-methyl (11) and naphthyl derivatives (1m and 1n) (Scheme 2.7).

)j\/s 3-MST, DTT H.S
1 L 2
R \ﬂ/ pH 7.4

RZ O

Scheme 2.8: Assay conditions for H»S generation from 1I-1m.

As expected, 1i showed an extremely slow rate for H,S release for both h3-MST and b3-MST
(Figure 2.10). In similar conditions, napththyl derivatives (1m and 1n) showed a lower rate of
H>S release for both h3-MST and b3-MST. The higher HzS release rate for b3-MST indicates
a more accommodative b3-MST active site.
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Figure 2.10: Detection of H2S using methylene blue assay for a-substituted-methyl and
naphthyl substrates. (A-C) Methylene blue formation during incubation of compounds 1l-1n
in the presence of wt h3-MST. (D-F) Methylene blue formation during incubation of
compounds 1lI-1n in the presence of wt b3-MST. Curve fitting using a pseudo-first-order
equation y = yo + a(1 — ™) was carried out. In the absence of the enzyme 3-MST, H2S was not

detected from any of the above substrates.

2.3.4.3. Docking analysis

Next, a docking study was performed with h3-MST in order to get more insights into enzyme
turnover by a-substituted-methyl (11) and naphthyl derivatives (1m and 1n).Docking of the
thiols corresponding to 11, 1m and 1n showed favourable binding with h3-MST having a good
docking score and suitable S-S distance (Figure 2.11A-C). A marginally better docking score
was obtained for 1n than 1l and 1m which can be correlated with HS release rates. Overall

analysis suggests that the electronic and steric factors influence the rate of reaction.
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Figure 2.11: Docking analysis with a-substituted-methyl and naphthyl derivatives in the active
site of h3-MST. (Docking data provided by Venkata Sai Sreyas Adury, Dr. Arnab Mukherjee
lab).
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2.4. Summary

An artificial substrate (1a) for a biologically important enzyme 3-MST was developed.
Structure-activity relationship study using a library of the artificial substrates with EWG and
ERG in the ortho/para position was synthesized. Among the para substituted derivatives,
linear free energy analysis suggested a significant but weak electronic effect on the H.S release
rate. Molecular docking studies showed a favourable binding for all the para-substituted
derivatives in their lowest energy conformations. Compared to b3-MST, h3-MST showed a
slower rate of H,S release for ortho substituted bulky derivatives. Docking analysis with h3-
MST revealed a strong steric clash that prevented the effective engagement of the substrate in
the active site of h3-MST. Next, the H2S releasing ability for a-substituted derivative was
evaluated. Although docking studies showed a favourable binding of these substrates,
methylene blue assay showed a negligible amount of H>S. Next, using reported 3-MST
inhibitor, two 3-MST substrates with a naphthyl analogue of the 3-MST artificial substrate
were synthesized. Docking studies showed that both the derivatives bound well in the active
site of h3-MST. But the rate of HS release was found to be slower for h3-MST as compared
to b3-MST which suggests h3-MST is more specific towards its substrates. Among the
substrate tested, a nearly 200-fold and 50-fold in rate difference was observed for h3-MST and
b3-MST respectively where 1b is the fastest and 1l was the slowest. Taken together, we have
developed a library of artificial substrates of 3-MST which showed tunability of 3-MST
catalysis rate due to a combination of electronic, steric and binding effects.
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2.5. Experimental procedures
2.5.1. Synthesis and characterization of compounds

General methods: All reactions were conducted under a nitrogen atmosphere. All the
chemicals and solvents were purchased from commercial sources and used as received unless
stated otherwise. Column chromatography was performed using silica gel [Rankem (60-120
mesh) or Spectrochem (100-200 mesh)] as the stationary phase. *H and *3C spectra were
recorded on a JEOL 400 MHz (or 100 MHz for 13C) or a Bruker 400 MHz (or 100 MHz for
13C) spectrometer using tetramethylsilane (SH = 0.00 ppm, 8C = 0.0 ppm) as an internal
reference or residual solvent [CDClIs (6w= 7.26 ppm, dc = 77.2 ppm) or DMSO-ds (6n = 2.50
ppm, 8¢ = 39.6 ppm)] signals as reference. 1°F spectra were recorded on a Bruker (376 MHz)
spectrometer using a,o,a-trifluorotoluene (6F = -63.72 ppm) as an external reference. Chemical
shifts () are reported in ppm and coupling constants (J) in Hz. The following abbreviations
are used: m (multiplet), s (singlet), and t (triplet). High-resolution mass spectra were obtained
from HRMS-ESI-Q-Time of Flight LC/MS. FT-IR spectra were recorded using BRUKER-
ALPHA FT-IR spectrometer.

2.5.1.1. General protocol for the synthesis of ethanethioate derivatives (1a-1k)

From the derivatized phenacyl bromides, the corresponding S-ethanethioates were synthesized.
Phenacyl bromide (1 eq) was taken in a round-bottom flask, purged with nitrogen and dissolved
in dry N,N-Dimethylformamide (DMF, 10 mL), followed by the addition of potassium
thioacetate (KSAC) (2 eq). The reaction mixture was stirred at room temperature (RT). Upon
completion of the reaction (TLC analysis), the reaction was quenched with 20 mL of water and
transferred to a separating funnel where the crude product was extracted with ethyl acetate (30
mL). The combined organic layers were washed with water (3 x 30 mL) and brine (30 mL) and
the resulting organic layer was dried over anhydrous Na»>SOs, filtered and the filtrate was
concentrated under reduced pressure to afford the crude product, which was further purified by

silica gel column 60-120 mesh silica gel chromatography unless otherwise specified.

Compounds 1b, 1c and 1g were synthesized using the aforementioned general protocol by
Mrutyunjay Nair and detailed synthesis and characterizations are included in his MS thesis.*
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S-(2-oxo0-2-phenylethyl) ethanethioate (1a): Following the above general synthetic protocol,
2-bromo-1-phenylethan-1-one (300 mg, 1.50 mmol) was used as a starting material. A gradient
starting from 1-17% ethyl acetate/hexane was used as the mobile phase and the desired product
was obtained with 15-16% as the eluant. Compound 1a was obtained as a light brown solid

(230 mg, 78%). All analytical data are consistent with reported values.®

Shas

S-(2-oxo-2-(4-(trifluoromethyl)phenyl)ethyl) ethanethioate (1d): Following the above

general synthetic protocol, 2-bromo-1-(4-(trifluoromethyl)phenyl)ethan-1-one (300 mg, 1.12
mmol) was used as a starting material. A gradient starting from 1-7% ethyl acetate/hexane was
used as the mobile phase and the desired product was obtained with 6-7% as the eluant.
Compound 1d was obtained as a white solid (227 mg, 77%).

) FT-IR (omax, cm™): 1699, 1686; *H NMR (400 MHz, CDCls): 5 8.11

/©)va\fo (M, 2H), 7.75 (d, 2H), 4.38 (s, 2H), 2.41 (s, 3H); 13C NMR (100
FsC MHz, CDCl): 5 194.2, 192.7, 138.4, 135.6 (g, J = 32.7 Hz), 129.0,
126.0 (q, J = 3.7 Hz), 123.5 (q, Jor = 270.5 Hz), 36.7, 30.3; °F NMR (100 MHz, CDCls): & -
63.2 (s); HRMS for C11H10F302S [M+H]* Calculated: 263.0354, Found: 263.1311.

S-(2-ox0-2-(4-(trifluoromethoxy)phenyl)ethyl) ethanethioate (1e): Following the above
general synthetic protocol, 2-bromo-1-(4-(trifluoromethoxy)phenyl)ethan-1-one (303 mg, 1.07
mmol) was used as a starting material. A gradient starting from 1-10% ethyl acetate/hexane
was used as the mobile phase and the desired product was obtained with 8-10% as the eluant.

Compound 1e was obtained as an off-white solid (218 mg, 73%).

o FT-TR (omax, cm™): 1687; 'H NMR (400 MHz, CDCls): & 8.04-

/@»VSYO 8.07 (m, 2H), 7.30-7.33 (m, 2H), 4.36 (s, 2H), 2.41 (s, 3H); 1°C
F,CO NMR (100 MHz, CDCls): & 194.2, 192.1, 153.2, 133.8, 130.8,
120.6, 120.3 (q, J = 257.4 Hz), 36.5, 30.3; °F NMR (376 MHz, CDCls): & -57.6 (s); HRMS
for C11HoNaF303S [M+Na]* Calculated: 301.0122, Found: 301.0100.

S-(2-(4-methoxyphenyl)-2-oxoethyl) ethanethioate (1h): Following the above general

synthetic protocol, 2-bromo-1-(4-methoxyphenyl)ethan-1-one (250 mg, 1.57 mmol) was used
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as a starting material. A gradient starting from 1-11% ethyl acetate/hexane was used as the
mobile phase and the desired product was obtained with 9-11% as the eluant. Compound 1h
was obtained as light brown solid (250 mg, 88%). All analytical data are consistent with

reported values.’

0]
T
H;C

S-(2-(4-fluorophenyl)-2-oxoethyl) ethanethioate (1f): Following the above general synthetic

protocol, 2-bromo-1-(4-fluorophenyl)ethan-1-one (270 mg, 1.27 mmol) was used as a starting
material. A gradient starting from 1-8% ethyl acetate/hexane was used as the mobile phase and
the desired product was obtained with 6-8% as the eluant. Compound 1f was obtained as a

brown solid (220 mg, 83%). All analytical data are consistent with reported values.®

foans

S-(2-(2-fluorophenyl)-2-oxoethyl) ethanethioate (1i): Following the above general synthetic

protocol, 2-bromo-1-(2-fluorophenyl)ethan-1-one (270 mg, 1.24 mmol) was used as a starting
material. A gradient starting from 1-8% ethyl acetate/hexane was used as the mobile phase and
the desired product was obtained with 6-8% as the eluant. Compound 1i was obtained as a

yellow oil (224 mg, 85%). All analytical data are consistent with reported values.°

Seas

S-(2-(2-methoxyphenyl)-2-oxoethyl) ethanethioate (1j): Following the above general

synthetic protocol, 2-bromo-1-(2-methoxyphenyl)ethan-1-one (295 mg, 1.29 mmol) was used
as a starting material. A gradient starting from 1-11% ethyl acetate/hexane was used as the
mobile phase and the desired product was obtained with 9-11% as the eluant. Compound 1j
was obtained as light brown solid (250 mg, 88%). All analytical data are consistent with

reported values.!
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0
©fl\/s\fo
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S-(2-ox0-2-(o-tolyl)ethyl) ethanethioate (1k): Following the above general synthetic

protocol, 2-bromo-1-(o-tolyl)ethan-1-one (330 mg, 1.55 mmol) was used as a starting material.
A gradient starting from 1-8% ethyl acetate/hexane was used as the mobile phase and the
desired product was obtained with 6-8% as the eluant. Compound 1k was obtained as a yellow
oil (258 mg, 80%).

0 FT-IR (Umax, cm™): 1686; *H NMR (400 MHz, CDCls): & 7.73-7.75 (m,

(IJ\/S\’?O 2H), 7.39-7.42 (m, 2H), 7.26-7.31 (m, 2H), 4.30 (s, 2H), 2.49 (s, 3H),

2.40 (s, 3H); 3C NMR (100 MHz, CDCls): § 196.7, 194.4, 139.0, 132.2,

132.1, 128.9, 125.9, 39.2, 30.2, 21.4; HRMS for C11H130,S [M+H]" Calculated: 209.0636,
Found: 209.0595.

2.5.1.2. General synthetic procedure for 11, 1m and 1n

Corresponding bromoacetyl derivatives (1 eq) were taken in a round-bottom flask, purged with
nitrogen and dissolved in 10 mL dry tetrahydrofuran (THF), followed by the addition of KSAc
(3 eq). The reaction mixture was stirred at RT for 3 h. Upon completion of the reaction (TLC
analysis), the reaction mixture was quenched with 20 mL of H.O and transferred to a separating
funnel, where the product was extracted with ethyl acetate (2 x 15 mL). The combined organic
layer was washed with brine (30 mL), dried over anhydrous Na>SOs, filtered and the filtrate
was concentrated under reduced pressure to afford the crude product which was further purified

by silica gel column chromatography using 60-120 mesh silica gel as the stationary phase.

S-(1-oxo-1-phenylpropan-2-yl) ethanethioate (11): Following the above general synthetic
protocol, 2-bromo-1-phenylpropan-1-one (520 mg, 2.44 mmol) was used as a starting material.
A gradient starting from 1-3% ethyl acetate/hexane was used as the mobile phase and the
desired product was obtained with 2-3% as the eluant. Compound 1j was obtained as a yellow

oil (366 mg, 72%). All analytical data are consistent with reported values.?

Sand
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S-(2-(Naphthalen-1-yl)-2-oxoethyl) ethanethioate (1m): Following the above general
synthetic protocol, 1-(bromoacetyl)naphthalene (500 mg, 2.01 mmol) was used as a starting
material. A gradient starting from 1-12% ethyl acetate/hexane was used as the mobile phase
and the desired product was obtained with 10-12% as the eluant.

O | Compound 1m was obtained as a reddish-yellow oil (360 mg, 73%). FT-IR
S)K (Vmax, cM™): 1681; *H NMR (400 MHz, CDCls): § 8.57-8.55 (m, 1H), 8.03-
8.00 (m, 2H), 7.89-7.87 (m, 1H), 7.63-7.50 (m, 3H), 4.45 (s, 2H), 2.42 (s,

3H); ¥C NMR (100 MHz, CDCls): § 196.9, 194.5, 134.3, 134.1, 133.5,
OO 130.4, 128.6, 128.4, 128.3, 126.8, 125.8, 124.4, 39.6, 30.4; HRMS for
C14H1202S [M+H]* Calculated: 245.0636, Found: 245.0637.

o)

S-(2-(Naphthalen-2-yl)-2-oxoethyl) ethanethioate (1n): Following the above general
synthetic protocol, 2-(bromoacetyl)naphthalene (200 mg, 0.80 mmol) was used as a starting
material. A gradient starting from 1-12% ethyl acetate/hexane was used as the mobile phase

and the desired product was obtained with 10-12% as the eluant.

0 Compound 1n was obtained as brown solid (190 mg, 96%). FT-IR
Sj( (Umax, cm™): 1678; 'H NMR (400 MHz, CDCls): § 8.55-8.54 (m, 1H),
© | 8.05-7.98 (m, 2H), 7.92-7.88 (m, 2H), 7.65-7.55 (m, 2H), 4.55 (s,

2H), 2.43 (s, 3H); *C NMR (100 MHz, CDCls): & 194.5, 193.4, 136.0, 133.0, 132.6, 130.6,

129.9, 129.0, 128.8, 128.0, 127.1, 124.1, 36.9, 30.4; HRMS for C1sH120,S [M+Na]*
Calculated: 267.0455, Found: 267.0463.

2.5.2. Methylene blue assay for the detection of H2S

The methylene blue assays were conducted as previously reported with some
modifications.®** Briefly, 10 uM stocks of wt b3-MST and h3-MST were prepared in HEPES-
NaOH pH 7.4 buffer. 10 mM stocks of all unnatural substrates (1a-1n, 10 mM) were prepared
in DMSO. Dithiothreitol (DTT, 250 mM) and Zn(OAc)2.2H20 (40 mM) were prepared in
deionised water. Stock solution of FeCls (30 mM) was prepared in 1.2 M HCI and N,N-
dimethyl-p-phenylenediamine sulfate (DMPPDA) (20 mM) was prepared in 7.2 M HCI.

The reaction samples were prepared by sequentially adding 400 uM Zn(OAc)2.2H>0 (15 pL,
40 mM stock), 100 uM of unnatural substrates (1la-1n) (15 pL, 10 mM stock), 0.5 uM wt b3-
MST (75 pL, 10 uM stock) or 0.5 uM wt h3-MST (75 uL, 10 uM stock) and 25 mM DTT (150

42


https://pubchem.ncbi.nlm.nih.gov/substance/355091152
https://pubchem.ncbi.nlm.nih.gov/substance/355091152

Chapter 2

uL, 250 mM stock). The final volume was adjusted to 1.5 mL using 200 mM HEPES-NaOH

pH 7.4 buffer and placed in a static incubator maintained at 37 °C.

A similar protocol was followed for the substrate controls. Briefly, the reaction samples were
prepared by sequentially adding 400 uM Zn(OAc)2.2H20 (10 pL, 40 mM stock), 100 uM of
unnatural substrates (1a-1n) (10 uL, 10 mM stock), 0.5 uM wt b3-MST (75 uL, 10 uM stock)
or 0.5 uM wt h3-MST (75 uL, 10 uM stock) and 25 mM DTT (100 pL, 250 mM stock). The
final volume was adjusted to 1.0 mL using 200 mM HEPES-NaOH pH 7.4 buffer and and
placed in a static incubator maintained at 37 °C.

In a separate experiment conducted to test the enzyme controls, 400 uM Zn(OAc)2.2H20 (10
uL, 40 mM stock), 10 uL. DMSO, 0.5 uM wt b3-MST (75 pL, 10 uM stock) or 0.5 uM wt h3-
MST (75 uL, 10 uM stock) and 25 mM DTT (100 pL, 250 mM stock) were sequentially added.
The final volume was adjusted to 1.0 mL using 200 mM HEPES-NaOH pH 7.4 buffer and

placed in a static incubator maintained at 37 °C.

At predetermined time points, equal volumes (200 pL) of FeCls, DMPPDA and aliquots from
the above reaction samples mixed and incubated at 37 °C for 30 min in dark, to allow the
formation of the methylene blue dye. An aliquot of 150 puL was transferred to a 96-well plate
and the absorbance values were recorded at 676 nm using a microplate reader (Thermo

Scientific VarioskanFlash).
2.5.3. Docking protocols for h3-MST

Autodock vina (V. 1.1.2) software was used to perform docking of compounds (thiol version
of 1a-1n) to the active site of h3-MST (Protein data bank (PDB) file: 4JGT). Molecules were
converted to PDB from SMILES and then from PDB to PDBQT format (as needed for
docking), using OpenBabel (v 3.1.0). Docking was performed using exhaustiveness parameter
of 40, and keeping all other parameters to the vina default. The parameters defining the docking

site are:

Box Coordinates: Centre: (127, -35.318, 5.183) which is nearest (<1.6 A) to the CG side-
chain carbon of the ARG-184 residue of 4JGT.

Box Dimensions (A): 22 x 24 x 22.5
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2.6. NMR spectra of compounds

'H NMR spectra of 1a:
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'H, F and *C NMR spectra of 1e:

v
=
'_
STNHNRRY 8 { S
L N N N N + o~ =1
B \ [ \
(o)
s)J\ CHy
.
O\KF
S
le
l 3 S <
a & ] &
LA F‘\ T F|‘ LA T T T T \N' L T T |‘~I T L T T T T T
8.5 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5 -0.5
Chemical shift (in ppm)
‘o
[y
Lp
|
o]
© S/H\CH3
Q F
T
E
le
-30 -35 40 -45 -50 55 60 -65 -70 -75 -80 -85 90 -95 -105

Chemical shift (in ppm)

48



Chapter 2

£0E—
S'9E—

>ULIGYOIOND) T'LL —

S'OTT
e
IR
£FeT
w.om.ﬁ%
SEET

ZEST —

T'Z6T ~
4154

10

90 80 70 60 50 40 30 20

110
Chemical shift (in ppm)

170 150 130

190

1H spectra of 1f:

SWL00'0—

T+'e

9Ly —

PTL
STL
9aT'L
'L
P4
08
£0'8
£0'8
£0'8
$0'8
S0'8

if

—=186"T

-0.5

0.5

4.5 3.5 2.5
Chemical shift (ppm)

5.5

6.5

1.5

7.5

8.5

49



Chapter 2

'H and *C NMR spectra of 19:
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'H NMR spectra of 1h:
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'H NMR spectra of 1j:
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'H and *C NMR spectra of 1m:
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'H and *C NMR spectra of 1n
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CHAPTER 3. Mitochondria-targeted Artificial Substrates for 3-MST

3.1. Introduction

In Chapter 3, an artificial substrate for mitochondrial 3-MST that can be specifically localized
into mitochondria is developed. Mitochondria, an organelle that is required for the normal
functioning of cells, has been implicated as a major mediator of cellular processes related to
inflammation, metabolic signaling, and cell death.* Thus, rationally designed, mitochondrion-
specific drugs may be more effective for notoriously hard-to-treat diseases arising from
mitochondrial gene mutations by controlling mitochondrial bioenergetics. 3-MST is expressed
at higher levels in mitochondria when compared with the cytosol and it is also recognized as
one of the principal contributors of H,S and sulfane sulfur in mitochondria.?® Thus, 3-MST
activity plays a major role in regulating the redox machinery and signaling processes inside
mitochondria.* Therefore, targeting the cell’s mitochondria in the context of 3-MST is pertinent
and may prove advantageous in modulating sulfur metabolism and redox biology. As cellular
membranes are made up of phospholipid bilayers, a highly hydrophilic or hydrophobic
molecule can not pass through easily. Therefore, specific delivery of a drug or a fluorophore
into mitochondria is challenging. Hence, in order to target mitochondria, the payload is usually
attached to a lipophilic cation known as mito-tag.® There are several known examples of mito-
tags (Eg. triphenylphosphonium, triethylammonium, guanidium) in the literature, of which
targeting with triphenylphosphonium (TPP) is frequently employed because of its
mitochondrial specificity and stability in cellular millieu.>® Owing to the lipophilicity of TPP,
a TPP-conjugated cationic drug molecule provide a balance between lipophilicity and
hydrophilicity in a molecule which enhances membrane permeability. As mitochondria is
negatively charged organelle, a delocalized positive charge on TPP is known to drive the
molecule to localize in the mitochondria.>® Hence, based on the SAR results obtained for the
artificial substrate, we have designed two distinct mitochondria-targeted artificial substrates
with TPP as a targeting group. We hypothesized that after mitochondrial localization, a TPP-
tagged substrate substrate is expected to be activated by cellular thiol/esterase and will produce
an active substrate that can be turned over by 3-MST. As previously established in Chapter 2,
artificial substrates in presence of 3-MST can generate H»S and sulfane sulfur, therefore same
species can also be generated in mitochondria specifically. Overall, we expect that a rationally
designed mito-targeted 3-MST substrate will have higher organelle specificity therefore will

enhance H»S and sulfane sulfur in the cells in a targeted manner.
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3.2. Design and hypothesis

To design a mitochondria-targeted 3-MST substrate, a TPP tag needed to be appended to a
suitable position of the artificial substrate. Following this, a linker needed to be used to connect
the TPP tag with the substrate. A suitable linker is very important in order to modulate the
lipophilicity of the compound which will eventually help to improve the permeability of the
substrate. Hence, linker with a four carbon was used to design potential mito-targeted substrate.
3.2.1. Approach 1

Firstly, in order to find a suitable position to append TPP tag, we have closely analyzed the
structure of the artificial substrates that were developed in Chapter 2 (Figure 3.1A). Based on
SAR analysis, artificial substrate 1h (Krzs = 0.39 + 0.07 h"t with h3-MST) and 1j (knzs = 0.08
+ 0.07 h with h3-MST) were identified as the potential core for the mito-targeted substrate.
Out of these two artificial substrates, 1h was identified as the core of the mito-targeted 3-MST
substrate due to its relatively faster HoS release than 1j. Therefore, a mitochondria-targeted
substrate was designed where a TPP tag was connected to the substrate with the aforementioned
linker (Figure 3.1B).

A
o] o) o 07
1a 1h o~ 1j
Kigs = 1.48 + 0.34 h Kips = 0.39 £ 0.07 h-! Kiizs = 0.08 +0.07 h"*
Moderate Slow Extremely slow
B
Activation

by —\Aj\

A
esterase o S @ St{jas@
& PR A
——» S-S
6 0 l
H LL H,S and

PPhsBr Sulfane sulfur

Mitochondria
TAG

Figure 3.1: Design of the mitochondria-targeted artificial substrate of 3-MST using approach
1 (A) Structural analysis of 3-MST substrates to determine a suitable position for TPP tag. The
directed arrow shows the possible site available for modifications. (B) Design and hypothesis
of a TPP-tagged 3-MST substrate.

As the TTP tag is connected directly to the substrate, therefore, the modified substrate was

hypothesized to be localized into mitochondria where the acetyl group was expected to be
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hydrolyzed by esterase and release active 3-MST substrate. Owing to the direct TPP-substrate
connection, once localized, the active substrate will not be able to efflux out from the
mitochondria. As a result, the active substrate will be turned over by 3-MST and will generate
H>S and sulfane sulfur in a localized manner. But a possible drawback with this strategy is that,
due to the ERG and presence of bulky TPP group in the modified substrate, the rate of 3-MST
catalysis might be affected. Another possible drawback with this design is that the substrate
activation is not very specific to esterase as the terminal acetyl group is highly labile and can
get hydrolysed by cellular thiols. In such case, we hypothesized that TPP-conjugated thiol will
still be able to localize in mitochondria in an efficient manner due to the lipophilicity and charge

difference.
3.2.2. Approach 2

To overcome the drawback of the previous strategy, an alternate design of TPP-tagged
compound was considered. Here, upon activation with esterase, the TPP tag will be separated
from the compound which will result a free artificial substrate. Therefore, a moderate H,S
releasing substrate 1a (knzs = 1.48 + 0.34 h™t with h3-MST) was identified. Here, instead of
connecting TPP directly to the aromatic ring, we designed an artificial substrate based on the
structure of 1a where the thiol part of the substrate is directly linked to TPP-tagged benzoic
acid (Figure 3.2).

Activation by (% @
e / esterase 04) SH
- ~
s._0 <) -
Scope of 3 ‘/ 1 oo e > OS—S
tunability N R © \7
OH

1 H,S and

L Sulfane sulfur

Mitochondria / PPhBr

TAG

Figure 3.2: Design and hypothesis of the mitochondria-targeted artificial substrate of 3-MST

using approach 2.

As the TPP tag is connected with the substrate, the benzoate ester of the compound upon
localization into mitochondria will be hydrolyzed by esterase and release the free substrate
(2a). Then 2a will be turned over by 3-MST and will generate H>S and sulfane sulfur. Here, in
order to achieve additional tunability in the rate of H>S generation, the aromatic ring of the
artificial substrate can also be modified.
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3.3. Results and discussion
3.3.1. Synthesis

Following approach 1, mitochondria-targeted 3-MST substrate 7 was synthesized via a 4-step
reaction sequence starting from 4-hydroxy acetophenone (Scheme 3.1). 4-
Hydroxyacetophenone was reacted with 1,4-dibromobutane to provide 4 in 55% yield. Next,
the a-monobromination reaction was performed with 4 using NBS/PTSA to form 5 in 62%
yield. Compound 5 was then treated with potassium thioacetate (KSAc) to afford 6 in 77%
yield. Finally, reaction of 6 with triphenylphosphine furnished compound 7 in 72% yield.

o O o Br
Br BT NBS, PTSA
K,COj, anh. DMF, ACN, 4 h Br
OH RT, 6 h reflux (0]
55% 62% 5 3
o)
o) S)J\ o) S)J\
KSAc PPh,
anh. DMF, RT, 1 h Br  anh.ACN,72h PPh,Br
77% OH) reflux o)
3 72% 3
6 7

Scheme 3.1: Synthesis of the mitochondria-targeted artificial substrate of 3-MST (7).

Next, a structural analog 9 was designed where sulfur was replaced with oxygen. Compound 9
was synthesized via 2-step reaction from 5 (Scheme 3.2). The latter compound was reacted
with sodium acetate (NaOAc) and then further reacted with triphenylphosphine to afford 9 in
93% yield.
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Scheme 3.2: Synthesis of mitochondria-targeted negative control (9).

Following approach 2, mitochondria-targeted 3-MST substrate 13 was synthesized via a 4-step
reaction sequence starting from  4-hydroxybenzaldehyde (Scheme 3.3). 4-

Hydroxybenzaldehyde was reacted with 1,4-dibromobutane, and then oxidized using
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NaClO2/H202 to give 11 in 84% vyield. This was followed by DCC/DMAP mediated
esterification with phenacyl thiol (2a) to obtain 12 in 64% yield. Finally, 12 was reacted with
triphenylphosphine to synthesize the final compound 13 in 72% yield.
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Scheme 3.3: Synthesis of the mitochondria-targeted artificial substrate of 3-MST (13).

3.3.2. Detection of H2S using lead acetate assay

Next, H2S release was studied using the lead acetate assay. In this assay, H»S released during
the experiment was trapped by Pb(OAc). soaked paper and a black spot of lead sulfide (PbS)

was formed on the paper.

Synthesized Esterase, b3-MST Pb(OAc), .
s st

Compounds  prr B iffer (pH 7.4) Soaked paper

PbS

Scheme 3.4: Detection of H.S via lead acetate assay.

In this assay, 200 uM of 7 and 13 were incubated with porcine liver esterase (1 U/mL), along
with b3-MST (1 uM) and DTT (10 mM) in pH 7.4 PBS (1x) at 37 °C. The assay was performed
in 96 well plate and the plate was covered with 5% Pb(OAc). soaked paper and the reaction
was incubated for 2 h. Using a similar protocol 1a was used as a positive control for this assay.
An intense spot for PbS was observed for both 1a and 7 which indicates H>S production (Figure
3.3A and 3.3B). A lower yield of H.S was observed for 7 indicating a slower release of H>S
from 7 than 1a. It has been observed that 13 was not able to produce a significant amount of
H2S in the presence b3-MST. As expected, negative control 9 failed to produce H>S in the

presence b3-MST. Only substrate control did not show a significant amount of H>S production.
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Next, a dose-dependent HS detection was conducted with varied concentrations of 7 and dose-

dependent PbS formation was observed (Figure 3.3C).
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Figure 3.3: Lead acetate assay for H»S generation. (A) Formation of PbS as 1a, 7 and 13 were
incubated with esterase, b3-MST and DTT for 2 h. (B) PbS intensity was quantified using
Image J software. (C) Various concentrations of 7 (200, 150, 100, 50, 25 uM) were incubated
with esterase, b3-MST and DTT for 2 h. Ctrl represents only substrate. Results are expressed
as + SD (n=3) [(***) p < 0.001].

3.3.3. TLC-based experiment to study the decomposition of 13 in presence of esterase

As compound 13 was not able to produce a significant amount of H>S, a TLC-based experiment

was to check the ability of 2a formation in an esterase-mediated decomposition of 13.
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Figure 3.4: TLC experiment using 20% EA/Hexane as eluent. (A) 13 showed no
decomposition with esterase after 1 h. (B) 1a with esterase showed decomposition with esterase

and formation of thiol (2a) and corresponding disulfide (ds1).

Compound 13 (100 uM) was incubated with esterase (1 U/mL) in pH 7.4 PBS (1x) at 37 °C
for 1 h. Following this, DCM extraction was done and the DCM layer was spotted on a TLC
plate. Along with this, a DCM layer obtained from 1a + Es reaction was also spotted and TLC
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was run in 20% ethyl acetate/hexane and the formation of 2a was monitored. Under the
experimental conditions, 13 remained largely unaffected and 2a was not formed (Figure 3.4A).
On the other hand, 1a was able to produce 2a in presence of esterase (Figure 3.4A and Figure
3.4B). Along with 2a, a disulfide (dsl) is also formed by aerial oxidation of 2a.

Overall, the data suggest that 13 was unable to generate 2a in presence of esterase, therefore,
it did not show significant H.S production (previously observed in the lead acetate experiment).

Therefore, 13 was not used for further experiments and 7 was used as the lead compound.

3.3.4. Detection of H2S using methylene blue assay

Along with H>S detection for the mitochondria-targeted substrates via lead acetate assay, a

methylene blue assay was carried out as described in Chapter 2.
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Scheme 3.5: Detection of H2S via methylene blue assay.

In this assay, 200 uMof 1, 7 and 9 were separately incubated with esterase (1 U/mL) with b3-
MST (1 uM), Zn(OAc)2 (400 uM) and DTT (10 mM) in pH 7.4 PBS (1x) at 37 °C for 2 h.
Next, aliquots from the reaction mixtures were treated with methylene blue reagents and mixed.
The final reaction mixture was then transferred to the 96-well plate and absorbance was
recorded. It has been observed that 1a has higher methylene blue absorbance of H.S compared
to 7 (Figure 3.5). A lower yield of H2S from 7 indicates slower H.S production. Under similar
conditions, negative control 9 did not produce H>S in presence of 3-MST. As anticipated,

compound controls did not produce a significant amount of H»S in the absence of 3-MST.
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Figure 3.5: Hy>S generation by the mitochondria targeted 3-MST artificial substrates in
presence of b3-MST. 1a, 7, 9 were separately incubated with b3-MST, esterase and DTT for 2
h. H2S generation was detected using methylene blue assay. Results are expressed as + SD (n
=3) [(***) p <0.001 vs w/o 3-MST].
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3.3.5. Detection of 3-MST persulfide

3-MST first reacts with its substrate 2a and forms 3-MST persulfide which is one of the key
steps in the process of H>S generation. Hence, it is crucial to detect 3-MST persulfide.
However, the detection of a protein persulfidation is quite challenging due to the transient
nature of cellular persulfides. A tag-switch method is often used to detect and quantify protein
persulfidation.”® In this method, free thiols and persulfides in a protein are first labeled with
specific thiol-blocking agents (tag) called MSBT-A (Methyl sulfonyl benzothiazole acid).
Then a nucleophilic probe (switch) connected with either biotin or a fluorescent tag is
employed to react with persulfide specifically to give nucleophile-protein adduct. But this
method consists of laborious synthesis of the probe, western blot transfer, and streptavidin-
antibody-based visualization which increases the likelihood of experimental error. Hence, a
robust, easy to use method is required in order to minimizing experimental errors. Thus, an
alkyne-cyanoester-based nucleophilic probe specific for protein persulfide were designed.
After the protein-probe adduct formation, free alkyne can potentially undergo an azide-alkyne-
based click reaction with a reporter azide molecule. A fluorescent azide can be used and the
fluorophore-protein adduct can be visualized using SDS-PAGE (sodium dodecyl-sulfate
polyacrylamide gel electrophoresis). Similarly, a biotin azide can be used and biotinylated
protein adducts can be recovered from the streptavidin column for detection and quantification
of the persulfidated proteins. Hence, our proposed tools may enable for more multipurpose
applications related to protein persulfidation which was lacking in the earlier methodologies.

3.3.5.1. Development of clickable tag switch technique for detection of protein persulfide

The clickable tag switch assay was developed (with Dr. Pooja Kumari) to detect protein
persulfidation (Scheme 3.6).
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Scheme 3.6: Development of clickable tag switch assay for detection of protein persulfide.
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We synthesized an alkyne probe (CN-Alkyne) and a blocking agent (MSBT-A) following a
reported protocol >0 In this assay, the protein persulfide can be blocked with MSBT-A. Then,
the CN-Alkyne probe will be able to react with MSBT-tagged persulfide to label the
persulfidated protein with a free alkyne handle. Next, a reported copper catalyzed click reaction
can be performed with rhodamine azide to append a fluorophore tag on persulfidated protein.**

After gel electrophoresis (SDS-PAGE), in-gel fluorescence is expected to be visualized.

Clickable tag switch assay was validated using 3-MST with its artificial substrate 1a. 3-MST
(15 pM) was first incubated with 1a (100 pM) and esterase (1 U/mL) for 1 h to generate 3-
MST persulfide. Then MSBT-A was added to block 3-MST persulfide. Next, a protease
inhibitor (PMSF) was added to quench excess esterase. Then CN-Alkyne was added to label
3-MST persulfide. Next, a click reaction was performed with rhodamine azide. A SDS-PAGE
was then carried out with the reaction mixtures. Finally, in-gel fluorescence imaging was done
to detect 3-MST persulfide (Figure 3.6).
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Figure 3.6: 3-MST persulfidation detection using a clickable tag switch assay. Compounds

were incubated with 3-MST and esterase for 1 h. Coomassie brilliant blue (CBB) staining was

used for loading control. Ctrl represents 3-MST only.

A similar procedure was followed where 3-MST was preincubated with iodoacetamide (IAM).
IAM is an excellent thiol-blocking agent and is expected to block the active site cysteine
residue of 3-MST. Therefore, 3-MST persulfide is not likely to be formed when pre-incubated
of IAM followed by treatment with 1a and esterase. On the other hand, dithiothreitol (DTT)
was incubated after the reaction of 1a with 3-MST and esterase. DTT, the persulfide was
reduced by DTT, a reducing agent. Hence, the nucleophile probe may not be able to label the
proteins. Consistent with our hypothesis, 1a treated lane showed an intense band corresponding
to 3-MST persulfide, whereas other controls did not show a significant level of 3-MST

persulfide (Figure 3.6).
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3.3.5.2. Detection of 3-MST persulfide with mito-substrates using clickable tag switch

technique

After developing the clickable tag switch assay, further we looked for mitochondrial substrate
(7) ability to generate 3-MST persulfide. 3-MST (15 pM) was first incubated with 7 (25 puM)
and esterase for 2 h at 37 °C. Next, a similar clickable tag switch method was followed to detect
3-MST persulfide. For this experiment 1a was used as a positive control and 9 was used as a

negative control.
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Figure 3.7: 3-MST persulfide detection using a clickable tag switch assay using mitochondria-

Alexa flour 530

targeted substrates. Compounds were incubated with 3-MST and esterase for 2 h. CBB staining

was used for loading control. Ctrl represents 3-MST only.

It has been observed that similar to 1a, 7 was able to form 3-MST persulfide significantly
(Figure 3.7). As expected, negative control 9 did not show a significant 3-MST persulfide

formation when compared with the treated protein.

3.3.6. Sulfane sulfur detection using SSP-2 assay

Persulfidated 3-MST can react with an excess amount of the substrate to generate sulfane sulfur
which was detected using a reported SSP-2 probe (Scheme 3.7).12%3 In a fluorescent-based
assay, generated sulfane sulfur reacts with the SSP-2 probe and releases highly fluorescent
fluorescein. This turn-on fluorescence enhancement arising from sulfane sulfur can be

monitored using a plate reader.
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Scheme 3.7: SSP-2 assay for the detection of sulfane sulfur. SSP-2 probe reacts with sulfane

sulfur and generates highly fluorescent fluorescein. Aex = 482 nm and Aem = 518 nm.
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3-MST (15 puM) was incubated with 7 (25 uM) and esterase (0.5 U/ mL) for 1 h at 37 °C. Then,
the SPP-2 probe was added and incubated for 10 min at 37 °C. It has been observed that, 7 was
able to generate a significant amount of sulfane sulfur in presence of 3-MST (Figure 3.8). In
another reaction, DTT was incubated after 1 h of 7 + Es + 3-MST incubation. As, DTT reduces
persulfides, thereby a diminished level of fluorescent signal was observed. 9 was used as a
negative control for this reaction. As expected, negative control and other controls did not show

a significant sulfane sulfur formation.
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Figure 3.8: Sulfane sulfur detection using SSP-2 assay. Compounds were incubated with 3-
MST and esterase for 1 h. Results are expressed as = SD (n = 3) [(***) p< 0.001 vs ctrl]. +DTT
represents the incubation of DTT with 7 + 3-MST + esterase. Ctrl represents 3-MST only. lex
=482 nm and Aem = 518 nm.

3.3.7. MTT assay for cell viability of the key compounds (1a, 7 and 9)

The MTT assay is commonly used to determine the cell viability of the compounds. Live cells
are known to release higher amounts of mitochondrial reductases than unhealthy/dead cells.
These reductases in presence of NADH (Nicotinamide adenine dinucleotide hydrogen) react
with the yellow-colored MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) and gets converted to pink colored formazan dye (Scheme 3.8). The absorbance of

the formazan dye was monitored at 570 nm to determine the cell viability.
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Scheme 3.8: MTT assay for cell viability. Formation of pink-colored formazan dye from

yellow-colored MTT in presence of cellular reductases and NADH.
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Next, the cell viability of compounds 1a, 7 and 9 was determined using aforementioned MTT
assay. Mouse embryonic fibroblast (MEF) cells were treated with variable concentrations of
la, 7 and 9 and incubated for 24 h and finally, cell viability was measured. 7 was observed to
be well tolerated up to 12.5 pM and cells were viable up to 80% (Figure 3.9). 1a and 9 were

found to be well tolerated by the cells at different concentrations.
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Figure 3.9: Cell viability assay carried out on MEF cells. The compounds 1a, 7 and 9 were
independently incubated with viable concentrations for 24 h and viable cells were determined

using MTT assay. Veh = 0.5% DMSO. All data are presented as mean + SD (n = 3 per group).

3.3.8. Detection of mitochondrial HzS generation and mitochondrial membrane potential
fluctuation in MEF cells using mitochondria-targeted 3-MST substrate

Having established HS and sulfane sulfur generation in in vitro conditions, the effect of these
species in cells were evaluated at non toxic concentrations of the compounds. H2S and sulfane
sulfur known to enhance mitochondrial respiration thereby increasing mitochondrial
membrane potential (MMP).1*1> MMP is known to be an important biomarker that is often
correlated with mitochondrial health.*® An enhanced MMP indicates cells with good
mitochondrial health with promoted respiration whereas a diminished MMP indicates
unhealthy mitochondria with lowered mitochondrial respiration.'® Therefore, to detect MMP
change, a reported MitoTracker Red (MTR) dye often employed.!” Once treated, a reduced
form of MTR dye diffuses inside the cells and reach mitochondria where the dye get oxidized
in the presence of mitochondrial ROS to form a highly fluorescent dye (Scheme 3.9).%8
Oxidized MTR dye with +ve charge is known to localize and label mitochondria.l”*®

Enhancement of fluorescent intensity was monitored to determine MMP fluctuation. 819
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Mitochondrial ROS
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Scheme 3.9: MitoTrackerRed (MTR) dye for studying change in mitochondrial membrane
potential. Reduced MTR dye transforms into highly fluorescent oxidized MTR dye upon
oxidation by mitochondrial ROS.

In order to study any effect on MMP, a control experiment was performed with varying
concentrations (0, 1, 2, 3, 4 and 5 uM) of the compound 7 (In collaboration with Prof. Nagaraj
Balasubramanian's lab, Department of Biology, IISER Pune). The experiment was carried out
in wild type MEF cells using 20 nM of MTR dye for labelling mitochondria. Cells were then
fixed using standard methods and finally, confocal microscopy was performed to image the
cellular turn-on fluorescence. The red channel was used to image the cellular fluorescence by
MTR. It has been observed that untreated cells failed to show any fluorescence change and a
significant enhancement of the fluorescence signal was observed for the treated cells in a dose
dependent manner (Figure 3.10A and 3.10B). This experiment suggests that compound 7 is
likely promoting the mitochondrial respiration thereby showing the enhancement of the MMP.
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Figure 3.10: Mitochondrial membrane potential study with compound 7 in MTR labelled MEF
cells. (A) Confocal imaging study showing dose dependent MMP enhancement when
incubated with increasing concentrations of 7 (Scale bar: 10 pum). (B) Cellular MTR
fluorescence signals corresponding to MMP were quantified using Image J software. Graph
represents mean = SE (n = 3 experiments per group). Statistical analysis was performed using
Mann-Whitney test (***p < 0.001, **p < 0.01, *p < 0.05).
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As, a significant MMP alteration was observed for the concentration 2 uM and onwards
therefore further experiments was carried out with 2 UM concentration.

Next, MMP fluctuation was studied using compound 7 along with control compounds (1a and
9). MEF cells were co-incubated with 2 uM of each compound. Then 20 nM of MTR dye was
used to label mitochondria. Finally, a live cell confocal microscopy was performed to image
the cellular turn-on fluorescence. Consistent with previous experiment, 7 was able to enhance
the red fluorescence of MTR which indicates MMP was upregulated (Figure 3.11A and 3.11B).
1a was not able to enhance MMP significantly due to lacking mitochondria targeting handle.

As expected, negative control 9 which lacking of sulfur failed to enhance MMP.
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Figure 3.11: Mitochondrial membrane potential (MMP) study with compounds (1a, 7 and 9)
(A) Confocal microscopy images of MTR-labelled MEF cells showing the effect of compounds
on MMP. Cells treated with 7 showed significant enhancement of red fluorescence signal
(Scale bar: 10 um). (B) Cellular MTR signal attributable to MMP was quantified using Image
J software. All data is representative of 43 cells presented as mean + SEM (n = 3 experiments
per group). ***p < 0.001.

Next, intracellular H2S generation was studied in order to correlate the MMP change. Cellular
H2S is detected using a reported cell permeable NBD-fluorescein (NBD-F) dye.? In this assay,
H>S inside the cells reacts with NBD-F and releases fluorescent fluorescein (Scheme 3.10).

Therefore, turn-on green fluorescence is monitored to determine the extent of H,S release.
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Scheme 3.10: NBD-fluorescein (NBD-F) dye for the detection of H»S. NBD-F forms

fluorescein upon reaction with HzS. Aex = 482 nm and Aem = 518 nm.
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MEF cells were co-incubated with 2 UM of each substrate (1, 7, 9) with NBD-F (10 puM).
Finally, live cell confocal microscopy was performed to image the cellular turn-on
fluorescence. The green channel was used to image turn on fluorescence by NBD-F. Cells
exposed to 7 gave an intense turn-on green fluorescence in the periphery of the mitochondria
that indicates a mitochondrion localized H»S release by 7 (Figure 3.12A and 3.12B). As

expected, 1a and 9 failed to enhance H2S level significantly.
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Figure 3.12: Mitochondrial H2S detection with compounds (1a, 7 and 9) (A) Confocal
microscopy images of NBD-F treated MEF cells showing H2S release in mitochondria. Cells
treated with 7 showed significant enhancement of green fluorescence signal (Scale bar: 10 pm).
(B) Cellular green fluorescence signal attributable to H>S generation was quantified using
Image J software. All data was representative of 43 cells presented as mean £ SEM (n = 3

experiments per group). ***p < 0.001.

Next, a co-localization analysis was performed to check whether H>S production and MMP
enhancement were at the same site or not. A Mander’s coefficient of co-localization was
calculated and a very good correlation (Mean R = 0.89) was obtained which suggests H2S
production and MMP enhancement were in a co-localized manner in the mitochondria (Figure
3.13A and 3.13B).
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Figure 3.13: Confocal microscopy images of MEF cells (A) Co-localization of H,S release
detected using NBD-F and MMP enhancement by 7 (Scale bar: 10 um). (B) A line plot
(fluorescence intensity vs. distance) show a good overlap between NBD-F and MMP

fluorescence.
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Overall the data suggest that 7 is a mitochondria-targeted 3-MST substrate which specifically
localized into mitochondria where it gets activated by the intracellular esterase or cellular thiols
and releases active substrate. Active substrate upon 3-MST turnover releases H,S and enhance
MMP. At the same time a cytosolic substrate 1a and a negative control 9 failed to show such
effect as former is not specifically targeted to mitochondria and later though targeted to

mitochondria lacking of a sulfur.

3.4. Summary

To summarize, mitochondria-targeted artificial substrates of 3-MST (7 and 13) were
designed and synthesized. Then, HzS release was monitored for both substrates using lead
acetate and methylene blue assay. Compound 13 was unable to generate any significant amount
of H2S as it did not get activated by esterase. Under similar condition, 7 was able to generate a
significant amount of H,S as a result of esterase activation followed by a turnover by 3-MST
in the presence of DTT. A clickable tag-switch assay was developed to detect 3-MST
persulfide. Furthermore, using the same assay, 3-MST persulfide formation with 7 was also
detected. Formation of sulfane sulfur from 7 in presence of 3-MST was observed using an SSP-
2 probe. Next, cell viability of mitochondria-targeted compounds was evaluated using an MTT
assay. Cell viability data showed that these substrates were benign under experimental
concentrations. A significant perturbation in the MMP was observed for compound 7 which
was consistent with H>S and possible sulfane sulfur generation in mitochondria. Collectively,
our data suggest that 7 is a mitochondria-targeted artificial substrate of 3-MST which is
specifically localizes in mitochondria and increases MMP. Having this tool in hand, novel
modes of 3-MST activity can be uncovered in mitochondria which may provide additional

control over 3-MST-related diseases.
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3.5. Experimental procedures

3.5.1. Synthesis and characterization of compounds

General methods: All reactions were conducted under a nitrogen atmosphere. All the
chemicals and solvents were purchased from commercial sources and used as received unless
stated otherwise. Column chromatography was performed using silica gel - Rankem (60-120
mesh) or silica gel Spectrochem (100-200 mesh) as the stationary phase. *H NMRs were
recorded on a JEOL 400 MHz (100 MHz for *C or 162 MHz for *!P) or a Bruker 400 MHz
(100 MHz for *3C or 162 MHz for 3!P) spectrometer unless otherwise specified using either
residual solvent signals CDClI3z (6= 7.26 ppm, dc = 77.2 ppm). Chemical shifts () are reported
in ppm and coupling constants (J) in Hz. The following abbreviations are used: m (multiplet),
s (singlet), t (triplet), p (pentet) and h (sextet). High-resolution mass spectra were obtained from
HRMS-ESI-Q-Time of Flight LC/MS. FT-IR spectra were recorded using BRUKER-ALPHA

FT-IR spectrometer.

Compounds 1a,% ds1,22 CN-alkyne® and MSBT-A were synthesized as per their respective

protocols that were earlier reportedand the analytical data matches with the reported values.

1-(4-(4-bromobutoxy)phenyl)ethan-1-one (4): 4-Hydroxyacetophenone (1 g, 1 eq) was taken
in a round-bottom flask, purged with nitrogen and dissolved in anhydrous N,N
dimethylformamide (DMF) (15 mL), followed by subsequent addition of KoCO3 (3.05 g, 3 eq)
and 1,4-dibromobutane (0.97 mL, 3 eq). The reaction mixture was stirred at room temperature
(RT) for 6 h. Upon completion of the reaction, as monitored by TLC, the reaction was quenched
with 1N HCI (20 mL) and transferred to a separating funnel, where the product was extracted
with EtOAc (20 mL). The organic layer was washed with brine (3x20 mL), dried over anh.
Na>SOs, filtered and the filtrate was concentrated under reduced pressure to afford the crude
product which was purified by silica gel column chromatography (8-10% ethyl acetate/hexane)
using 60-120 mesh silica gel as the stationary phase. 4 was obtained as 1.10 g (55%). All

analytical data are consistent with reported values.?

O

Br
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1-(4-(4-bromobutoxy)phenyl)ethan-1-one (5): N-bromosuccinimide (973 mg, 1.5 eq) and p-
toluenesulfonic acid (317 mg, 0.5 eq)were taken in a round-bottom flask, purged with nitrogen
and dissolved in 10 mL anh. dichloromethane (DCM). A solution of 4 (1 g, 1 eq) in 10 ml anh.
DCM was added dropwise; the reaction mixture was then refluxed for 3 h. Upon completion
of the reaction, as monitored by TLC, the reaction was quenched with 20 mL of H>O and the
product was extracted in a separating funnel with DCM (2x15 mL). The organic layer was
washed with 30 mL brine, dried over anh. Na2SOs, filtered and the filtrate was concentrated
under reduced pressure to afford the crude product which was purified by silica gel column

chromatography (6-7% ethyl acetate/hexane) using 60-120 mesh silica as the stationary phase.

o) g,| Yield (110 g, 85%). "H NMR (400 MHz, CDCls):  7.94-7.92 (m, 2H), 6.93-

6.90 (m, 2H), 4.40 (s, 2H), 4.08 (t, 2H, J = 5.9 Hz), 3.49 (t, 3H, J = 6.4 Hz), 2.12-

5| 205 (M, 2H), 2.02-1.95 (m, 2H); 13C NMR (100 MHz, CDCls): & 190.1, 163.6,

0 ﬁ) 131.5,127.1,114.4, 67.4, 33.4, 30.8, 29.4, 27.8; HRMS for C12H15Br.0S (M+H)*
3 | Calculated: 348.9439, Found: 348.9424

S-(2-(4-(4-bromobutoxy)phenyl)-2-oxoethyl) ethanethioate (6): Compound 5 (390 mg, 1 eq)
was taken in a round-bottom flask, purged with nitrogen and dissolved in anh. DMF (20 mL),
followed by the addition of potassium thioacetate (KSAc) (1 g, 1.1 eq). The reaction mixture
was stirred at room temperature (RT). Upon completion of the reaction, as monitored by TLC,
the reaction was quenched with 20 mL of water and the crude product was extracted in a
separating funnel with ethyl acetate (30 mL). The combined organic layers were washed with
water (3 x 30 mL) and brine (30 mL) and the resulting organic layer was dried over anh.
Na2SOg, filtered and the filtrate was concentrated under reduced pressure to afford the crude
product, which was further purified by silica gel column chromatography (14-15% ethyl

acetate/hexane) using 60-120 mesh silica as the stationary phase.

O | Yield (295 mg, 78%). *H NMR (400 MHz, CDCls): § 7.98-7.96 (m, 2H), 6.94-
S)J\ 7.92 (m, 2H), 4.36 (s, 2H), 4.07 (t, 2H, J = 6.0 Hz), 3.49 (t, 2H, J = 6.5 Hz),
2.4 (s, 3H), 2.1-2.04 (m, 2H,), 2.02-1.95 (m, 2H); *C NMR (100 MHz,

Br CDClz): 6 194.6, 191.9, 163.4, 131.1, 128.7, 114.5, 67.3, 36.5, 33.4, 30.4,
Oﬁ? 29.4, 27.8; HRMS for C14H18BrO3S (M+H)" Calculated: 345.0160, Found:
345.0145.

@)

S-(2-(4-(4-(bromotriphenyl-I15-phosphaneyl)butoxy)phenyl)-2-oxoethyl) ethanethioate (7):
Compound 6 (230 mg, 1 eq) was taken in a round-bottom flask, purged with nitrogen and
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dissolved in 10 mL anh. acetonitrile (ACN), followed by the addition of triphenylphosphine
(524 mg, 3 eq). The reaction mixture was stirred at 100 °C for 72 h. Upon completion of the
reaction as monitored by TLC, the solvent was evaporated under reduced pressure to afford the
crude product, which was further purified by silica gel column chromatography (6-8%

methanol/chloroform) using 60-120 mesh silica as the stationary phase.

0 Yield (290 mg, 72%). FT-IR (umax, cm™): 1677; 'H NMR (400 MHz,

0 SJ\ CDCl3): 6 7.95-7.93 (m, 2H), 7.88-7.76 (m, 9H), 7.69-7.65 (m, 6H), 6.90-

6.88 (m, 2H), 4.34 (s, 2H), 4.21 (t, 2H, J = 5.6 Hz), 4.02-3.95 (m, 2H), 2.4

PPhsBr| (s, 3H), 2.30-2.08 (p, 2H, J = 6.2 Hz), 1.91-1.82 (h, 2H, J = 7.7 Hz); B¢

Oﬁ) NMR (100 MHz, CDCls): & 194.5, 191.9, 163.4, 135.1 (d, J = 2 Hz), 133.9

(d, J =10 Hz), 130.06 (d, J = 13 Hz), 131.0, 128.6, 118.5 (d, J = 86 Hz),

114.6, 67.0, 36.5, 30.4, 29.2 (J = 17 Hz), 22.0 (J=50 Hz), 19.3 (J = 3 Hz); *'P NMR (162 MHz,
CDCls3): 8 24.6; HRMS for [C32H3203PS]* Calculated: 527.1810, Found: 527.1811.

2-(4-(4-bromobutoxy)phenyl)-2-oxoethyl acetate (8): Compound 5 (300 mg, 1 eq) was taken
in a round-bottom flask, purged with nitrogen and dissolved in 100 mL anh. DMF, followed
by the addition of potassium acetate (NaOAc) (211 mg, 3 eq). The reaction mixture was stirred
at room temperature (RT) for 30 min. Upon completion of the reaction as monitored by TLC,
the reaction was quenched with 30 mL of water and transferred to a separating funnel where
the crude product was extracted with ethyl acetate (30 mL). The combined organic layers were
washed with water (3 x 30 mL) and brine (30 mL) and the resulting organic layer was dried
over anh. NaxSOa, filtered and the filtrate was concentrated under reduced pressure to afford
the crude product, which was further purified by silica gel column chromatography (14-15%

ethyl acetate/hexane) using 60-120 mesh silica as the stationary phase.

O | Yield (255 mg, 90%). *H NMR (400 MHz, CDCls): & 7.90-7.88 (m, 2H),

© oJ\ 6.95-6.93 (m, 2H), 5.30 (s, 2H), 4.07 (t, 2H, J = 6.1 Hz), 3.49 (t, 3H, J = 6.5

Hz), 2.23 (s, 3H), 2.12-2.05 (m, 2H), 2.02-1.95 (m, 2H); 3C NMR (100 MHz,

Br | CDCls): & 190.7, 170.6, 163.5, 130.2, 127.4, 114.6, 67.3, 65.9, 33.3, 29.4,

o% 27.8, 20.8; HRMS for C14H1sBrOs (M+H)* Calculated: 329.0388, Found:
329.0398.

2-(4-(4-(bromotriphenyl-15-phosphaneyl)butoxy)phenyl)-2-oxoethyl acetate (9): Compound 8
(210 mg, 1 eq) was taken in a round-bottom flask, purged with nitrogen and dissolved in 10

mL anh. ACN, followed by the addition of triphenylphosphine (502 mg, 3 eq). The reaction
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mixture was stirred at 100 °C for 72 h. Upon completion of the reaction as monitored by TLC,
the solvent was evaporated under reduced pressure to afford the crude product, which was
further purified by silica gel column chromatography (6-7% methanol/chloroform) using 100-
200 mesh silica as the stationary phase.

0 Yield (350 mg, 93%). FT-IR (vmax, cm™): 1745, 1687; 'H NMR (400 MHz,

o OJ\ CDCl3): 6 7.88-7.76 (m, 11H), 7.70-7.65 (m, 6H), 6.93-6.90 (m, 2H), 5.29

(s, 2H), 4.21 (t,2H, J = 5.7 Hz), 4.97-3.94 (m, 2H), 2.30-2.08 (m, 2H), 2.22

PPh,Br| (t 3H), 1.90-1.82 (m, 2H); 13C NMR (100 MHz, CDCls): § 190.8, 170.6,

O 163.3, 135.1 (d, J=3 Hz), 133.7 (d, J=10 Hz), 130.6 (d, J=12 Hz), 130.2,

127.2, 118.3 (d, J = 85 Hz), 114.7, 67.0, 65.9, 29.2 (J = 17 Hz), 22.2 (J =

50 Hz), 20.8, 19.2 (J = 3 Hz); *'P NMR (162 MHz, CDCls): & 24.5; HRMS for [C32H3,04P]"
Calculated: 511.2038, Found: 511.2043.

4-(4-bromobutoxy)benzaldehyde (10): 4-hydroxybenzaldehyde (2 g, 1 eq) was taken in a
round-bottom flask, purged with nitrogen and dissolved in 20 mL anh. DMF, followed by
subsequent addition of K.COz (6.78 g, 3 eq) and 1,4-dibromobutane (5.9 mL, 3 eq). The
reaction mixture was stirred at RT for 2 h. Upon completion of the reaction, as monitored by
TLC, the reaction was quenched with 1N HCI (40 mL) and transferred to a separating funnel,
where the product was extracted with EtOAc (40 mL). The organic layer was washed with
brine (3x30 mL), dried over anh. Na>SOs, filtered and the filtrate was concentrated under
reduced pressure to afford the crude product which was purified by silica gel column
chromatography (10-12% ethyl acetate/hexane) using 60-120 mesh silica gel as the stationary
phase. 10 was obtained as 2.40 g (57%). All analytical data are consistent with reported

values.?*

O H

Br
¥

4-(4-bromobutoxy)benzoic acid (11): Compound 10 was taken in a round-bottom flask, purged

with nitrogen and dissolved in t-butanol (30 mL), followed by subsequent addition of 50%
H20, (1.65 mL, 5 eq). Then NaClOz (1.90 g, 3 eq) dissolved in 10 mL 0.67 M KH2PO4 was

added and the reaction mixture was stirred at RT for 2 h. Upon completion of the reaction, as
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monitored by TLC, t-butanol was removed under reduced pressure. Then, the reaction was
quenched with 1N HCI (30 mL) and transferred to a separating funnel, where the product was
extracted with EtOAc (30 mL). The organic layer was washed with brine (30 mL), dried over
anh. Na>SQq, filtered and the filtrate was concentrated under reduced pressure to afford the
crude product which was purified by silica gel column chromatography (20-22% ethyl
acetate/hexane) using 60-120 mesh silica gel as the stationary phase. 11 was obtained as 1.65

g (84%). All analytical data are consistent with reported values.?

O+ OH

Br
e

S-(2-oxo-2-phenylethyl) 4-(4-bromobutoxy)benzothioate (12): Compound 11 (250 mg, 1 eq)

was taken in a round-bottom flask, purged with nitrogen and dissolved in 10 mL anh. DCM.
DCC (283 mg, 1.5 eq) and DMAP (56 mg, 0.5 eq) were added to the mixture at 0 °C. Then
freshly synthesized phenacyl thiol (209 mg, 1.5 eq) was dissolved in anh. DCM and added
dropwise to the reaction and stirred at 0 °C for 3 h. Upon completion of the reaction, as
monitored by TLC, the reaction mixture was filtered through a sintered funnel. The filtrate was
concentrated under reduced pressure to afford the crude product which was purified by silica
gel column chromatography (10-12% ethyl acetate/hexane) using 60-120 mesh silica gel as the

stationary phase.

O Yield (240 mg, 64%). *H NMR (400 MHz, CDCls): § 8.07-8.05 (m, 2H),

© SJJ\Ph 7.99-7.96 (m, 2H), 7.63-7.59 (m, 1H), 7.53-7.48 (m, 2H), 6.93-6.91 (m,
2H), 4.57 (s, 2H), 4.09 (t, 2H, J = 5.9 Hz), 3.49 (t, 2H, J = 6.4 Hz), 2.11-
Br 2.06 (m, 2H), 2.02-1.94 (m, 2H); *C NMR (100 MHz, CDCls): § 193.8,
O% 188.9, 163.5, 135.8, 133.8, 129.9, 129.3, 128.9, 128.3, 114.4, 67.3, 36.6,
33.4, 29.4, 27.8; HRMS for C19H20BrOsS (M+H)* Calculated: 429.0136,

Found: 429.0126.

S-(2-ox0-2-phenylethyl)  4-(4-(bromotriphenyl-15-phosphaneyl)butoxy)benzothioate  (13):
Compound 12 (90 mg, 1 eq) was taken in a round-bottom flask, purged with nitrogen and
dissolved in 10 mL anh. ACN, followed by the addition of triphenylphosphine (174 mg, 3 eq).

The reaction mixture was stirred at 100 °C for 72 h. Upon completion of the reaction as
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monitored by TLC, the solvent was evaporated under reduced pressure to afford the crude
product, which was further purified by silica gel column chromatography (7-8%

methanol/chloroform) using 60-120 mesh silica as the stationary phase.

o) Yield (106 mg, 72%). FT-IR (umax, cm™): 1688, 1654; 'H NMR (400 MHz,

O SJJ\Ph CDCls): 4 8.04-8.06 (m, 2H), 7.94-7.2 (m, 2H), 7.88-7.76 (m, 9H), 7.69-

7.59 (m, 7H), 7.52-7.48 (m, 2H), 6.87-6.85 (m, 2H), 4.57 (s, 2H), 4.09 (t,

PPh,Br| 2H,J=5.9 Hz), 3.49 (t, 2H, J = 6.4 Hz), 2.11-2.06 (m, 2H,), 2.02-1.94 (m,

OM) 2H); 3C NMR (100 MHz, CDCls3): 5 193.8, 188.8, 163.4, 135.8, 135.1 (d,

J =3 Hz), 133.8 (d, J = 10 Hz), 133.7, 130.6 (d, J = 12 Hz), 129.8, 128.9,

128.7,118.4 (d, J = 85 Hz), 114.4, 67.0, 36.5, 29.1 (d, J = 17 Hz), 22.1 (d, J = 50 Hz), 19.3 (d,

J = 4 Hz); 3P NMR (162 MHz, CDCls): § 24.6; HRMS for [C37H3403PS]" Calculated:
589.1966, Found: 589.1968.

3.5.2. Lead Acetate assay for the detection of H2S

Firstly, lead acetate socked paper was prepared. Whatman filter papers were soaked with 5%
(w/v) lead acetate solution and dried. 285 uM stock of wt 3-MST was used for lead acetate
assay. Stocks of all compounds (1a, 7, 9 and 13) (10 mM) were prepared in DMSO. Porcine
liver esterase (100 U/mL) and dithiothreitol (DTT, 100 mM) were prepared in deionised water.

Lead acetate assay was performed in a 96 well plate (with lid). The reaction samples were
prepared by sequentially adding 200 uM of test compounds (1a, 7, 9 and 13) (20 uL, 10 mM),
1 U/mL of Esterase (2 L, 100 U/mL), 1 uM of wt 3-MST (0.7 uL, 285 uM stock) and 10 mM
of DTT (20 puL, 100 mM stock). The final volume was adjusted to 200 puL using 1x phosphate
buffer saline (PBS) pH 7.4 buffer, covered with 5% lead acetate soaked paper followed by the
lid, sealed and incubated at 37 °C.

A similar protocol was followed for the substrate controls. Briefly, the reaction samples were
prepared by sequentially adding 200 uM of test compounds (1a, 7, 9 and 13) (20 uL, 10 mM),
1 U/mL Esterase (2 pL, 100 U/mL) and 10 mM DTT (20 pL, 100 mM stock). The final volume
was adjusted to 200 uL using 1x PBS pH 7.4 buffer, covered with 5% lead acetate-soaked

paper, sealed and incubated at 37 °C.

A similar method was followed to detect H.S at various concentrations of 7 (200, 150, 100, 50,
25 puM).
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At predetermined time points, lead acetate paper was carefully taken out and image was taken

using Syngene G-Box Chemi-XRQ.
3.5.3. TLC-based assay to study the decomposition of 13 in presence of esterase

Stock solutions of 1la (10 mM), 13 (10 mM), and ds1 (10 mM) were prepared in DMSO.
Porcine liver esterase (100 U/mL) was prepared in deionized water. The reaction samples were
prepared by sequentially adding 100 uM of 1a (10 uL, 10 mM) or 13 (10 pL, 10 mM) and 1
U/mL Esterase (10 uL, 100 U/mL). The volume was adjusted to 1 mL with 1x phosphate buffer
saline (PBS) pH 7.4 buffer. Along with this, 100 uM of ds1 (10 uL, 10 mM) with 990 pL 1x
PBS pH 7.4 buffer. Finally, the reaction mixtures were incubated at 37 °C at 300 rpm for 1
h. At predetermined time points, 300 uL aliquots were taken and extracted with 30 pL. DCM.
Then 10 pL of DCM extract was spotted on a TLC plate and run using 20% ethyl acetate/hexane
as a mobile phase.

3.5.4. Methylene blue assay for the detection of H2S

The methylene blue assay was conducted as previously reported with some modifications.?¢?
Briefly, 285 uM stock of wt 3-MST was used for the methylene blue assay. 10 mM stocks of
all compounds (la, 7, 9) were prepared in DMSO. Porcine liver esterase (100 U/mL),
dithiothreitol (DTT, 100 mM) and Zn(OAc)2.2H20 (40 mM) were prepared in deionized water.
A stock solution of FeCls (30 mM) was prepared in 1.2 M HCI and N,N-dimethyl-p-
phenylenediamine sulfate (DMPPDA) (20 mM) was prepared in 7.2 M HCI.

The reaction samples were prepared by sequentially adding 400 uM Zn(OAc)2.2H20 (15 pL,
40 mM stock), 200 uM of test compounds (1a, 7, 9)(20 uL, 10 mM), 1 uM wt 3-MST (3.5 pL,
285 uM stock) and 10 mM DTT (100 pL, 100 mM stock). The final volume was adjusted to 1
mL using 200 mM 1x PBS pH 7.4 buffer and incubated at 37 °C at 300 rpm.

A similar protocol was followed for the substrate controls. Briefly, the reaction samples were
prepared by sequentially adding 400 uM Zn(OAc)2.2H20 (10 pL, 40 mM stock), 200 uM of
test compounds (1a, 7, 9)(20 uL, 10 mM), 10 mM DTT (100 pL, 100 mM stock). The final
volume was adjusted to 1 mL using 200 mM 1x PBS pH 7.4 buffer and incubated at 37 °C at
300 rpm.
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At predetermined time points, equal volumes (200 pL) of FeCls, DMPPDA and aliquots from
the above reaction samples were mixed and the resulting solution was incubated at 37 °C for
30 min in dark, to allow the formation of the methylene blue dye. An aliquot of 150 pL was
transferred to a 96-well plate and the absorbance values were recorded at 676 nm using a

microplate reader (Thermo Scientific VarioskanFlash).

3.5.5. Clickable Tag-switch assay for S-sulfhydration with 3-MST
3.5.5.1. Development of Clickable Tag-switch assay for S-sulfhydration with 3-MST

Stock solutions of 1a (10 mM)), MSBT-A (200 mM) and CN-Alkyne (200 mM) were prepared
in DMSO. 100 mM PMSF was prepared in isopropanol. A stock of 285 uM 3-MST was used.
Click reaction stocks: TBTA (1.7 mM in DMSQ), CuS04.5H20 (50 mM in DI water), TCEP
(50 mM in PBS buffer), Rhodamine azide (10 mM in DMSO).

To 15 uM 3-MST (5.2 puL, 285 uM), 200 uM of 1a (2 uL, 10 mM)) or 5 (2 uL, 10 mM) were
added, volume was adjusted to 100 uL by Tris buffer (pH 8.0) and incubated for 60 min. After
that 5 mM MSBT-A (2.5 uL, 200 mM) and 5 pL. 10% SDS were added and incubated for 30
min. Then 500 uM PMSF (0.5 pL, 100 mM) was added and incubated for 30 min. Then 2 mM
of CN-Alkyne (1 pL, 200 mM) was added and incubated for 1 h.

A reaction was set up for DTT control, a stock of 25 mM DTT was made in DI water. To 15
uM 3-MST (5.2 pL, 285 uM), 200 uM of 1a (2 uL, 10 mM) or 5 (2 puL, 10 mM) were added,
volume was adjusted to 100 pL by Tris buffer (pH 8.0) and incubated for 60 min. Then, 250
uM of DTT (1 pL, 25 mM) was added and incubated for 1 h. After that 5 mM MSBT-A (2.5
uL, 200 mM) and 5 pLL 10% SDS were added and incubated for 30 min. Then 500 uM PMSF
(0.5 uL, 100 mM) was added and incubated for 30 min. Then 2 mM of CN-Alkyne (1 puL, 200
mM) was added and incubated for 1 h.

Another reaction was set up for lodoacetamide (IAM) control, a stock of 100 mM of IAM was
made in DI water. To 15 uM 3-MST (5.2 pL, 285 uM), 1 mM of IAM (1 pL, 100 mM) was
added, and volume was adjusted to 100 puL by Tris buffer (pH 8.0) and incubated for 60 min.
Then, 200 uM of 1a (2 uL, 10 mM)) was added and incubated for 1 h. After that 5 mM MSBT-
A (2.5 uL, 200 mM) and 5 pLL 10% SDS were added and incubated for 30 min. Then 500 uM
PMSF (0.5 puL, 100 mM) was added and incubated for 30 min. Then 2 mM of CN-Alkyne (1
uL, 200 mM) was added and incubated for 1 h.
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Finally, after the reaction Click reaction cocktail: 6 uL TBTA (from 1.7 mM stock), 2 uL
CuS04.5H20 (from 50 mM stock), 2 uLL TCEP (from 50 mM stock), 1 uL. Rhodamine azide
(from 10 mM stock) was added to each. The reaction was stirred at 25 °C for 1 h. After
completion of the reaction, 40 uL of loading dye was added. For enzyme control, similar
experiment was performed with DMSO in the place of compounds. Finally, the samples (40
ulL) were loaded in a gel and SDS-PAGE was performed (run at 150 V for 1 h), the in-gel

fluorescence image was taken using Syngene G-Box Chemi-XRQ.
3.5.5.2. Clickable Tag-switch assay for 3-MST persulfide detection

To 15 uM 3-MST (5.2 pL, 285 uM), 25 uM of 1a (0.25 pL, 10 mM) or 7 (0.25 pL, 10 mM) or
9 (0.25 uL, 10 mM) was added. 1 U/mL esterase (1 uL, 100 U/mL) was added to individual
reaction mixtures, volume was adjusted to 100 puL by Tris buffer (pH 8.0) and incubated for 1
h. After that 5 mM MSBT-A (2.5 pL, 200 mM) and 5 puLL 10% SDS were added and incubated
for 30 min. Then 500 uM PMSF (0.5 uL, 100 mM) was added and incubated for 30 min. Then
2 mM of CN-Alkyne (1 pL, 200 mM) was added and incubated for 1 h.

A reaction was set up for enzyme control. To 15 uM 3-MST (5.2 pL, 285 uM), 0.25 uM of
DMSO and 1 U/mL esterase (1 uL, 100 U/mL) were added. The reaction volume was adjusted
to 100 uL by Tris buffer (pH 8.0) and incubated for 60 min. After that 5 mM MSBT-A (2.5
uL, 200 mM) and 5 pL 10% SDS were added and incubated for 30 min. Then 500 uM PMSF
(0.5 uL, 100 mM) was added and incubated for 30 min. Then 2 mM of CN-Alkyne (1 pL, 200
mM) was added and incubated for 1 h.

Finally, with all the reactions, a similar copper-catalyzed rhodamine azide-based click
reaction was performed. Finally, the samples (20 puL) were loaded in a gel and SDS-PAGE
was performed (run at 150 V for 1 h), the in-gel fluorescence image was taken using Syngene
G-Box Chemi-XRQ.

3.5.6. Sulfane sulfur detection using SSP-2 probe

Stock solutions of 7 (10 mM), 9 (10 mM) and SSP-2 (5 mM) were prepared in DMSO. DTT
(100 mM) and esterase (100 U/mL) were prepared in DI water. The reaction mixtures were
prepared by adding 15 uM 3-MST (21 uL, 285 uM stock), 25 uM of 7 (1 puL, 10 mM stock),
0.5 U/mL of esterase (2 uL, 100 U/mL stock), the volume was adjusted to 400 puL using 1x
PBS pH 7.4 buffer. A similar reaction was set up for negative control (9). The reaction was
incubated for 1 h at 37 °C.
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A reaction was set up for compound control. The reaction mixtures were prepared by adding
25 uM of 7 (1 pL, 10 mM stock), 0.5 U/mL esterase (2 uL, 100 U/mL stock) and the volume
was adjusted to 400 pL using 1x PBS pH 7.4 buffer. The reaction was incubated for 1 h at 37
°C.

A reaction was set up for enzyme control. The reaction mixtures were prepared by 10 uM 3-
MST (21 pL, 285 uM stock), 1 uL. of DMSO, 0.5 U/mL esterase (2 uL, 100 U/mL stock) and
the volume was adjusted to 400 puL using 1x PBS pH 7.4 buffer. The reaction was incubated
for 1 hat 37 °C.

A similar reaction was set up for DTT control. The reaction mixtures were prepared by adding
15 uM 3-MST (21 pL, 285 uM stock), 25 uM of 7 (1 uL, 10 mM stock), 0.5 U/mL esterase (2
uL, 100 U/mL stock) and the volume was adjusted to 360 puL using 1x PBS pH 7.4 buffer. The
reaction was incubated for 30 min at 37 °C. Finally, the reaction mixture was treated with 10
mM DTT (40 puL of 100 mM stock) after 30 min and further incubated at 37 °C for 1 h.

The above treatment groups were finally incubated with 50 uM SSP-2 (4 puL, 5 mM) at 37 °C
for 10 min in the dark. 100 pL aliquot of each sample was transferred to a 96 well plate and the
fluorescence was recorded (Aex = 482 nm, Aem = 518 nm) using a microplate reader
(PerkinElmer EnSight).

3.5.7. Cell viability assay

Mouse embryonic fibroblasts (MEFs) were seeded at a concentration of 1 x 10* cells/well in a
96-well plate in complete DMEM media containing 5% fetal bovine serum (FBS) and 1%
antibiotic solution and incubated in an atmosphere of 5% CO; at 37 °C for 16 h. 10 mM stock
solutions of compounds (1a, 7, 9) were prepared in DMSO. Cells were treated with variable
concentrations of the compounds and the final concentration of DMSO did not exceed 0.5%.
The cells were 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 DMEM.
After incubation, the old media from the cells was removed, 100 puL of the MTT stock was
added to each well and incubated for 4 h at 37 °C. After 4 h incubation, the media was gently
removed and 100 uL. of DMSO was added and mixed carefully. Spectrophotometric analysis
of each well at 570 nm using a microplate reader (Thermo Scientific VVarioskan) was carried

out to estimate cell viability.
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3.5.8. Dose dependent treatment of compound 7 for studying membrane potential change

using MitoTracker red dye

Wild type MEF cells were seeded in a 24-well plate with 10* cells/well in DMEM media
containing 5% FBS and 1% antibiotic solution and cells are incubated in an atmosphere of 5%
CO- at 37 °C for 24 h. Following this, the old media was removed and the cells were washed
two times with 1 mL of sterile 1x PBS. This was followed by co-treatment of dose dependent
concentration of 7 (1, 2, 3, 4 and 5 puM) dissolved in fresh serum-free DMEM media, incubated
at 37 °C for 1 h. Next, a separate 20 nM stock solution of MitoTracker red was made in serum-
free DMEM and incubated in ice for 15 min. After 1 h, media was removed and cells are co-
treated with varying concentrations (1, 2, 3, 4 and 5 uM) of compound 7 in 20 nM solution of
MitoTracker red stock, incubated at 37 °C for 30 min. After the incubation media was removed,
cells were washed twice with 1 mL 1x PBS. Next, cells were fixed using standard
paraformaldehyde-based fixation method (3.5% paraformaldehyde at room temperature).

Finally, cells were imaged using a 63x confocal multiphoton fluorescence microscope.

3.5.9. H2S detection and mitochondrial membrane potential change imaging in cells using

NBD-fluorescein and Mito-tracker red dye respectively

MEFs cells were seeded in a 24-well plate with 10 cells/well in DMEM media containing 5%
FBS and 1% antibiotic solution and cells are incubated in an atmosphere of 5% CO, at 37 °C
for 24 h. Following this, the old media was removed and the cells were washed two times with
1 mL of sterile 1x PBS. This was followed by co-treatment of 2 uM of 1a or 7 or 9 with NBD-
fluorescein (10 uM) dissolved in fresh serum-free DMEM media, incubated at 37 °C for 1 h.
Next, a separate 20 nM stock solution of MitoTracker red was made in serum-free DMEM and
incubated in ice for 15 min. After 1 h, media was removed and cells are co-treated with 2 uM
of 1aor 7 or 9.in 20 nM solution of MitoTracker red stock, incubated at 37 °C for 30 min. After
the incubation media was removed, cells were washed twice with 1 mL 1x PBS. Finally, cells

were imaged live using a 63% confocal multiphoton fluorescence microscope.
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3.6. NMR spectra of compounds

'H NMR spectra of 4:
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'H and *C NMR spectra of 8:
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H, 13C and*'P NMR spectra of 9:
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'H NMR spectra of 11:
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'H NMR spectra of ds1:
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'H NMR spectra of MSBT-A:
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CHAPTER 4. Development of B-glycosidase Sensitive Artificial Substrates of 3-MST

4.1. Introduction

It's widely recognized that cells contain a variety of thiols. For instance, glutathione (GSH), a
crucial cellular thiol, is known to exist in physiological systems at concentrations of 1-4 mM.%2
However, the series of artificial substrates that are synthesized is found to be reactive with
thiols (DTT or GSH) which may be potential limitation for in vivo application. In order to
circumvent this restriction, the design, synthesis, and evaluation of an enzyme activatable,
thiol-stable hydrophilic 3-MST substrate was investigated in Chapter 4. It is anticipated that a
more water-soluble 3-MST artificial substrate can be transported through the blood circulation
in the physiological system and may be better absorbed from the bloodstream by the target
organs. In this context, using a reported strategy from our lab as the basis, glycosidase-sensitive
persulfide donors that have an attached sugar unit were considered.® Sugars are natural
biomolecules with free hydroxyl groups that are expected to enhance aqueous solubility.
Following the strategy, the design of a hydrophilic 3-MST artificial substrate (clogP = 1.36)
linked with a hexose moiety was considered (Scheme 4.1). Firstly, we have designed a -
glucosidase sensitive 3-MST substrate via tethering a glucopyronose with an artificial substrate
2a (An efficient H2S and sulfane sulfur generation with 2a was demonstrated in Chapter 2). -
glucosidase is a ubiquitous enzyme, widely expressed across variety of cells.* Hence, the
modified substrate is expected to be readily permeate into the cells and upon hydrolysis of the
glycosidic bond by cellular glucosidase, a subsequent intramolecular cyclization of the
phenolate ion will take place to release 2a and a heterocyclic byproduct. A similar B-
galactosidase sensitive 3-MST artificial substrate (21) was also designed and developed by a
colleague.® Glycosidases in cells are found to be overexpressed under inflammatory
disorders.%” Hence, the 3-MST artificial substrates designed herein should be useful to
ameliorate oxidative stress in such cells. Together these glycosidase-activated 3-MST artificial
substrates may overcome the limitations of the artificial substrates which were discussed
previously, and provide additional aqueous solubility, shelf stability and specificity.

B-glycosidase o _ _

[( \NXS/}(P" 06\,335/\(%
050 O pH=74 v oo )CL/
( /ﬁ _— \ V Ph SH
HO
4 NO,

O,N 0
=0 2a
O,N N\

Scheme 4.1: Design of the B-glycosidase sensitive artificial substrates of 3-MST.
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4.2. Results and Discussion

4.2.1. Synthesis

The glucosidase-sensitive 3-MST artificial substrate 20 was synthesized via 7-step reactions
starting from B-D-glucose pentaacetate (Scheme 4.2). Tetra acetyl-a-D-glucopyranosyl
bromide (14) was synthesized from corresponding f-D-glucose pentaacetate using HBr-AcOH
using a reported method.® Compound 14 was then reacted with tert-butyl (2-hydroxy-5-
nitrophenyl)carbamate in presence of silver oxide (Ag20) to give compound 15 in 80% yield.
N-methylation was done to 15 by using methyl iodide and Ag20 to form 16 in 90% yield. Boc
deprotection was performed with 16 to obtain 17 in 89% yield. Further, 17 was reacted with
triphosgene to obtain a formyl intermediate (18) which was then further coupled with phenacyl
thiol to obtain 19 in 59% vyield. Finally, deacetylation reaction was carried out with 19 in the
presence of sodium methoxide to obtain the glucosidase 3-MST artificial substrate 20 in 61%
yield.

“Boc
AcO AcO AcO,,, o
Mel, Ag,0
HBr-AcOH NO » 92
AcO,, N AcO., g 2 AcO” 7 YO B —
6Ac H anh. DMF,
AcO y OAc anh. DCM, ACO g Ag,0,anh. ACN, ~

: 0°C,2h : r 0°C-RT, 9h Boc RT, Sh
OAc ’ OAc 0

14 15

AcO AcO AcO

AcO,, AcO, AcO,
30 ~CCl3
AcO”> Yo | _TFA A DOM 070 | © 0 A" Yo
OAc N. RT, 10 min OAc NH DIPEA, anh. DMF, OAc N _Cl
<>/ Boc RT, 15 min hig
o

NO, NO, NO,

16 17 18

AcO HO

0 AcO, HO,
s .o Ph On. g Ph
Ph NaOMe/MeOH
AcO” YO 6] ~ HOT Y Yo ¢}
OAc N__S 0°C, 30 min OH N__S
DIPEA, anh. DMF, T T
RT, 30 min o o]

N02 N02

19 20

Scheme 4.2: Synthesis for B-glucosidase activated 3-MST artificial substrate 20.
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Similarly, the galactosidase-sensitive 3-MST artificial substrate 21 was synthesized by a

colleague via a 7-step reaction scheme starting from B-D-galactose pentaacetate (Scheme 4.3).°

AcO HO
AcO,
o) 7 steps HO - f6) | (&o
AcO” Y~ TOAc OH N \n/S
OAc o]

Scheme 4.3: Synthesis for -galactosidase activated 3-MST 3-MST artificial substrate 21.

(Credit: Dr. Prerona Bora and Ms. Simran Gupta).

A control compound 22 was prepared (Scheme 4.4). 2-amino 4-nitrophenol was reacted with

1,1'-Carbonyldiimidazole to form a bicyclic intermediate which was then N-methylated using

o)
L o a
NH, =) sy NH| Mel, K,COs N—
» B ——
anh. DMF, anh. DMF,
i, 12 h

NO, 100°C, 12 h \o, NO,

methyl iodide.

Scheme 4.4: Synthesis of control compound 22.
4.2.2. Studies to determine stability, decomposition and turnover of the substrate

4.2.2.1. HPLC-based decomposition study of 20 and 21 in the presence of B-glucosidase

and B-galactosidase respectively under ambient conditions

Having both the 3-MST artificial substrates in hand, the efficiency of 2a release from these
compounds was evaluated. Compounds 20 and 21 were incubated with B-glucosidase (10
U/mL) and B-galactosidase (4 U/mL) respectively in pH 7.4 PBS (1x) at 37 °C. As monitored
by HPLC, the disappearance of 20 (Retention time (RT) = 6.5 min) and 21 (RT = 6.5 min) in
a time-dependent manner was seen (Figure 4.1). However, 20 remained even after 9 h of
incubation, whereas 21 was completely consumed within 120 min. In cases of both 20 and 21,
the gradual appearance of the peak for the intermediate, 22 and released substrate (2a) were
observed at RT of 8.7 min and 9.9 min respectively. Also, a peak for disulfide (dsl, RT =13.7

min) was observed which was formed as a result of the aerial oxidation product of 2a.

103



Chapter 4

]\— ds1 in buffer ]\— ds1 in buffer
AJ\ ~— 2a in buffer J\ ~— 2a in buffer

22 in buffer A 22 in buffer

.._!\_J\._.—m_gh Jn ~— 120 min
ﬁ I\-—" ~— 90 min

r‘ 20 + B-glu 21 + B-gal
05h 30 min

_A Oh —A—'— 0 min
_A 20 in buffer —A 21 in buffer
1 v 1
6 9

. 1'2 . 15 6 9 12 15
Time, min Time, min
Figure 4.1: Decomposition of 3-MST artificial substrates and gradual formation of 2a and 22
(Abs =250 nm. (A) HPLC traces for the reaction mixture containing 20 in the presence of p-
glucosidase (10 U/mL) over 9 h. (B) HPLC traces for the reaction mixture containing 21 in the
presence of -galactosidase (10 U/mL) over 2 h. An aerial oxidation product of 2a (dsl) was

also observed during the course of the reactions.

Overall HPLC data suggested that these glycosidase-sensitive donors were activated by their
respective glycosidase and produced the 2a. The rate of 2a release from 21 was found to be
higher than that of 20.

4.2.2.2. Docking analysis to rationalize 2a release rate from 20 and 21

In order to rationalize the difference of 2a release rate among 20 and 21, a docking study was
performed with the substrates with their respective crystal structure of B-glycosidases (with T.
Anand Kumar, Prof. Harinath Chakrapani Lab, IISER Pune). When 20 was docked into the
active site of cyanogenic -glucosidase from white clover (PDB = 1CBG), lowest energy (AG
=-9.2 kcal/mol) conformation showed unfavourable binding (an unfavourable distance of 12.6
A Dbetween catalytic glutamic acid (E397) residue to the glycosidic carbon) for the glyosidic
bond hydrolysis reaction (Figure 4.2A). The docked ligands were shown in stick model and the
active site residues are indicated by 1-letter code. The hydrogen bonding and pi-pi interactions
are drawn as dotted lines and the lengths are indicated in A unit. The figures were generated

using PyMOL v 2.0. Further docking analysis suggests that a favourable (a favourable distance
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of 6.8 A between E397 residue to the glycosidic carbon) conformation for the glyosidic bond
hydrolysis reaction demands relatively higher energy (AG = -7.9 kcal/mol) (Figure 4.2B).
Using similar docking protocol, when 21 was docked into the active site of p-galactosidase
from E. coli (PDB ID: 1JYN), lowest energy (AG = -9.8 kcal/mol) conformation shows a highly
favourable binding interaction (a favourable distance of 3.8 A between catalytic glutamine

residue (Q537) to the glycosidic carbon) for the glyosidic bond hydrolysis (Figure 4.2C).

9o 5456
%
\ E453 ;%:;5
AG = -9.2 kcal/mol AG = -7.9 kcal/mol AG = -9.8 kcal/mol
Figure 4.2: Cartoon representation of docked compounds. (A) 20 into the active site of B-
glucosidase in the lowest energy conformation and (B) 20 into the active site of B-glucosidase
in a higher energy conformation. The distance of the glycosidic carbon from the nucleophilic
E397 is drawn as blue line with the indicated length. (C) 21 into the active site of cyanogenic
B-galactosidase in the lowest energy conformation. The distance of the glycosidic carbon from
the nucleophilic Q537 is drawn as blue line line with the indicated length. For fig A-C, the

hydrogen and pi-pi interactions are drawn as red and gray dotted lines respectively. Docking

figures were provided by T. Anand Kumar (Prof. Harinath Chakrapani Lab, IISER Pune).

Overall analysis suggests that the active site of these enzymes is highly conserved and very
specific to their substrate. Therefore, 2a release from 21 is faster due to the favourable binding
of the molecule with B-galactosidase at lowest energy conformation which is lacking in the

case of 20.

4.2.2.3. HPLC-based stability study of 20 and 21 in buffer and in a presence of GSH

Next, the stability of these 3-MST artificial substrates was evaluated in pH 7.4 buffer and
reducing environment over a period at 37 °C. Compounds 20 and 21 were incubated in pH 7.4
PBS (1x) at 37 °C. The peak corresponding to these 3-MST artificial substrates remained
unchanged which suggests these 3-MST artificial substrates were stable in the buffer (Figure
4.2). Next, cellular stability of 3-MST artificial substrates 20 and 21 towards GSH (10 mM)
was studied using HPLC. Both compounds remained unchanged supporting their stability in

the presence of GSH rich environment (Figure 4.3).
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Figure 4.3: Stability of 3-MST artificial substrates in buffer and in presence of cellular thiol,
GSH. (A) HPLC traces for the reaction mixture containing 20 in buffer and in the presence of
GSH over 6 h. (A) HPLC traces for the reaction mixture containing 21 in buffer and in the

presence of GSH over 2.5 h.

4.2.2.4. HPLC-based study for 3-MST artificial substrates (20 and 21) activation followed

by turnover in presence of 3-MST

After validating the 3-MST artificial substrates activation and the 3-MST artificial substrates

stability the turnover of the released substrate was evaluated in the presence of 3-MST.

Decomposition of 20 in the presence of B-glucosidase and substrate (2a) turnover under
reducing condition (DTT): Compound 20 was incubated with B-glucosidase (10 U/mL), b3-
MST (1 uM) and DTT (1 mM) in pH 7.4 PBS (1x) at 37 °C. As monitored by HPLC, 20 did
not completely consume till 12 h (Scheme 4.5 and Figure 4.4).

B-glucosidase

i o) Ph s
>N s/}(Ph " Oe\)«%s/\(
"0 o 20 N - o HS\)L _ DTT
Mg \ Ph
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o O,N
2
20 /©[ =0 )k Ph
3a
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Scheme 4.5: Decomposition of 20 in presence of B-glucosidase followed by 2a turnover by 3-
MST.

The rate decomposition of 20 (kzo0) was calculated to be 0.27 + 0.03 h'* (R? = 0.9929) which
suggests slower activation by the B-glucosidase. The appearance of three new peaks attributable
to the formation of byproduct (22), substrate (2a) release followed by turnover of 2a and
formation of acetophenone (3a) was observed. The rate of formation of 22 (k22) and 3a (ksa)
was calculated to be 0.28 +0.03 h™* (R? =0.9951) and 0.25 + 0.04 h* (R? = 0.9904) respectively.
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Overall, HPLC study suggests that 20 is specifically activated by B-glucosidase to yield 2a
which is then further turned over by 3-MST, and in the presence of DTT, forms 3a and 22 as
the byproducts.

A B
j\ 3a in buffer 6x108 -
JL 2a in buffer
J\ 22 in buffer
M}\___A/; 12 h 4)(106 |
Y U A R 22 &
20+B-glu ©O
N A 3h +3MST 2
+DTT 2x10° -

1h

/\ Oh
/\ 20 in buffer 0

4 6 8 10 12

Time, h

Time, min

Figure 4.4: Decomposition of 20 and gradual formation of 2a and 22 followed by turnover of
2a by 3-MST and finally the formation of 3a (Abs = 250 nm). (A) HPLC traces for: 20 + -glu
+ b3-MST and conversion of 20 to 2a, and the turnover of 2a to 3a by 3-MST in presence of
DTT over 12 h. (B) Kinetic profile for decomposition of 20, formation of 22, formation of 2a
and turnover of 2a to 3a. For the reaction with 20 with 3-MST, the area under the curve for 20
was computed and was used to determine the rate constant for the decomposition of 20. The
data was fit using the pseudo first-order equation y = yo + ae™**. Similarly, the area under the
curve for 3a and 22 was computed and was used to determine the rate constant for 3a and 22.

The data was fit using the pseudo first-order equation y = yo + a(1 — e™).

Decomposition of 21 in the presence of B-galactosidase and substrate (2a) turnover under
reducing condition (DTT): Compound 21 was incubated B-galactosidase (4 U/mL), b3-MST
(1 uM) and DTT (1 mM) in pH 7.4 PBS (1%) at 37 °C. As monitored by HPLC, 21 was

consumed within 150 min (Scheme 4.6 and Figure 4.5).
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Scheme 4.6: Decomposition of 21 in presence of f-galactosidase followed by 2a turnover by
3-MST.
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The rate of decomposition of 21 (kz1) was calculated to be 2.37 + 0.09 h™? (R? = 0.9994) which
suggests faster activation by the B-galactosidase. The appearance of three new peaks
attributable to the formation 22, 2a release followed by turnover of 2a and formation of 3a was
observed. The rate of formation of 22 (kz2) and 3a (ksa) were calculated to be 2.17 + 0.37 h!
(R?=0.9884) and 0.91 + 0.13 h'* (R? = 0.9955) respectively. Overall HPLC study suggests that
21 specifically gets activated by p-galactosidase to yield 2a which is then further tuned over

by 3-MST in presence of DTT and form 3a and 22 as the byproducts.
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Figure 4.5: Decomposition of 21 and gradual formation of 2a and 22 followed by turnover of
2a by 3-MST and finally the formation of 3a (Abs = 250 nm). (A) HPLC traces for: 21 + B-gal
+ b3-MST and conversion of 21 to 2a, and the turnover of 2a to 3a by 3-MST in presence of
DTT over 12 h. (B) Kinetic profile for the decomposition of 21, formation of 22, 2a and
turnover of 2a to 3a. For the reaction of 21 with 3-MST, the area under the curve for 21 was
computed and was used to determine the rate constant for decomposition. The data was fit
using the pseudo first-order equation y = yo + ae™*. Similarly, The area under the curve for 3a
and 22 was computed and was used to determine the rate constant for 3a and 22. The data was
fit using the pseudo first-order equation y = yo + a(1 — e™*).

Overall HPLC studies suggested that 3-MST artificial substrates were specifically activated by
their respective p-galactosidase to yield 2a which is then further turned over by 3-MST in
presence of DTT and forms 3a and 22 as the byproducts. Also, it has been observed that 3-
MST artificial substrate kinetics with 20 is much slower than that of 21.

108



Chapter 4

4.2.3. H2S generation from 20 and 21 in presence of 3-MST and DTT
4.2.3.1. H2S detection using lead acetate assay

After demonstrating B-glycosidase induced 3-MST artificial substrates (20 and 21) activation
using HPLC, next, under these conditions we attempted to detect the ability of the H»S release
of the 3-MST artificial substrates using the lead acetate assay as discussed in Chapter 3.

Synthesized __ B-Glycosidase, b3-MST H,S Pb(OAc), . ‘

Compounds K11 Buffer (pH 7.4) Soaked paper

PbS

Scheme 4.7: Detection of H.S via lead acetate assay.

In this assay, 20 and 21 were incubated with B-glucosidase (10 U/mL) and B-galactosidase (4
U/mL) respectively, along with b3-MST (1 uM) and DTT (1 mM) in PBS (1x) at 37 °C. The
assay was performed in a 96 well plate and the plate was covered with 5% Pb(OAc). soaked
paper and the reaction was incubated for 2.5 h. It has been observed that 20 and 21 only in the
presence of their respective B-glycosidase and b3-MST release H,S (Figure 4.6). A Lower yield
of H,S was observed for 20 which can be correlated with the slower rate of acetophenone
formation as demonstrated previously using HPLC. 1a was used as a positive control for this
assay, therefore intense spot for PbS was observed. 22 was used as negative control which
failed to produce HaS in the presence of b3-MST. As expected, other controls did not produce

a significant amount of H>S.

3-MST
3-MST
3-MST

L X 1 B

Ctrl 20+B-gu 21+p-gal 22 1a+ES

Figure 4.6: H2S generation by the 3-MST artificial substrates in presence of b3-MST. la +
Es, 20 + B-glu and 21 + B-gal were incubated with b3-MST and DTT for 2.5 h. H2S generation
was detected using lead acetate assay. 22 was used as a negative control. Ctrl represents only

3-MST enzyme.
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4.2.3.2. H2S detection using Methylene blue assay

Along with H2S detection for the compounds via lead acetate assay, methylene blue assay was

carried out as described in Chapter 2.

N
B-Glycosidase, ® /@: j@\ Cle
syniesized __bamsT b Zncono) LI o ot
\

R —— .

Compounds DTT, Buffer (pH 7.4) N‘QNHz | Methylene blue
/ (Amax =676 nm)

Scheme 4.8: Detection of H2S via methylene blue assay.

In this assay, 20 and 21 were incubated with B-glucosidase (10 U/mL) and B-galactosidase (4
U/mL) respectively, along with b3-MST (1 uM), Zn(OAc). (400 uM) and DTT (1 mM) in PBS
(1x) at 37 °C. At predetermined time point aliquots from the reaction mixture were treated with
methylene blue reagents and mixed. The final reaction mixture was then transferred to the 96-
well plate and absorbance was recorded. It has been observed that 20 has low methylene blue
absorbance of H>S compared to 21 (Figure 4.7). 1a was used as a positive control for this assay
which gives a significant absorbance. Negative control 22 and other controls also did not
produce a significant amount of H,S.

0.4+ = w/o 3-MST
*** @ with 3-MST

Ab3576, au

] ’i| ns
AL
0.0 I*lll |*ll |_‘_||._
20 21 22
+B-glu + B-gal

Figure 4.7: H,S generation by the 3-MST artificial substrates in presence of b3-MST. 20 + B-
glu and 21 + B-gal were incubated with b3-MST and DTT for 2.5 h. H,S generation was
detected using methylene blue assay. Results are expressed as mean = SD (n = 3) [(***) p <
0.001 vs w/o MST]. 22 was used as a negative control. ns represents not significant.

4.2.4. 3-MST persulfide detection using clickable tag switch assay

Next, formation of 3-MST persulfide in the presence substrate (20 and 21) detected using a
clickable tag switch assay as described in Chapter 3. In this assay, the 3-MST artificial
substrates (20 and 21) were incubated with respective B-glycosidases and 3-MST for the

generation of 3-MST persulfide. Similarly, 1a was taken as a positive control and esterase was
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used for the activation. 22 was used as a negative control. An intense band corresponding to
the la treated lane shows 3-MST persulfidation (Figure 4.8). An insignificant band for 20
treated lane indicates 3-MST artificial substrate activation is very slow for 20 which resulted a
negligible 3-MST persulfide formation. A significantly intense band was seen for 21 treated
lane indicating 3-MST persulfide formation. As expected, the other control group did not show

significant persulfidation.
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Figure 4.8: Persulfidation of b3-MST by the 3-MST artificial substrates. 1a + Es, 20 + B-glu
and 21 + B-gal were incubated with b3-MST, 3-MST persulfidation was detected using the
clickable tag-switch assay. Ctrl represents only 3-MST enzyme. Coomassie brilliant blue

(CBB) staining was used as a loading control.

4.2.5. Sulfane sulfur detection using SSP-2 assay

Persulfidated 3-MST is known to react with one or more substrates and forms small molecule
sulfane sulfur. Therefore, sulfane sulfur was detected using a reported fluorescent-based assay
using an SSP-2 probe as described in Chapter 3.° In this assay, B-glycosidases and 3-MST were
incubated with the 3-MST artificial substrates (20 and 21) for the generation of 3-MST
persulfide. Similarly, 1a was taken as positive control and esterase was used for the activation.
22 was used as a negative control. At a pre-determined time point, the SSP-2 probe was added
and incubated. A turn-on fluorescence for 1la in presence of 3-MST was observed which
indicates sulfane sulfur formation (Figure 4.9). In the presence of 3-MST, a negligible
enhancement of fluorescent signal was observed for 20 which implies lower sulfane sulfur
formation as 3-MST artificial substrate activation is very slow. A strong fluorescence response
was observed for 21 in presence of 3-MST which indicates significant sulfane sulfur formation.
As DTT was known to reduce sulfane sulfur therefore sulfane sulfur formation was
significantly reduced for the DTT-treated groups. As expected, other control groups did not

show significant sulfane sulfur generation.
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Figure 4.9: Sulfane sulfur detection using SSP-2 probe (Fluorescence intensities were
measured; Aex = 482 nm, Xem = 518 nm). 1a + Es, 20 + B-glu and 21 + B-gal were incubated
with b3-MST followed by treatment with the probe SSP-2. +DTT refers to the post-treatment
of the enzyme with DTT to reduce sulfane sulfur at the active cysteine residue of 3-MST. Ctrl

represents only enzyme.

4.2.6. MTT assay for cell viability of the key compounds

The cell viability of 20, 21 and 22 were determined using MTT assay as described in Chapter
3. Mouse embryonic fibroblast (MEF) cells were treated with variable concentrations of 20, 21
and 22 and incubated for 24 h and finally cell viability was measured. Cells are found to be
more than 80% viable for the treated concentrations of all the compounds which indicates the
compounds were well tolerated by the cells for 24 h with no significant cytotoxicity (Figure

4.10).
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Figure 4.10: Cell viability was determined in MEFs cells in presence of 20, 21 and 22 using
MTT assay.
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4.2.7. Intracellular H2S detection using NBD-fluorescein dye

Intracellular H>S was detected using NBD-fluorescein (NBD-F) dye as described in Chapter
3.1 MEF cells are co-incubated with the 3-MST artificial substrate 21 and NBD-F dye. After
this, the cell’s turn-on fluorescence was imaged in a fluorescence microscope. It was observed
that cells treated with 21 gave an intense turn on fluorescence while 22 failed to give significant
fluorescence under the assay conditions (Figure 4.11). These results indicate that 21 is
permeable and is activated by the intracellular B-galactosidase enzyme and releases active

substrate 2a, which is turned over by 3-MST to enhance sulfane sulfur.

Ctrl 21 22

Fluorescence

Bright field

Figure 4.11: HS detection in MEF cells using NBD-Fluorescein dye in presence of 21.
Enhanced fluorescence signal corresponding to H2S. Control compound 22 did not increase the

fluorescence signal. Ctrl refers to untreated cells. The scale bar represents 200 pm.

4.2.8. Protection from oxidative stress using MTT assay

Since H»S and sulfane sulfur are known to mitigate oxidative stress, therefore H»S and sulfane
sulfur releasing 3-MST artificial substrate’s ability for attenuating oxidative stress under
cellular environment was measured. A cell viability assay was performed in the presence of

MGR-1, a known inducer of oxidative stress was used for the assay (Scheme 4.9).

28 &
sulfane sulfur
_Esterase *
OH O
o b O‘@
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Scheme 4.9: ROS production from MGR-1 in presence of esterase, which was further
guenched by H»S and sulfane sulfur.
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MEF cells are initially treated with 3-MST 12.5 uM of 21 for 4 h. Next, 25 uM of MGR-1 was
added and incubated for 4 h. Finally, cell viability was evaluated using MTT assay as discussed
previously. The result showed that 21 was able to protect cells from MGR-1 induced oxidative
stress (Figure 4.12). No significant protection was observed for negative control 22. Hence, it
can be inferred that -galactosidase present in the cells activates the 3-MST artificial substrate

thereby it releases H»S and sulfane sulfur inside cells which give protection from ROS.

100 -

[9))
o
1

% Cell viability

0 - r
E 5T 5
O x
o
= MGR-1

Figure 4.12: Cytoprotective effects of compound 21 against MGR-1 (25 uM). Results are
expressed as mean +SD (n = 3) [(***) p< 0.001 vs MGR-1]. A similar assay was conducted
with 22. An insignificant effect on the percentage cell viability during incubation of 22 with

MGR-1 was observed.

4.3. Summary

To summarize, B-glucosidase and B-galactosidase-activated artificial substrates for 3-MST (20
and 21) were designed and synthesized. Modified substrate activation followed by turnover of
the active substrate (2a) by 3-MST was validated using HPLC. Furthermore, H2S release was
monitored for both 20 and 21 using lead acetate and methylene blue assay. 3-MST persulfide
formation was demonstrated by clickable tag switch assay. The formation of sulfane sulfur was
observed using an SSP-2 probe. Overall, 20 has a slower rate of H>S and sulfane sulfur release
when compared with 21 that may be useful for extended-release applications. Finally, the cell
viability of these 3-MST artificial substrates and by-products showed that the prodrugs and by-
products are benign under experimental concentrations. Compound 21 was able to enhance
cellular HzS level which was detected using NBD-fluorescein dye. Also, cells pre-treated with
21 were protected from oxidative stress-induced cell death. Collectively, our data suggest that
20 and 21 cell permeable artificial substrates of 3-MST which and these 3-MST artificial

substrates can be used in oxidative stress conditions and mitigating inflammation.
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4.4. Experimental Procedures
4.4.1. Synthesis and characterization of compounds

General methods: All reactions were conducted under a nitrogen atmosphere. All the
chemicals and solvents were purchased from commercial sources and used as received unless
stated otherwise. Column chromatography was performed using silica gel - Rankem (60-120
mesh) or silica gel Spectrochem (100-200 mesh) as the stationary phase. *H NMRs were
recorded on a JEOL 400 MHz (100 MHz for *C) or a Bruker 400 MHz (100 MHz for *C)
spectrometer unless otherwise specified using either residual solvent signals CDClIs (61 = 7.26
ppm, dc = 77.2 ppm). Chemical shifts (3) are reported in ppm and coupling constants (J) in Hz.
The following abbreviations are used: m (multiplet), s (singlet), t (triplet). High-resolution mass
spectra were obtained from HRMS-ESI-Q-Time of Flight LC/MS. FT-IR spectra were
recorded using a BRUKER-ALPHA FT-IR spectrometer.

Compounds 1a't, 2a'? and ds1'? were synthesized using a previously reported protocol. All

analytical data matches the reported values.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)amino)-4-
nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (15): Firstly, tert-butyl (2-hydroxy-5-
nitrophenyl)carbamate and (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-bromotetrahydro-2H-
pyran-3,4,5-triyl triacetate (14) was synthesized using reported protocols.®*3 Next, To 15 mL
anh. acetonitrile, tert-butyl (2-hydroxy-5-nitrophenyl)carbamate (2 g, 7.8 mmol) and Ag.O
(1.8 g, 7.8 mmol) was added, purged with N2 and cooled in ice. Then freshly prepared
compound 14 (2.2 g, 1 eq) dissolved in anh ACN (15 mL) was slowly added to the reaction.
The resulting mixture was stirred at room temperature for 9 h. Upon completion of the reaction
as monitored by TLC, the reaction mixture was filtered through celite and washed with
chloroform. The filtrate was evaporated to obtain the crude product which was diluted with
H20 (30 mL) and extracted with CHCI3z (30 mL). The organic layers were washed with brine
then the resultant combined layers were passed through anh. Na>SOg, filtered and the filtrate
was evaporated under reduced pressure to obtain the crude compound. The compound was
further purified by silica gel column chromatography (32-34% ethyl acetate/hexane) using 60-
120 mesh silica as a stationary phase.

Yield (2.5 g, 80%). *H NMR (400 MHz, CDCls): § 9.07 (s, 1H), 7.86 (dd, J = 9.0, 2.7 Hz, 1H),
7.12 (s, 1H), 7.08 (d, J = 9.0 Hz, 1H), 5.38-5.31 (m, 2H), 5.17 (m, 1H), 5.1 (m, 1H), 4.32-4.28
(m, 1H), 4.22-4.18 (m, 1H), 3.95-3.91 (m, 1H), 2.11-2.06 (12H), 1.55 (s, 9H); 3C NMR (100
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MHz, CDCl3): 6 170.5, 170.1, 169.9, 169.5, 166.1, 152.3, 148.9,
144.1, 130.3, 130.3, 118.0, 114.3, 99.7, 81.9, 72.6, 72.0, 71.2, 68.2,
61.8, 28.4, 20.9, 20.8, 20.7; HRMS for C25H32N2014 [M+Na]":
N. Calculated: 607.1751, Found: 607.1766.

NO,

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((tert-butoxycarbonyl)(methyl)amino)-4-

nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (16): Compound 33 (2.5 g, 1 eq) was
dissolved in anh. DMF, then Ag20 (5.95 g, 6 eq) was added. Then methyl iodide (3.2 mL, 12
eq) was added and stirred at room temperature for 5 h. Upon completion of the reaction as
monitored by TLC, the reaction mixture was filtered through celite and washed with
chloroform. The filtrate was evaporated under reduced pressure to obtain the crude product.
The compound was further purified by silica gel column chromatography (36-38% ethyl

acetate/hexane) using 60-120 mesh silica as a stationary phase.

AcO Yield (2.3 g, 90%). *H NMR (400 MHz, CDCls): § 8.14-8.11 (m,
2H), 7.22 (bs, 1H), 5.30-5.17 (m, 4H), 4.29-4.19 (m, 2H), 3.94-3.90
(m, 1H), 3.12 (s, 3H), 2.07-2.06 (12H), 1.56-1.27 (m, 9H); *C NMR
A hll (100 MHz, CDCl3): § 1705, 170.3, 169.5, 169.1, 157.2, 143.2,
128.7,116.3,98.7,98.7, 98.5, 72.5, 71.0, 68.1, 61.9, 36.8, 28.3, 20.8,
NO, 20.7; HRMS for C26H34N2014 [M+Na]*: Calculated: 621.1907,

Found: 621.1901.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(2-(methylamino)-4-nitrophenoxy)tetrahydro-2H-
pyran-3,4,5-triyl triacetate (17): Compound 16 (2.3 g, 1 eq) was dissolved in anh. DCM, then
trifluoroacetic acid (11.8 mL, 40 eq) was added, stirred at room temperature for 10 min. Upon
completion of the reaction as monitored by TLC, the reaction mixture was quenched with 4N
NaOH to neutralize the acid. Then crude compound was extracted in DCM (30 mL). The
organic layer was washed with brine (30 mL). Then resultant combined layer was passed
through anh. Na>SOyg, filtered and the filtrate was evaporated under reduced pressure to obtain
the crude product. The crude was further purified by silica gel column chromatography (33-
35% ethyl acetate/hexane) using 60-120 mesh silica as a stationary phase.
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Yield (1.7 g, 89%). *H NMR (400 MHz, CDCls): & 7.53 (dd, J = 8.8,
2.6 Hz, 1H), 7.38 (d, J = 2.6 Hz, 1H), 6.9 (d, J = 8.8 Hz, 1H), 5.35-5.30
(m, 2H), 5.17-5.08 (m, 1H), 4.47 (m, 1H), 4.33-4.28 (m, 1H), 4.21-4.17
Shc Inl (m, 1H), 3.94-3.90 (m, 1H), 2.90 (d, 3 = 5.2 Hz, 3H), 2.09-2.05 (12H):
13C NMR (100 MHz, CDCl3): § 170.6, 170.2, 170.1, 169.6, 148.1,

NO, 144.6, 140.4, 112.6, 112.0, 104.3, 99.3, 72.5, 72.1, 71.2, 68.3, 61.9,
30.1, 20.9, 20.8, 20.7, 20.7

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(2-((chlorocarbonyl)(methyl)amino)-4-

nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18): Compound 17 (250 mg, 1 eq)was
dissolved in anh. DCM, N, N-Diisopropylethylamine (DIPEA) (0.74 mL, 5 eq) was added.
Then triphosgene (446 mg, 3 eq) was added and stirred for 15 min at room temperature. Upon
completion of the reaction as monitored by TLC, the reaction mixture was quenched with 1N
HCI. Then crude compound was extracted in DCM (30 mL). The organic layer was washed
with brine (30 mL). Then resultant combined layer was passed through anh. Na>;SOa, filtered
and the filtrate was evaporated under reduced pressure to obtain cpd. 18. The crude was taken

to the next step without further purification and characterization.

AcO
ACO/,,
AcO” YO
OAc N\H/CI
0
- NO, _

(2R,3R,S,5R,6S)-2-(acetoxymethyl)-6-(2-(methyl(((2-ox0-2-

phenylethyl)thio)carbonyl)amino)-4-nitrophenoxy)tetrahydro-2H-pyran-3,4,5-triyl  triacetate
(19): To a freshly synthesized phenacyl thiol (228 mg, 3 eq) dissolved in anh. DMF, DIPEA
(0.74 mL, 5 eq) was added and purged with N». Then the synthesized cpd. 16 was dissolved in
anh. DMF (4 mL) and slowly added to the reaction mixture and stirred at room temperature for
30 min. Upon completion of the reaction as monitored by TLC, the reaction mixture was
guenched with 1N HCI. Then crude compound was extracted in ethyl acetate (30 mL). The
organic layer was washed (3%) H2O and finally with brine (30 mL). Then resultant combined

layer was passed through anh. Na,SOQg, filtered and the filtrate was evaporated under reduced
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pressure to obtain the crude product. The crude was further purified by silica gel column

chromatography (42-45% ethyl acetate/hexane) using 60-120 mesh silica as a stationary phase.

AcO Yield (200 mg, 59%). 'H NMR (400 MHz, CDCls): 5 8.26 (m,
AcO,, 2H), 8.0 (d, J = 7.4 Hz, 2H), 7.59 (m, 1H), 7.48 (m, 3H), 5.37-
p0” N0 ol 5:17(m, 4H), 4.48-4.25 (m, 4H), 4.0-3.96 (M, 1H), 3.24 (s, 3H),

OAc N\H/S 2.07-1.98 (12H); 13C NMR (100 MHz, CDCl3): § 193.6, 170.5,
0 170.2, 169.6, 169.5, 167.0, 158.6, 143.5, 135.8, 133.9, 131.9,
NO, 128.9, 128.7, 127.5, 126.3, 118.8, 107.6, 99.3, 72.5, 72.4, 70.7,

68.3, 68.1, 61.9, 38.9, 37.1, 20.8, 20.7, 20.5.

S-(2-0xo0-2-phenylethyl) methyl(5-nitro-2-(((2R,3R,4S,5R,6S)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)phenyl)carbamothioate (20): Compound 36
(90 mg, 1 eq) was dissolved in anh. methanol (10 mL) at 0 °C, purged with N2. Then sodium
methoxide (7.2 mg, 1 eq) was added and stirred for 30 min. Upon completion of the reaction
as monitored by TLC, the reaction was quenched by adding an amberlyst-15 resin and
subsequently filtered. The methanol was then evaporated and the crude was then purified using

reverse phase HPLC using ACN-H-O as the eluent to afford the desired product.

Yield (45 mg, 66%). 'H NMR (400 MHz, DMSO-ds): & 8.37-
8.31 (m, 2H), 8.0 (d, J = 7.2 Hz, 2H), 7.67 (t, J = 7.2 Hz, 1H),
7.56-7.49 (m, 3H), 5.46-5.09 (m, 4H), 4.71-4.38 (m, 3H), 3.76-

(@]
r'u\n/s 3.45 (m, 3H), 3.30-3.16 (m, 6H); 13C NMR (100 MHz,
o DMSO-ds): & 193.8, 166.4, 159.7, 141.1, 135.8, 133.8, 133.6,
NO, 129.6, 128.8, 128.3, 127.0, 126.4, 117.0, 116.4, 101.2, 100.3,

77.5,76.7,73.1, 69.6, 60.5, 38.3, 36.5

3-methyl-5-nitrobenzo[d]oxazol-2(3H)-one (22): Intermediate 5-nitrobenzo[d]oxazol-2(3H)-
one was prepared from 2-amino-4-nitrophenol. 2-amino-4-nitrophenol (300 mg, 1 eq) was
dissolved in anh. DMF then carbonyldiimidazole (405 mg, 1.5 eq) was added and the reaction
was stirred at 100 °C for 2 h. Upon completion of the reaction as monitored by TLC, the
reaction was quenched by H>O (30 mL) and extracted with ethyl acetate (30 mL). The
combined organic layer was washed (3x) with H2O (30 mL) and brine (30 mL) to remove
DMF, passed through Na>SOg, filtered and the filtrate was evaporated under reduced pressure

to afford the crude intermediate which was taken to the next step without further purification.
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The crude intermediate (270 mg, 1 eq) was dissolved in anh. DMF (5 mL) and K2COs (228
mg, 1.1 eq) was added followed by the addition of methyl iodide (0.85 mL, 10 eq). The reaction
mixture was stirred overnight at room temperature. Upon completion of the reaction as
monitored by TLC, the reaction mixture was quenched by the addition of water and extracted
with ethyl acetate. The combined organic layer was washed (3x) with H20 (30 mL) and brine
(30 mL) to remove DMF, passed through Na>SOQg, filtered and the filtrate was evaporated under
reduced pressure to afford the crude intermediate. The crude was washed with n-pentane (2x)
to afford the pure product. Compound 22 was obtained as 265 mg (91%). All analytical data

matches the reported values.'*
0
g
N
O,N \

4.4.2. HPLC-based studies with 20 and 21

General method: A stock solution of the 20, 21, 22, 2a, 3a and ds1 (10 mM) was prepared in
DMSO whereas the stocks of DTT (100 mM) and GSH (100 mM) were prepared fresh in
deionized water. The reaction mixtures were prepared in PBS (1x) as required. A stock of 285
uM of wt b3-MST was used. The final concentration of DMSO in the reaction mixture was
1%. At predetermined time points, aliquots were taken from the reaction mixture and injected
(25 pL) in a High performance liquid chromatography (HPLC) attached to a UV detector
(absorbance at 250 nm). A Phenomenex Luna C-18 reverse phase column, 100 A particle size
and 5 uM pore size (250 x 4.6 mm) was used as the stationary phase. The mobile phase used
was water: acetonitrile: methanol with a gradient: 35:55:10 — 0 - 1 min, 35:55:10 to 20:70:10
— 1 -3 min, 20:70:10 — 3 - 9 min, 20:70:10 to 35:55:10 — 9 - 12 min, 35:55:10 — 12 - 17

min and the flow rate was 0.5 mL/min.

4.4.2.1. Decomposition of 20 and 21 in presence of B-Glucosidase and p-Galactosidase
respectively under non-reducing conditions

In PBS (1x) pH 7.4 buffer (200 uL), the reaction mixture was prepared using 20 (100 uM) with
B-glucosidase (10 U/mL) or 21 (100 uM) with B-galactosidase (4 U/mL), mixed, and then
incubated at 37 °C. At predetermined time points, 60 pL aliquots were taken from the reaction

mixture, diluted with 60 uL ACN and 25 pL was injected in the HPLC.
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4.4.2.2. Stability of 20 and 21 in buffer and in presence of GSH

To determine the stability in buffer, a reaction mixture was prepared using 20 (100 uM) or 21
(100 pM) in PBS (1x) pH 7.4 buffer (200 pL), mixed, and then incubated at 37 °C. A similar
reaction was set up to check the stability of 20 and 21 in presence of glutathione (10 mM). At

predetermined time points, 60 pL aliquots were taken from the reaction mixture, diluted with

60 uL ACN and 25 pL was injected into the HPLC.

4.4.2.3. Decomposition of 20 and 21 followed turnover of 2a by b3-MST in presence of
DTT to produce 3a

In PBS (1x) pH 7.4 buffer (1.5 mL), the reaction mixture was prepared using 20 (100 uM) with
B-glucosidase (10 U/mL) or 21 (100 uM) with B-galactosidase (4 U/mL), DTT (1 mM), 3-MST
(1 uM), mixed, and then incubated at 37 °C. At predetermined time points, 60 puL aliquots were
taken from the reaction mixture, diluted with 60 pL. ACN and 25 pL was injected into the
HPLC.

4.4.3. H2S generation from 20 and 21 in presence of 3-MST and DTT
4.4.3.1. Lead Acetate assay for the detection of HzS

Firstly, lead acetate socked paper was prepared. Whatman filter papers were soaked with 5%
(w/v) lead (II) acetate solution and dried. 285 uM stock of wild-type (wt) b3-MST is used for
lead acetate assay. 10 mM stocks of all compounds (1a, 20, 21 and 22) were prepared in
DMSO. Porcine liver esterase (100 U/mL), B-glucosidase (250 U/mL), f-galactosidase (400
U/mL) and dithiothreitol (DTT, 100 mM) were prepared in deionized water.

Lead acetate assay was performed in a 96-well plate (with lid). The reaction samples were
prepared by sequentially adding 20 (100 uM) with B-glucosidase (10 U/mL) or 21 (100 uM)
with B-galactosidase (4 U/mL), wt 3-MST (1 pM) and DTT (1 mM). A similar protocol was
followed for the positive control (1a) and the negative control (22). For positive control, 1a
(100 uM) and esterase (1 U/mL) were incubated along with 3-MST (1 uM) and DTT (1 mM).
For negative control, 22 (100 uM) with 3-MST (1 uM) and DTT (1 mM) were incubated. The
final volume was adjusted to 200 puL using 1x phosphate buffer saline (PBS) pH 7.4 buffer,

covered with 5% lead acetate-soaked paper, sealed and incubated at 37 °C.

A similar protocol was followed for the substrate controls. Briefly, the reaction samples were
prepared by sequentially adding 1a (100 uM) with Esterase (1 U/mL) or 20 (100 uM) with
glucosidase (10 U/mL) or 21 (100 uM) with galactosidase (4 U/mL) along with DTT (1 mM).
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The final volume was adjusted to 200 puL using PBS (1x) pH 7.4 buffer, covered with 5% lead

acetate-soaked paper, sealed and incubated at 37 °C.

A separate experiment was conducted to test the enzyme controls. DMSO (1%), Esterase (1
U/mL), wt 3-MST (1 uM) and DTT (1 mM) were sequentially added. The final volume was
adjusted to 200 uL using PBS (1x) pH 7.4 buffer, covered with 5% lead acetate-soaked paper,

sealed and incubated at 37 °C.

At predetermined time points, lead acetate paper was carefully taken out and an image was
captured using Syngene G-Box Chemi-XRQ.

4.4.3.2. Methylene blue assay for the detection of H2S

The methylene blue assays were conducted as previously reported with some
modifications.'™>1® Briefly, 285 puM stock of wt 3-MST was used for the methylene blue assay.
10 mM stocks of all compounds (20, 21 and 22) were prepared in DMSO. Porcine liver esterase
(100 U/mL), B-glucosidase (250 U/mL), pB-galactosidase (400 U/mL), DTT (100 mM) and
Zn(OAC)2.2H20 (40 mM) was prepared in deionized water. A stock solution of FeClz (30 mM)
was prepared in 1.2 M HCI and N,N-dimethyl-p-phenylenediamine sulfate (DMPPDA) (20
mM) was prepared in 7.2 M HCI.

The reaction samples were prepared by sequentially adding 20 (100 uM) with B-glucosidase
(10 U/mL) or 21 (100 uM) with B-galactosidase (4 U/mL) or 22 (100 uM) along with
Zn(OAC)2.2H20 (400 uM), wt 3-MST (1 uM) and DTT (1 mM). The final volume was adjusted
to 0.5 mL using PBS (1x) pH 7.4 buffer and incubated at 37 °C at 300 rpm.

A similar protocol was followed for the substrate controls. Briefly, the reaction samples were
prepared by sequentially adding 20 (100 uM) with B-glucosidase (10 U/mL) or 21 (100 uM)
with B-galactosidase (4 U/mL) or 22 (100 uM) along with Zn(OAc)2.2H20 (400 uM) and DTT
(2 mM). The final volume was adjusted to 0.5 mL using PBS (1x) pH 7.4 buffer and incubated
at 37 °C at 300 rpm.

At predetermined time points, equal volumes (200 pL) of FeCls, DMPPDA and aliquots from
the above reaction samples were mixed and the resulting solution was incubated at 37 °C for
30 min in dark, to allow the formation of the methylene blue dye. An aliquot of 150 puL. was
transferred to a 96-well plate and the absorbance values were recorded at 676 nm using a

microplate reader (Thermo Scientific VVarioskanFlash).
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4.4.4. Clickable Tag-switch assay for 3-MST persulfide detection

The Clickable Tag-switch assay was conducted with 285 uM stocks of wt 3-MST. 10 mM
stocks of all compounds (1a, 20, 21 and 22) were prepared in DMSO. Porcine liver esterase
(100 U/mL), B-glucosidase (250 U/mL), B-galactosidase (400 U/mL) was prepared in deionised

water.

To 3-MST (15 uM), 1a (100 uM) with esterase (1 U/mL) or 20 (100 uM) with B-glucosidase
(10 U/mL) or 21 (100 uM) with B-galactosidase (4 U/mL) or 21 (100 uM) was added. Volume
was adjusted to 100 pL by tris buffer (pH 8.0) and incubated for 1 h. After that 5 mM MSBT-
A (2.5 uL, 200 mM) and 5 pL 10% SDS were added and incubated for 30 min. Then 500 uM
PMSF (0.5 puL, 100 mM) was added and incubated for 30 min. Then 2 mM of CN-Alkyne (1
ulL, 200 mM) was added and incubated for 1 h.

A similar reaction was set up for enzyme control. To 3-MST (15 uM), DMSO (1%) was added.
The reaction volume was adjusted to 100 puL by tris buffer (pH 8.0) and incubated for 60 min.
After that 5 mM MSBT-A (2.5 uL, 200 mM) and 5 pL 10% SDS were added and incubated
for 30 min. Then 500 uM PMSF (0.5 puL, 100 mM) was added and incubated for 30 min. Then
2 mM of CN-Alkyne (1 pL, 200 mM) was added and incubated for 1 h.

After the reaction click reaction cocktail: 6uL. TBTA (1.7 mM), 2uL. CuSO4.5H20 (50 mM),
2uL TCEP (50 mM), 1uL Rhodamine azide (10 mM) was added to each. The reaction was
stirred at 25 °C for 1 h. After completion of the reaction, 40 uL of loading dye was added. The
samples (20 puL) were loaded in a gel and SDS-PAGE was performed (run at 150 V for 1 h),

the in-gel fluorescence image was taken using Syngene G-Box Chemi-XRQ.

4.4.5. Sulfane sulfur measurement using SSP-2

Stock solutions of 1a (10 mM), 20 (10 mM), 21 (10 mM), 22 (10 mM) and SSP-2 (5 mM) were
prepared in DMSO. Porcine liver esterase (100 U/mL), B-glucosidase (250 U/mL), B-
Galactosidase (400 U/mL), DTT (100 mM) and esterase (100 U/mL) were prepared in DI
water.To 3-MST (15 uM), 1la (100 uM) with esterase (0.5 U/mL) or 20 (100 uM) with B-
glucosidase (10 U/mL) or 21 (100 uM) with B-galactosidase (4 U/mL). Volume was adjusted
to 400 pL using PBS (1x) pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C.

A reaction was set up for compound control. The reaction mixtures were prepared by adding
la (100 uM) with esterase (0.5 U/mL) or 20 (100 uM) with B-glucosidase (10 U/mL) or 21
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(100 uM) with B-galactosidase (4 U/mL). and the volume was adjusted to 400 uL using PBS
(1x) pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C.

A reaction was set up for enzyme control. The reaction mixtures were prepared by 3-MST (21
uM), 4 uL of DMSO, esterase (0.5 U/mL) and the volume was adjusted to 400 uL. using PBS
(1x) pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C.

A similar reaction was set up for DTT control. The reaction sample was prepared 1a (100 uM)
with esterase (0.5 U/mL) or 20 (100 uM) with B-glucosidase (10 U/mL) or 21 (100 uM) with
B-galactosidase (4 U/mL) along with 3-MST (15 uM). Volume was adjusted to 360 uL using
PBS (1x) pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C. Finally, the reaction
mixture was treated with 10 mM DTT (40 pL of 100 mM stock) after 30 min and further
incubated at 37 °C for 1 h.

The above treatment groups were finally incubated with 50 uM SSP-2 (4 uL, 5 mM stock) at
37 °C for 10 min in the dark. 100 uL aliquot of each sample was transferred to a 96-well plate
and the fluorescence was recorded (hex = 482 nm, Aem = 518 nm) using a microplate reader

(Thermo Scientific VarioskanFlash).

4.4.6. Cell viability assay with MEF cells

In a 96-well plate, Mouse embryonic fibroblasts (MEFs) were seeded in a 96-well plate at a
concentration of 1 x 10* cells/well in DMEM media supplemented with 10% FBS and 1%
antibiotic solution. Cells were incubated overnight in an atmosphere of 5% CO> at 37 °C. Then,
stock solutions of compounds (20, 21 and 22) were prepared in DMSO and the cells were
treated with varying concentrations of the compounds. For all the treatments, the final
concentration of DMSO did not exceed 0.5%. The cells were incubated for 24 h at 37 °C.
Following this, the old media from the cells were removed, a 0.5 mg/mL stock solution of 3-
MTT was prepared in 7 mL DMEM media, 100 pL of the MTT stock was added to each well
and incubated for 4 h at 37 °C. Next, the media was carefully removed and 100 pL. of DMSO
was added to each well and allowed to mix properly. Finally, absorbance for each well at 570
nm was carried out using a microplate reader (Thermo Scientific Varioskan) to estimate cell

viability.
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4.4.7. H2S imaging in cells using NBD-fluorescein dye

MEFs cells were seeded in a 24-well plate with 10* cells/well in DMEM media containing 10%
FBS and 1% antibiotic solution and cells were incubated in an atmosphere of 5% CO. at 37 °C
for 24 h. Following this, the old media was removed and the cells were washed two times with
0.5 mL of sterile PBS (1x). This was followed by the addition of 1 mL of fresh DMEM media.
The cells were co-treated with 100 uM of 21 or 22 and NBD-fluorescein dye (25 uM) in both
the cell lines and were incubated at 37 °C for 2 h. After 2 h, cells were washed twice with 0.5
mL PBS (1x). Finally, cells were imaged on an EVOS fluorescence microscope using a 20x

GFP (green fluorescence protein) filter.

4.4.8. Protection from MGR-1 induced oxidative stress

In a 96-well plate, mouse embryonic fibroblasts (MEFs) were seeded in a 96-well plate at a
concentration of 1 x 10* cells/well in DMEM media supplemented with 10% FBS and 1%
antibiotic solution. Cells were incubated overnight in an atmosphere of 5% CO; at 37 °C. Then,
old media was removed and 10 mM stock solutions of compounds (21, 22) were prepared in
DMSO. Next, cells were treated with 12.5 pM of 21 or 22. For all the treatments, the final
concentration of DMSO did not exceed 0.5%. The cells were incubated for 4 h at 37 °C.
Following this, the old media from the cells were removed and MGR-1 (25 uM) in DMEM
was added. The cells were incubated for 4 h at 37 °C following which the media was removed
and the aforementioned MTT assay was carried out as described above to determine cell

viability.
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4.5. NMR spectra of compounds

'H and *C NMR spectra of 15:
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'H and *C NMR spectra of 16:
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'H and *C NMR spectra of 17:
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'H and *C NMR spectra of 19:
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'H and *C NMR spectra of 20:
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'H NMR spectra of 21:
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CHAPTER 5. Development of Esterase Triggered Artificial Substrates of 3-MST

5.1. Introduction

In Chapter 5, the results of the design, synthesis and evaluation of another enzyme-triggered,
thiol-stable 3-MST substrate are discussed. The major limitation of the substrate developed in
Chapter 2 is its reactivity with thiols. Hence, an esterase-sensitive donor that is stable to thiols
would be useful. An esterase-sensitive trimethyl lock-based strategy of sulfur-based prodrugs
reported by Prof. Binghe Wang’s lab was considered (Scheme 5.1A).%2 Trimethyl lock-based
systems are rapid and efficient in undergoing lactonization. Known as the Thorpe-Ingold effect,
these are frequently used in the rapid release of payload after activation (Scheme 5.1B).%*
Hence, an esterase activated prodrug where an artificial substrate of 3-MST (2a) tethered to the
trimethyl lock cage was designed (Scheme 5.2). Using esterase as a stimulus is advantageous
as this is a prevalent enzyme, expressed in nearly all cells and would help in deciphering 3-

MST related sulfur transfer.®

A Of Esterase 0
P o ., 0 N 0 $H
“S
0 % /’ = O
P e e caaaP s AN B Cul
. 16
Trimethyl lock prodrug Lactonization
B
/N /NI /N /N
OH \ O OH N OH NS OH O
ke = 1 ke = 1.03 Ko = 4.4*10° ke = 1010

Scheme 5.1: (A) Reported esterase-activated trimethyl lock strategy (B) k relative shows

steric-assisted faster cyclization due to the Thorpe Ingold effect. L corresponds to a leaving

group.

5.2. Design and hypothesis

Esterase sensitive artificial substrates of 3-MST were designed where free thiol group 2a was
caged using a reported trimethyl lock (Scheme 5.2). A cyclopropyl and methyl ester were
considered for the design. Upon activation by esterase free phenolate ion can go through
internal cyclization to form a lactone and subsequently will release free substrate 2a. Finally,

free 2a will be then available for turnover by 3-MST.
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Scheme 5.2: Design of esterase sensitive trimethyl-lock based artificial substrates of 3-MST.

Next, two negative control compounds were designed (Scheme 5.3A). In the first negative
control (24), benzyl thiol was used instead of phenacyl thiol therefore upon activation benzyl
thiol will be uncaged (Scheme 5.2A). As benzyl thiol is not a substrate for 3-MST, thiol control
compound would help understand effects of a thiol in cellular processes. Next, a second
negative control (32) was designed where a methyl group was introduced in the place of ester
group at the phenyl ring. As the methyl ether can not be cleaved in presence of esterase, the

release of 2a is not possible (Scheme 5.3B).

A O%§>Esterase o)
C)
Vo 9 X "N -
. pH 7.4 SN - A 3_3@
pld .
Persulfidated

24 3-MST

B

O
~ (0]
/@iQ‘\S/\n/ 4 + Ph)J\/SH
0 2a
32

Scheme 5.3: Design of negative control compounds (A) Negative control 24. (B) Negative

control 32.

5.3. Results and Discussion

5.3.1. Synthesis

Compounds 23a and 23b were synthesized from their corresponding acids (Scheme 5.4). 3-(2-
Cyclopropyloxy-4,6-dimethylphenyl)-3-methylbutyric acid and 3-(2-acetoxy-4,6-
dimethylphenyl)-3-methylbutyric acid were synthesized using reported protocols.®t 3-(2-
Cyclopropyloxy-4,6-dimethylphenyl)-3-methylbutyric acid was reacted with using freshly
prepared phenacyl thiol (2a) via a DCC based acid-thiol coupling reaction to obtain 23a in 48%
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yield (Scheme 5.4A). A similar reaction was performed with 3-(2-acetoxy-4,6-
dimethylphenyl)-3-methylbutyric acid to obtain 23b in 55% yield (Scheme 5.4B).

A
o) (6]
%0 o ks O DCC,DMAP %o o
0°C-RT, 3 h o
23a, 48%
B
0 i
o o  HS O DCC,DMAP 0 0 @
wOH ann. DEM, /©§ka
0°C-RT, 3 h 0
23b, 55%

Scheme 5.4: Synthesis for the esterase-activated artificial substrate of 3-MST (A) Compound
23a with a cyclopropyl ester group. (B) Compound 23b with a methyl ester group.

Similarly, the negative control 24 was synthesized from the corresponding acid and using
benzyl thiol via a DCC-based acid-thiol coupling reaction to obtain 24 in 59% yield (Scheme
5.5).

o)

Q SH
%0 o DCC, DMAP - v)ko o
/@iQ‘\OH anh. DCM, /@US@
0 °C-RT, 3h

24, 59%

Scheme 5.5: Synthesis of negative control 24.

Negative control 32 was synthesized via 8-step reactions starting from 3,5-xylenol and ethyl
3,3-dimethylacrylate (Scheme 5.6). Compound 27 was synthesized from 3,5-xylenol and ethyl
3,3-dimethylacrylate using a 3-step reported protocol.” The O-methylation of 27 was done
using methyl iodide 28 in 82% yield. Then, TBDMS deprotection of 28 was performed using
acetic acid to form 29 in 95% vyield. Further, the primary alcoholic group of 29 was oxidized
using pyridinium chlorochromate to obtain 30 in 75% yield. Compound 30 was then further
oxidized using sodium chlorate (NaClO>) to obtain 31 in 80% yield. Finally, a DCC coupling
was carried out with 31 and freshly synthesized phenacyl thiol (2a) to obtain negative control
32in 67% yield.
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30, 75% 31, 80% 0°C-RT, 3 h ,67%

Scheme 5.6: Synthesis of negative control 32.

5.3.2. HPLC-based studies to determine stability, decomposition and turnover of the
substrate

5.3.2.1. Decomposition of 23a in the presence of esterase under ambient conditions

Having synthesized esterase-sensitive artificial substrates of 3-MST, the efficiency of 2a
release from compound 23a was evaluated. Compound 23a was incubated with esterase (1
U/mL) in pH 7.4 phosphate buffer (PB) at 37 °C. As monitored by HPLC, the disappearance

of 23a (RT = 12.85 min) was observed in a time-dependent manner (Figure 5.1).

A 25 in buffer

2a in buffer

J A 20 min
]» 23a + Es
0 min

23a in buffer

—

5 10 15
RT, min
Figure 5.1: Decomposition of 3-MST artificial substrate 23a and gradual formation of 2a and
25 (Abs = 250 nm. (A) HPLC traces for the reaction mixture containing 23a in the presence of

esterase (1 U/mL).
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Compound 23a was completely consumed within 20 min and the appearance of peaks for
intermediates, 25 and 2a were observed at the retention time of 7.97 min and 4.97 min,
respectively. Hence, 23a is a substrate for esterase and efficiently releases 2a in the presence
of this enzyme.

5.3.2.2. Stability of 23a in buffer and in thiols (GSH and DTT)

Next stability of these 3-MST artificial substrates was evaluated in pH 7.4 buffer and reducing
environment at 37 °C. Compound 23a was incubated in pH 7.4 PB. As cells are known to be
rich in thiols, 23a was incubated with GSH (10 mM) or DTT (10 mM) and stability was studied.
The peak corresponding to 23a remained unchanged in the aforementioned conditions which
suggest these 3-MST artificial substrates were stable in the buffer as well as in the thiol-rich

environment (Figure 5.2).

]\ 80 min A
A | 233 + GSH
0 min
/\ 80 min 7
/\ — 23a +DTT
0 min -
/\ 80 min 7
/L — 23a in buffer
0 min -
T T T T !
5 10 15
RT, min

Figure 5.2: Stability of 3-MST artificial substrates in buffer and in presence of GSH and DTT.
HPLC traces for the reaction mixture containing 20 in buffer and in the presence of GSH or
DTT over 80 min.

5.3.3.2. Decomposition of 23a in the presence of esterase and substrate (2a) turnover

under reducing condition (DTT)

Compound 23a was incubated with esterase (1 U/mL), b3-MST (0.5 uM) and DTT (10 mM)
in pH 7.4 PB at 37 °C. As monitored by HPLC, 23a was consumed in 20 min and followed by
formation of byproduct (25) and the release of the substrate (2a) was observed (Scheme 5.7
and Figure 5.3). Release of 2a followed by turnover in presence of 3-MST should produce
acetophenone (3a) (RT = 4.67 min). The yield of 3a and 25 was found to be 89% and 90%
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respectively which suggested an efficient reaction. The rate of acetophenone (3a) formation
(ksa) was calculated to be 2.3 + 0.6 h'* (R? = 0.9877) (Figure 5.4).

0]

/§> Esterase
O

7 g

23a

0) Ph
=S Y
oV o

Lactonization

~Q
(0]
THS\)kph el HZST
0._0 k3a o
2a
3a

Scheme 5.7: Decomposition of 23a in presence of esterase followed by 2a turnover by 3-MST.

25 in buffer

3a in buffer

2a in buffer

80 min

60 min

23a + 3-MST

40 min +DTT +Es

20 min

R
A

0 min
23a in buffer

DTT over 80 min.

10 12

RT, min
Figure 5.3: Decomposition of 23a and gradual formation of 2a and 25 followed by turnover
of 2a by 3-MST and finally the formation of 3a (Abs = 250 nm). (A) HPLC traces for: 1a + Es
+ b3-MST and conversion of 23a to 2a, and the turnover of 2a to 3a by 3-MST in presence of

3x10°6

AUC, au

0

14

0 20

40

60 80

Time, min

Figure 5.4: Kinetic profile for the formation of 3a during the reaction of 23a + 3-MST + Es +

DTT. The area under the curve for 3a was computed and was used to determine the rate

constant for 3a. The data were fit using the pseudo-first-order equation y = yo + a(1 — ™).
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Overall, HPLC study suggests that 23a is specifically activated by esterase to yield 2a which
is then further turned over by 3-MST in presence of DTT and forms 3a and 25 as the
byproducts.

5.3.3. H2S generation from 23a and 23b in presence of 3-MST and DTT
5.3.3.1. H2S detection using lead acetate assay

Next, under aforementioned conditions, H2S release was monitored using the lead acetate assay

as discussed in Chapter 2 (Scheme 5.8).

Synthesized Esterase, b3-MST Pb(OAc), .
~ H,S

Compounds oy Buffer (pH 7.4) Soaked paper

PbS

Scheme 5.8: Detection of H,S via lead acetate assay.

In this assay, 20 and 21 were incubated with esterase (1 U/mL) respectively, along with b3-
MST (0.5 uM) and DTT (10 mM) in PB at 37 °C. The assay was performed in 96-well plate
and the plate was covered with 5% Pb(OAc). soaked paper and the reaction was incubated for
1.5 hand HsS release was seen from 23a and 23b only in the presence of esterase and b3-MST
(Figure 5.5). 1a was used as a positive control for this assay and an intense spot for PbS was
observed. 24 and 32 were used as negative control, both failed to produce H2S in the presence

of b3-MST. As expected, other controls did not produce a significant amount of H>S.

- © 3] £ © 3] Q2 N <
- - P ®m T o ) o «
o N N N N

Es 3-MST + Es

Figure 5.5: Lead acetate assay H.S generation by the 3-MST artificial substrates (23a, 23b) in
presence of b3-MST. Compounds were incubated with esterase b3-MST and DTT for 1.5 h. 1a
was used as positive control and 24 and 32 were used as a negative control. Ctrl represents only

3-MST.
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5.3.3.2. H2S detection using methylene blue assay

Along with H>S detection for the compounds via lead acetate assay, methylene blue assay was

carried out as described in Chapter 2.

N
Esterase, ® /@[ j@\ Cle
Synthesized b3-MST > H,S M@ FeCls, H0™ N S N
\

>

Compounds DTT, Buffer (pH 7.4) N‘QNHz | Methylene blue ‘
/ (Amax =676 nm)

Scheme 5.9: Detection of H»S via the methylene blue assay.

In this assay, 23a were incubated with esterase (1 U/mL) along with b3-MST (0.5 uM),
Zn(OAC)2 (400 uM) and DTT (10 mM) in PB at 37 °C. At predetermined time points aliquots
from the reaction mixture were treated with methylene blue reagents and mixed. The final
reaction mixture was then transferred to the 96-well plate and absorbance was recorded. Both
compounds 23a and 23b showed significant methylene blue absorbance support of H>S
formation (Figure 5.6). 1a was used as a positive control for the assay and compounds 24 and
32 as negative controls. As expected, negative controls and other controls also did not produce

a significant amount of H>S.

0.18 - o
>
5]
o
S
")
o]
< HH
0.00 ﬁﬂ —L Wﬁ
EIZ2rSa3y
5] NN NN
Es Es + 3-MST

Figure 5.6: Methylene blue assay for H>S generation by the 3-MST artificial substrates (23a
and 23b) in presence of b3-MST. Compounds were incubated with esterase b3-MST and DTT
for 1.5 h. 1a was used as positive control and 24 and 32 were used as negative control. Ctrl

represents only 3-MST.
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5.3.4. 3-MST persulfide detection using clickable tag switch assay

3-MST first reacts with its substrate 2a and forms 3-MST persulfide which is one of the key
steps in the process of HaS generation. Therefore, a clickable tag switch assay was performed
to detect 3-MST persulfide as described in Chapter 3. In this assay, 100 uM of the 3-MST
artificial substrates (23a and 23b) were incubated with esterase (1 U/mL) and 3-MST (10 uM)
for the generation of 3-MST persulfide. 1a was taken as a positive control and 24, 32 were used
as negative control. An intense band corresponding to the la treated lane showed 3-MST
persulfidation (Figure 5.7). An intense band was seen for 23a and 23b treated lanes indicating
3-MST persulfide formation. As expected, the other control group did not show significant

persulfidation.

Ctrl

S e
© [ ™ < N
- N N N )

Alexa flour 530 [

Figure 5.7: Persulfidation of b3-MST by the 3-MST artificial substrates. 1a, 23a and 23a were
incubated with b3-MST in presence of esterase. 3-MST persulfidation was detected using the
clickable tag-switch assay. Ctrl represents only 3-MST enzyme. Coomassie brilliant blue

(CBB) staining was used as a loading control.
5.3.5. Sulfane sulfur detection using SSP-2 assay

Next, formation of sulfane sulfur was detected using a reported fluorescent-based assay using
an SSP-2 probe as described in Chapter 3.2 In this assay, esterase (0.5 U/mL) and 3-MST (10
MM) were incubated with 100 uM of the 3-MST artificial substrates (23a and 23b) for the
generation of 3-MST persulfide. 1a was taken as positive control and 24 and 32 were used as
negative controls. At a predetermined time point, the SSP-2 probe was added and incubated. A
turn-on fluorescence for 1a in presence of 3-MST was observed which indicates sulfane sulfur
formation (Figure 5.8). In the presence ofl 3-MST, an enhanced fluorescence was observed for
both 23a and 23b which indicates significant sulfane sulfur formation. As DTT was known to
reduce sulfane sulfur, therefore fluorescence regarding sulfane sulfur formation was
significantly reduced for the DTT-treated groups. As expected, negative control and other

controls did not show significant sulfane sulfur generation.
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Figure 5.8: Sulfane sulfur detection using SSP-2 probe (Fluorescence intensities were
measured; Aex = 482 nm, Aem = 518 nm). 1a, 23a and 23b were incubated with b3-MST and
esterase followed by treatment with the probe SSP-2. +DTT refers to the post-treatment of the

enzyme with DTT to reduce sulfane sulfur at the active cysteine residue of 3-MST. Ctrl

represents only enzyme.

5.3.6. MTT assay for cell viability of the key compounds

Cell viability assay were conducted with 23a, 23b, 24 and 32 as described in Chapter 3. Mouse
embryonic fibroblast (MEF) cells were treated with variable concentrations of 23a, 23b, 24
and 32 and incubated for 24 h and finally, cell viability was measured. Cells are found to be
more than 80% viable for the highest treated concentration (100 uM) of all the compounds

which indicates the compounds were well tolerated by the cells for 24 h with no significant

cytotoxicity (Figure 5.9).
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Figure 5.9: Cell viability was determined in MEFs cells using MTT assay. (A) in presence of

23a and 23b. (B) in presence of 24 and 32.
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5.4. Summary

To summarize, esterase-specific artificial substrates for 3-MST (23a and 23b) were designed
and synthesized. Substrate activation followed by turnover of the active substrate (2a) by 3-
MST was validated using HPLC. Furthermore, efficient H2S release from both 23a and 23b
was detected using lead acetate and methylene blue assay. 3-MST persulfide formation was
demonstrated by clickable tag switch assay. The formation of sulfane sulfur was observed using
an SSP-2 probe. Finally, the cell viability of these 3-MST artificial substrates and by-products
was evaluated using an MTT assay. Cell viability data shows the 3-MST artificial substrates
and by-products are benign under experimental concentrations. Collectively, our data suggest
that 23a and 23b are artificial substrates of 3-MST. Although these compounds were stable
towards thiols, they are significantly more hydrophobic (ClogP = 6-7) than the parent substrates
(ClogP = 1.6-2.1). It is anticipated that these compounds will find applications when
encapsulated in suitable polymer-based nanoparticles for site-specific delivery, which may

have applications in the mitigation of inflammation.
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5.5. Experimental Procedures

5.5.1. Synthesis and characterization of compounds

General methods: All reactions were conducted under nitrogen atmosphere. All the chemicals
and solvents were purchased from commercial sources and used as received unless stated
otherwise. Column chromatography was performed using silica gel - Rankem (60-120 mesh)
or silica gel Spectrochem (100-200 mesh) as the stationary phase. H and 3C spectra were
recorded on a JEOL 400 MHz (or 100 MHz for *3C) or a Bruker 400 MHz (or 100 MHz for
13C) spectrometer unless otherwise specified using either residual solvent signals CDCl3z (§H=
7.26 ppm, 6C =77.2 ppm) and ds-DMSO (6H= 2.50 ppm, 6C = 39.6 ppm). Chemical shifts (5)
are reported in ppm and coupling constants (J) in Hz. The following abbreviations are used: m
(multiplet), s (singlet), and t (triplet). High-resolution mass spectra were obtained from HRMS-
ESI-Q-Time of Flight LC/MS. FT-IR spectra were recorded using BRUKER-ALPHA FT-IR
spectrometer. Photometric measurements were performed using a Thermo Scientific

VarioskanFlash or PerkinEImer EnSight microtiter plate readers.

3-(2-cyclopropyloxy-4,6-dimethylphenyl)-3-methylbutyric acid,® 3-(2-acetoxy-4,6-
dimethylphenyl)-3-methylbutyric acid,® 1a,° 2a,'° 25-277 and ds1° were synthesized using a

previously reported protocol. All analytical data matches the reported values.

3,5-dimethyl-2-(2-methyl-4-ox0-4-((2-ox0-2-phenylethyl)thio)butan-2-yl)phenyl
cyclopropanecarboxylate (23a): 3-(2-Cyclopropyloxy-4,6-dimethylphenyl)-3-methylbutyric
acid (200 mg, 1 eq) and freshly syntheized phenacyl thiol (105 mg, 1 eq) were taken in a round-
bottom flask, purged with nitrogen and dissolved in 10 mL dry DCM, followed by subsequent
addition of DCC (213 mg, 1.5 eq) and DMAP (17 mg, 0.5 eq). The reaction mixture was stirred
at 0 °C for 3 h. Upon completion of the reaction, as monitored by TLC, the reaction was
quenched with 20 mL of H>O and transferred to a separating funnel, where the product was
extracted with DCM (2 x 15 mL). The organic layers were washed with brine (30 mL) then the
resultant combined layers were passed through anh. Na;SO., filtered and the filtrate was
evaporated under reduced pressure to obtain the crude compound. The compound was further
purified by silica gel column chromatography (7-8% ethyl acetate/hexane) using 100-200 mesh
silica as a stationary phase. The compound obtained from column chromatography was
subjected to prep HPLC flash chromatography to obtain pure product.
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0 Yield (140 mg, 48%). *H NMR (400 MHz, CDCls):  7.95-
%o 0 7.93 (m, 2H), 7.59-7.56 (m, 1H), 7.47-7.43 (m, 2H), 6.78
s Ph (s, 1H), 6.59 (s, 1H), 4.31 (s, 2H), 3.21 (s, 2H), 2.52 (s, 3H),

2.21 (s, 3H), 1.90-1.83 (m, 1H), 1.57 (s, 6H), 1.16-1.14 (m,

2H), 1.03-1.0 (m, 2H); **C NMR (100 MHz, CDCls): & 195.8, 193.7, 174.0, 149.8, 137.9,
136.5, 135.7, 133.7, 133.3, 132.5, 128.8, 128.6, 123.8, 56.3, 40.1, 36.6, 31.5, 25.6, 20.4, 13.7,
9.2 ; HRMS for Cz5H2004S (M+Na)* Calculated: 447.1606, Found: 447.1607.

3,5-dimethyl-2-(2-methyl-4-oxo0-4-((2-ox0-2-phenylethyl)thio)butan-2-yl)phenyl acetate
(23b): 3-(2-acetoxy-4,6-dimethylphenyl)-3-methylbutyric acid and (140 mg, 1 eq) and freshy
synthesized phenacyl thiol (161 mg, 2 eq) were taken in a round-bottom flask, purged with
nitrogen and dissolved in 10 mL dry DCM. Subsequently, DCC (164 mg, 1.5 eq), DMAP (32.5
mg, 0.5 eq) were used. The reaction mixture was stirred at 0 °C for 3 h. Upon completion of
the reaction, as monitored by TLC, the reaction was quenched with 20 mL of HO and
transferred to a separating funnel, where the product was extracted with DCM (2 x 15 mL).
The organic layers were washed with brine (30 mL) then the resultant combined layers were
passed through anh. Na>SOyg, filtered and the filtrate was evaporated under reduced pressure to
obtain the crude compound. The compound was further purified by silica gel column
chromatography (9-10% ethyl acetate/hexane) using 100-200 mesh silica as a stationary phase.
The compound obtained from column chromatography was subjected to prep HPLC flash

chromatography to obtain pure product.

O Yield (130 mg, 61%). *H NMR (400 MHz, CDCls): § 7.95-7.93

/U\o O (m, 2H), 7.60-7.57 (m,1H), 7.47-7.43 (m, 2H), 6.81-6.80 (m,

s il 1H), 6.60-6.59 (m, 1H), 4.32 (s, 2H), 3.18 (s, 2H), 2.52 (s, 3H),

© 2.30 (s, 3H), 2.22 (s, 3H), 1.56 (s, 6H) ); 13C NMR (100 MHz,

CDCIs): 6 195.7, 193.6, 170.1, 149.5, 138.0, 136.6, 135.7, 133.8, 133.2, 132.7, 128.8, 128.6,

123.3, 56.2, 39.9, 36.6, 31.5, 25.5, 22.1, 20.4 ; HRMS for C2sH2304S (M+Na)* Calculated:
421.1449, Found: 421.1450.

Synthesis protocol of derivatives 2-(4-(benzylthio)-2-methyl-4-oxobutan-2-yl)-3,5-
dimethylphenyl cyclopropanecarboxylate (24): 3-(2-Cyclopropyloxy-4,6-dimethylphenyl)-
3-methylbutyric acid (1 eq, 96 mg) and benzyl mercaptan (1 eq, 46 mg) were taken in a round-
bottom flask, purged with nitrogen and dissolved in 10 mL dry DCM, followed by subsequent
addition of DCC (1.5 eq, 113 mg) and DMAP (0.2 eq, 9 mg). The reaction mixture was stirred
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at 0 °C for 3 h. Upon completion of the reaction, as monitored by TLC, the reaction was
quenched with 20 mL of H2O and transferred to a separating funnel, where the product was
extracted with DCM (2 x 15 mL). The organic layers were washed with brine (30 mL) then the
resultant combined layers were passed through anh. Na»>SOs, filtered and the filtrate was
evaporated under reduced pressure to obtain the crude compound. The compound was further
purified by silica gel column chromatography (2-3% ethyl acetate/hexane) using 60-120 mesh
silica as a stationary phase. The compound obtained from column chromatography was
subjected to prep HPLC flash chromatography to obtain pure product.

0 Yield (80 mg, 59%). 'H NMR (400 MHz, CDCls): § 7.27-
%o o) 7.16 (m, 5H), 6.78-6.77 (m, 1H), 6.60-6.59 (m, 1H), 4.03 (s,
/EinLS/\Q 2H), 3.12 (s, 2H), 2.50 (s, 3H), 2.22 (s, 3H), 1.90-1.83 (m,
1H), 1.57 (s, 6H), 1.16-1.14 (m, 2H), 1.03-1.0 (m, 2H) ; 13C

NMR (100 MHz, CDCls): § 196.8, 174.0, 149.9, 138.0, 138.0, 136.4, 133.4, 133.4, 132.5,

128.9, 128.6, 127.2, 123.2, 56.2, 40.1, 33.3, 31.7, 25.6, 20.4, 13.7, 9.1 ; HRMS for C24H2903S
(M+Na)* Calculated: 419.1657, Found: 419.1660.

tert-butyl(3-(2,4-dimethyl-6-(methyl-I3-oxidaneyl)phenyl)-3-methylbutoxy)dimethyl-

silane (28): 2-(4-((tert-butyldimethylsilyl)oxy)-2-methylbutan-2-yl)-3,5-dimethylphenol (1
eq, 1 g) and K>COs (1.2 eq, 514 mg) were taken in a round-bottom flask, purged with nitrogen
and dissolved in 10 mL dry DMF. lodomethane (1.2 eq, 579 uL) was then added and strirred
for 36 h at room temperature. Upon completion of the reaction, as monitored by TLC, the
reaction was quenched with 20 mL of brine and 20 mL ethy| acetate, transferred to a separating
funnel, compound was allowed to distribute between both layers. Ethyl acetate layer was
washed with brine (5 x15 mL) to remove DMF. The organic layers were washed with brine
(30 mL) then the resultant combined layers were passed through anh. Na>SOs, filtered and the
filtrate was evaporated under reduced pressure to obtain the crude compound. The compound
was further purified by silica gel column chromatography (1-2% ethyl acetate/hexane) using

100-200 mesh silica as a stationary phase.

Yield (860 mg, 82%). H NMR (400 MHz, CDCls): & 6.55 (m, 1H), 6.51 (m, 1H), 3.76 (s,
3H), 3.48-3.44 (m, 2H), 2.47 (s, 3H), 2.24 (s, 3H), 2.14-2.10 (m, 2H), 1.50 (s, 6H), 0.84 (s,
9H), 0.04 (s, 6H) ; *C NMR (100 MHz, CDCls): § 159.6, 137.5, 135.8, 131.3, 127.2, 111.4,
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~ 61.7, 55.4, 45.8, 39.9, 32.2, 26.1, 25.9, 22.2, 20.9, 18.4, 12.1, -

0
dﬁOTBDMS 5.1 ; HRMS for Cz0H370,Si (M+H)" Calculated: 337.2563,
Found: 337.1990.

3-(2-methoxy-4,6-dimethylphenyl)-3-methylbutan-1-ol (29): tert-butyl(3-(2,4-dimethyl-6-
(methyl-13-oxidaneyl)phenyl)-3-methylbutoxy)dimethylsilane (1 g, 1 eq), water (4 mL, 80 eq)

and THF (9 mL, 50 eq) were taken together in a RB, purged with nitrogen then acetic acid (8
mL, 30 eq) was added, again purged with nitrogen. The reaction was stirred at 0 °C for h. Upon
completion of the reaction, as monitored by TLC, the reaction was quenched with 20 mL of
NaHCOz and transferred to a separating funnel, where the product was extracted with ethyl
acetate (2 x 15 mL). The combined organic layers were washed with brine (30 mL) then the
resultant combined layers were passed through anh. Na;SOs, filtered and the filtrate was
evaporated under reduced pressure to obtain the crude compound. The compound was further
purified by silica gel column chromatography (20-25% ethyl acetate/hexane) using 60-120
mesh silica as a stationary phase.

~0 Yield (500 mg, 95%). H NMR (400 MHz, CDCls): & 6.58 (bs, 1H),
&OH 6.53 (bs, 1H), 3.78 (s, 3H), 3.55-3.52 (m, 2H), 2.49 (s, 3H), 2.24 (s,
3H), 2.18-2.15 (m, 2H), 1.52 (s, 6H); *C NMR (100 MHz, CDCls): &

159.6, 137.6, 136.2, 131.0, 127.5, 111.8, 61.5, 55.6, 45.8, 40.0, 32.3, 25.9, 22.2, 20.9; HRMS
for C14H2302 (M+H)* Calculated: 223.1698, Found: 223.1326.

3-(2-methoxy-4,6-dimethylphenyl)-3-methylbutanal (30): 3-(2-methoxy-4,6-
dimethylphenyl)-3-methylbutan-1-ol (625 mg, 1 eq) and PCC (1.08 g, 2 eq) were taken in a
RB and purged with nitrogen, dissolved in dry DCM (10 mL). The reaction was stirred for 2 h
at room temperature. Upon completion of the reaction, as monitored by TLC, the reaction was
quenched with 30 mL of H20 and 20 mL DCM, transferred to a separating funnel, where the
product was extracted with DCM (2 x 15 mL). The combined organic layers were washed with
brine (30 mL) then the resultant combined layers were passed through anh. Na>SOa, filtered
and the filtrate was evaporated under reduced pressure to obtain the crude compound. The
compound was further purified by silica gel column chromatography (14-16% ethyl

acetate/hexane) using 60-120 mesh silica as a stationary phase.

Yield (350 mg, 75%). 'H NMR (400 MHz, CDCls): § 9.50 (t, J=2.72 Hz, 1H), 6.58 (bs, 1H),
6.57 (bs, 1H), 3.77 (s, 3H), 2.92 (t, J=2.72 Hz, 2H), 2.51 (s, 3H), 2.25 (s, 3H), 1.57 (s, 6H); 13C
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~0 9] NMR (100 MHz, CDCls): 6 204.5, 158.6, 137.5, 136.8, 129.6, 127.6,
H| 111.5, 57.0, 55.2, 38.9, 31.8, 25.8, 20.9; HRMS for C14H2102 (M+H)*
Calculated: 221.1542, Found: 221.1187.

3-(2-methoxy-4,6-dimethylphenyl)-3-methylbutanoic  acid (31):  3-(2-methoxy-4,6-
dimethylphenyl)-3-methylbutanal (350 mg, 1 eq) taken in a RB and purged with nitrogen,
dissolved in 2-methyl 2-butene (2.5 mL) and 'BuOH (10 mL). NaClO; (431 mg, 3 eq) (in 0.67
M KH2PO4) was added slowly. The reaction was stirred for 2 h at room temperature. Upon
completion of the reaction, as monitored by TLC, solvents were evaporated. 20 mL of H.O and
20 mL ethyl acetate, transferred to a separating funnel, and product was extracted in ethyl
acetate. The combined organic layers were washed with brine (2 x 15 mL) then the resultant
combined layers were passed through anh. Na2SOs, filtered and the filtrate was evaporated
under reduced pressure to obtain the crude compound. The compound was further purified by
silica gel column chromatography (18-20% ethyl acetate/hexane) using 60-120 mesh silica as

a stationary phase.

~0 o) Yield (300 mg, 80%). *H NMR (400 MHz, CDCls): & 6.56 (bs, 1H),

OH| 6.53 (bs, 1H), 3.75 (s, 3H), 2.98 (s, 2H), 2.50 (s, 3H), 2.24 (s, 3H), 1.58
(s, 6H); *°C NMR (100 MHz, CDCl3): § 177.2, 158.9, 137.7, 136.2,
130.1,127.5,111.5, 55.4, 47.4,39.6, 31.7, 25.6, 21.0; HRMS for C14H2103 (M+H)* Calculated:
237.1491, Found: 237.1478.

S-(2-ox0-2-phenylethyl) 3-(2-methoxy-4,6-dimethylphenyl)-3-methylbutanethioate (32):
3-(2-methoxy-4,6-dimethylphenyl)-3-methylbutanoic acid (1 eq, 170 mg, 1 eq), phenacyl thiol
(1 eq, 110 mg) were taken in a round-bottom flask, purged with nitrogen and dissolved in 10
mL dry DCM, followed by subsequent addition of DCC (1.5 eq, 223 mg) and DMAP (0.2 eq,
18 mg). The reaction mixture was stirred at 0 °C for 3 h. Upon completion of the reaction, as
monitored by TLC, the reaction was quenched with 20 mL of H>O and transferred to a
separating funnel, where the product was extracted with DCM (2 x 15 mL). The combined
organic layers were washed with brine (30 mL) then the resultant combined layers were passed
through anh. Na SOy, filtered and the filtrate was evaporated under reduced pressure to obtain
the crude compound. The compound was further purified by silica gel column chromatography
(5-6% ethyl acetate/hexane) using 60-120 mesh silica as a stationary phase. The compound
obtained from column chromatography was subjected to Prep HPLC flash chromatography to

obtain pure compound.
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<0 o Yield (180 mg, 67%). 'H NMR (400 MHz, CDCls): § 7.91-7.89

s (m, 2H), 7.58-7.54 (m, 1H), 7.44-7.40 (m, 2H), 654 (bs, 1H),

O | 6.51 (bs, 1H), 4.25 (s, 2H), 3.77 (s, 3H), 3.32 (s, 2H), 2.48 (s,

3H), 2.23 (s, 3H), 158 (s, 6H) ; °C NMR (100 MHz, CDCls): & 196.6, 194.1, 158.8, 137.4,

136.3, 135.7, 133.6, 129.7, 128.8, 128.6, 127.4, 111.2, 56.4, 55.3, 40.9, 36.2, 31.8, 25.7, 21.0
; HRMS for C22H2703S (M+H)™ Calculated: 371.1681, Found: 371.1496.

5.5.2. HPLC-based studies

General method: A stock solution of the 2a, 3a, 23a, 25 and ds1 (10 mM) was prepared in
DMSO whereas the stocks of DTT (100 mM) and GSH (100 mM) were prepared fresh in
deionized water. A stock of 32.5 uM of wt b3-MST used. The reaction mixtures were prepared
in pH 7.4 phosphate buffer (PB) as required. The final concentration of DMSO in the reaction
mixture was kept to 1%. The reaction was mixed, and then incubated at 37°C. At pre-
determined time points, reaction was quenched and half diluted by ACN, mixed, aliquots were
taken from the reaction mixture, and injected (50 pL) in a high performance liquid
chromatography (HPLC) attached with a UV detector (absorbance at 250 nm). Phenomenex
Luna C-18 reverse phase column, 100 A particle size and 5 uM pore size (250 x 4.6 mm) was
used. The mobile phase was water: acetonitrile with a gradient starting at 35:65 — 0 - 1 min,
35:65t020:80 — 1 - 5min, 20:80 — 5 - 11 min, 20:80 to 35:65 — 11 - 13 min, 35:65 — 13 -

17 min was used at a flow rate of 1 mL/min.

5.5.2.1. Decomposition of 23a in presence of esterase under non-reducing conditions
In PB (1 mL), the reaction mixture was prepared using 23a (100 uM) with esterase (1 U/mL).
At pre-determined time points, 100 pL aliquots were taken from the reaction mixture, diluted

with 100 pL ACN and 50 pL was injected in the HPLC.

5.5.2.2. Stability of 23a in buffer and in presence of thiols (GSH and DTT)

To determine the stability in buffer, a reaction mixture was prepared using 23a (100 pM) in
PB (500 pL) and incubated at 37 °C. A similar reaction was set up to check the stability of 23a
in presence of with glutathione (10 mM) and DTT (10 mM). At pre-determined time points,
100 pL aliquots were taken from the reaction mixture, diluted with 100 uLL ACN and 50 pL
was injected into the HPLC.
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5.5.2.3. Decomposition of 23a followed turnover of 2a by b3-MST in presence of DTT to
produce 3a

In PB (1 mL), the reaction mixture was prepared using 23a (100 puM) with esterase (1 U/mL),
10 mM DTT (10 mM) and 3-MST (0.5 uM). At predetermined time points, 100 pL aliquots
were taken from the reaction mixture, diluted with 100 pL ACN and 50 pL was injected into
the HPLC.

5.5.3. H2S generation from 23a and 23b in presence of 3-MST and DTT
5.5.3.1. Lead Acetate assay for the detection of H2S

The lead acetate assays were conducted as previously reported with some modifications.
Firstly, lead acetate socked paper was prepared. Whatman filter papers were soaked with 5%
(w/v) lead (II) acetate solution and dried. 285 uM stock of wild-type (wt) b3-MST is used for
lead acetate assay. Stocks of all compounds (1a, 23a, 23b, 24 and 32) (10 mM) were prepared
in DMSO. Porcine liver esterase (100 U/mL) and dithiothreitol (DTT, 100 mM) were prepared

in deionized water.

Lead acetate assay was performed in a 96-well plate (with lid). Individual reaction samples
were prepared for 1a, 23a, 23b, 24 and 32. Compound (100 uM) was subsequently added to
esterase (1 U/mL), wt 3-MST (0.5 uM) and DTT (10 mM). The final volume was adjusted to
200 pL using 1x phosphate buffer saline (PBS) pH 7.4 buffer, covered with 5% lead acetate-
soaked paper, sealed and incubated at 37 °C.

A similar protocol was followed for the substrate controls. Individual reaction samples were
prepared for 1a, 23a and 23b. Compound (100 uM) was subsequently added to esterase (1
U/mL) and DTT (10 mM). The final volume was adjusted to 200 uL using 1x PBS pH 7.4
buffer, covered with 5% lead acetate-soaked paper, sealed and incubated at 37 °C.

A separate experiment was conducted to test the enzyme controls. DMSO (1%), Esterase (1
U/mL), wt 3-MST (0.5 uM) and DTT (10 mM) were sequentially added. The final volume was
adjusted to 200 pL using 1x PBS pH 7.4 buffer, covered with 5% lead acetate-soaked paper,
sealed and incubated at 37 °C.

At predetermined time points, lead acetate paper was carefully taken out and an image was

captured using Syngene G-Box Chemi-XRQ.
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5.5.3.2. Methylene blue assay for the detection of H2S

The methylene blue assays were conducted as previously reported with some modifications.
Briefly, 285 uM stock of wt 3-MST was used for the methylene blue assay. 10 mM stocks of
all compounds (1a, 23a, 23b, 24 and 32) were prepared in DMSO. Porcine liver esterase (100
U/mL), DTT (100 mM) and Zn(OAc)2.2H20 (40 mM) was prepared in deionized water. A
stock solution of FeCls (30 mM) was prepared in 1.2 M HCI and N,N-dimethyl-p-
phenylenediamine sulfate (DMPPDA) (20 mM) was prepared in 7.2 M HCI.

Individual reaction samples were prepared for 1a, 23a, 23b, 24 and 32. Compound (100 uM)
was added to esterase (1 U/mL), Zn(OAc)2.2H20 (400 uM), wt 3-MST (0.5 uM) and DTT (10
mM). The final volume was adjusted to 0.5 mL using 1x PBS pH 7.4 buffer and incubated at
37 °C at 300 rpm.

A similar protocol was followed for the substrate controls. Individual reaction samples were
prepared for la, 23a and 23b. Compound (100 uM) was added to esterase (1 U/mL),
Zn(OAC)2.2H20 (400 uM) and DTT (10 mM). The final volume was adjusted to 0.5 mL using
1x PBS pH 7.4 buffer and incubated at 37 °C at 300 rpm.

A separate experiment was conducted to test the enzyme controls. DMSO (1%), Esterase (1
U/mL), wt 3-MST (0.5 uM), Zn(OAc)2.2H20 (400 uM) and DTT (10 mM) were sequentially
added. The final volume was adjusted to 0.5 mL using 1x PBS pH 7.4 buffer and incubated at
37 °C at 300 rpm.

At predetermined time points, equal volumes (200 pL) of FeCls, DMPPDA and aliquots from
the above reaction samples were mixed and the resulting solution was incubated at 37 °C for
30 min in dark, to allow the formation of the methylene blue dye. An aliquot of 150 pL was
transferred to a 96-well plate and the absorbance values were recorded at 676 nm using a
microplate reader (Thermo Scientific VVarioskanFlash).

5.5.4. Clickable Tag-switch assay for 3-MST persulfide detection

The Clickable Tag-switch assay was conducted with 285 uM stocks of wt 3-MST. 10 mM
stocks of all compounds (1a, 23a, 23b, 24 and 32) were prepared in DMSO. Porcine liver
esterase (100 U/mL) was prepared in deionized water.
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Individual reaction samples were prepared for 1a, 23a, 23b, 24 and 32. To 3-MST (15 uM),
compound (100 uM) and esterase (1 U/mL) were added. Volume was adjusted to 100 puL by
Tris buffer (pH 8.0) and incubated for 1 h. After that 5 mM MSBT-A (2.5 uL, 200 mM) and 5
uL 10% SDS were added and incubated for 30 min. Then 500 uM PMSF (0.5 pL, 100 mM)
was added and incubated for 30 min. Then 2 mM of CN-Alkyne (1 pL, 200 mM) was added

and incubated for 1 h.

A similar reaction was set up for enzyme control. To 3-MST (15 uM), DMSO (1%) was added.
The reaction volume was adjusted to 100 uLL by Tris buffer (pH 8.0) and incubated for 60 min.
After that 5 mM MSBT-A (2.5 uL, 200 mM) and 5 pL 10% SDS were added and incubated
for 30 min. Then 500 uM PMSF (0.5 puL, 100 mM) was added and incubated for 30 min. Then
2 mM of CN-Alkyne (1 pL, 200 mM) was added and incubated for 1 h.

After the reaction click reaction cocktail: 6 pL. TBTA (1.7 mM), 2 uLL CuSO4.5H20 (50 mM),
2 uL TCEP (50 mM), 1 pL Rhodamine azide (10 mM) was added to each. The reaction was
stirred at 25 °C for 1 h. After completion of the reaction, 40 puL of loading dye was added. The
samples (20 puL) were loaded in a gel and SDS-PAGE was performed (run at 150 V for 1 h),
the in-gel fluorescence image was taken using Syngene G-Box Chemi-XRQ.

5.5.5. Sulfane sulfur measurement using SSP-2

Stock solutions of 1a (10 mM), 23a (10 mM), 23b (10 mM), 24 (10 mM), 32 (10 mM) and
SSP-2 (5 mM) were prepared in DMSO. Porcine liver esterase (100 U/mL) and DTT (100 mM)

were prepared in DI water.

Individual reaction samples were prepared for 1a, 23a, 23b, 24 and 32. To 3-MST (10 uM),
compound (100 puM) and esterase (0.5 U/mL) were added. Volume was adjusted to 400 puL
using 1x PBS pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C.

A reaction was set up for compound control. Individual reaction samples were prepared for
la, 23a and 23b. The reaction mixtures were prepared by adding compound (100 pM) with
esterase (0.5 U/mL). and the volume was adjusted to 400 uL using 1x PBS pH 7.4 buffer. The

reaction was incubated for 1 h at 37 °C.

A reaction was set up for enzyme control. The reaction mixtures were prepared by 3-MST (10
uM), 4 uL of DMSO, esterase (0.5 U/mL) and the volume was adjusted to 400 pL using 1x
PBS pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C.
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A similar reaction was set up for DTT control. Individual reaction samples were prepared for
la, 23a and 23b. The reaction mixtures were prepared by adding compound (100 uM) with
esterase (0.5 U/mL) and 3-MST (10 uM). The volume was adjusted to 360 pL using 1x PBS
pH 7.4 buffer. The reaction was incubated for 1 h at 37 °C. Finally, the reaction mixture was
treated with 10 mM DTT (40 pL of 100 mM stock) after 30 min and further incubated at 37 °C
for 1 h.

The above treatment groups were finally incubated with 50 uM SSP-2 (4 uL, 5 mM) at 37 °C
for 10 min in the dark. 100 pL aliquot of each sample was transferred to a 96 well plate and the
fluorescence was recorded (Aex = 482 nm, Aem = 518 nm) using a microplate reader (Thermo

Scientific VarioskanFlash).
5.5.6. Cell viability assay with MEF cells

In a 96-well plate, Mouse embryonic fibroblasts (MEF) were seeded in a 96-well plate at a
concentration of 1 x 10* cells/well in DMEM media supplemented with 10% FBS and 1%
antibiotic solution. Cells were incubated overnight in an atmosphere of 5% CO; at 37 °C. Then,
stock solutions of compounds (23a, 23b, 24 and 32) were prepared in DMSO and the cells
were treated with varying concentrations of the compounds. For all the treatments, the final
concentration of DMSO did not exceed 0.5%. The cells were incubated for 24 h at 37 °C.
Following this, the old media from the cells were removed, a 0.5 mg/mL stock solution of 3-
MTT was prepared in 7 mL DMEM media, 100 pL. of the MTT stock was added to each well
and incubated for 4 h at 37 °C. Next, the media was carefully removed and 100 pL. of DMSO
was added to each well and allowed to mix properly. Finally, absorbance for each well at 570
nm was carried out using a microplate reader (Thermo Scientific Varioskan) to estimate cell

viability.
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5.6. NMR spectra of compounds

'H and *C NMR spectra of 23a:
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'H and *C NMR spectra of 23b:
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'H and *C NMR spectra of 24:
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'H NMR and C NMR spectra of 29:
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'H NMR and C NMR spectra of 30:
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'H NMR and C NMR spectra of 31:
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'H NMR and C NMR spectra of 32:
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Synopsis

Enhancing Cellular Persulfides through Artificial Substrate of 3-Mercaptopyruvate
Sulfurtansferase (3-MST)

CHAPTER 1. Introduction

In the last two decades of scientific studies revealed, hydrogen sulfide (H2S) is a gaseous
signalling molecule, known to be involved in many biological functions such as antibiotic
resistance, vasorelaxation, angiogenesis, apoptosis, ageing, and metabolism.** HS is also
known as an antioxidant species and plays a key role in redox homeostasis.> Along with this,
persulfides (RSSH/RSS™) have emerged to be players of sulfur biochemistry.5” Persulfides
are highly reactive, short-lived species and have sulfur oxidation state -1. A multitude of studies
showed, similar to H.S, cellular persulfides are crucial in the redox signalling process and also
relevant to cardiovascular and neuronal diseases.®® Along with persulfides, protein
persulfidation, a cysteine based oxidative post translational modification on protein (additional
one SH/S addition on cysteine residue), has gained attention in the past few years.*®! Protein
persulfidation plays a significant role in oxidative stress protection,’>'* DNA repairing,**
KEAP1-nrf2 antioxidant signalling® etc. These species are found to have relevance in NF-xf
mediated inflammation machinery® and various neurodegenerative disorders.!*!” Although
some reports are still contradictory, instances showed the roles of persulfidation in cancer

growth. Hence, regulating the persulfides concentration in cells becomes important.

In mammals, Endogenous concentrations of H.S and persulfides are primarily governed
by 4 enzymes, such as cystathionine B-synthase (CBS), y-cystathionase (CSE) and 3-
mercaptopyruvate sulfurtransferase (3-MST) and cysteinyl-'RNA synthetase (CARS).?-20
Among these, persulfide formation through 3-MST is highly interesting due to its significant
contribution in H,S, persulfide and polysulfide biosynthesis as well as in sulfur trafficking.?’-
22 3-Mercaptopyruvate (3-MP), the physiological substrate of 3-MST that is synthesized from
L-cysteine catalyzed by pyridoxal 5'-phosphate (PLP)-dependent enzyme, cysteine
aminotransferase (CAT) (Scheme 1).2? Catalytically active cysteine residue of 3-MST reacts
with 3-MP to form 3-MST persulfide. The latter species has the capabilities to persulfidate
other thiophilic acceptor proteins and metabolites.?>?3 3-MST bound persulfide also reacts with
thiols or thioredoxin (in presence of NADPH/thioredoxin reductase) to generate H2S.? In
addition, 3-MST is known to react with an excess amount of 3-MP to generate polysulfide.?

3-MST substantially present in brain, kidney and liver and in a subcellular level 3-MST
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primarily localized in mitochondria.?®?’ Due to the wide distribution in tissue and subcellular
level, 3-MST activity and expression level is crucial for various biological functions and

disease.?>28:29
o)
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Scheme 1: Enzymatic functions of 3-MST in cellular H.S, persulfides and polysulfides

production.

Therefore, our therapeutic interest arises to study and modulate 3-MST enzymatic activity. As
3-MP, the native substrate of 3-MST is unstable and not very amenable for modifications there
is a need to develop a stable, reliable substrate with rate tuning handle. Furthermore, a
structurally modified substrate having a specific trigger sensitive moiety and an organelle
targeting group will be more beneficial for stimuli specific and targeted delivery into

mitochondria.

In order to achieve the aforementioned goal, in Chapter 2, a stable artificial substrate of 3-MST
was identified for the generation of persulfide in cells. Following this, a structure activity
relationship (SAR) was studied using a library of synthesized artificial substrates to tune the
rate of 3-MST turnover. In Chapter 3, based on SAR data, a mitochondrion targeted artificial
substrate of 3-MST was designed to enhance persulfide in a localized manner. As the substrates
synthesized in Chapter 2 and 3 were found to be reactive with thiols, a modified thiol stable
substrate with a biologically relevant stimuli sensitive moiety was next synthesized. In Chapter
3, glycosidase-sensitive 3-MST substrates were synthesized in order to improve aqueous
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solubility. Furthermore, in Chapter 5, thiol stable esterase-sensitive 3-MST substrates were

synthesized for a wider range of application.

CHAPTER 2. Structure-Activity Relationship Study of Artificial Substrates of 3-MST

Firstly, in collaboration with the lab colleagues, phenacyl thiol (2a) was identified as the
substrate of 3-MST.3%3! Next, in order to enhance the stability of 2a, a stable thioester 1a which
can be cleaved by esterase (Es) or reducing thiol (GSH/DTT) to release 2a. Using la was
designed. artificial substrate turnover mechanism by 3-MST was studied by high performance
liquid chromatography (HPLC) and acetophenone (3a) was identified as a byproduct from
turnover (Scheme 2). Next, the generation of H,S, persulfide and polysulfide with 1a was
evaluated using several in vitro experiments. Following this, cellular studies were performed
and the generation of H.S and persulfide were detected using specific dyes. Finally, the
antioxidant and anti-inflammatory activity of the artificial substrate 1a was validated in both

cellar and mice models.

o
A stable A benign :> )J\Ph
substrate by-product 3a

Esterase Reduction

or pH 7.4 pH 7.4
DTT/GSH /_\
o H ,O

Q S OH
- Ph
©) Q@

b3-MST

2a Cys )
3-MST Persulfidated
3-MST
OH
HS\/\:/\SH

S -
o SH HO,,. s
| IS
HO S generation

_ © GSH )
$-§ | —mM > S~ + GSSH Sulfur transfer
Excess More
1a 1a 3a
HS SH
@ E —> <Sjn
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Scheme 2: Catalytic 3-MST turnover mechanism by artificial substrate 1a followed by H»S

generation, sulfur transfer and polysulfide generation
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Next, a structure activity relationship was studied using a library of the artificial substrates that
were synthesized by considering various electron releasing and electron withdrawing
substituents at ortho and para position of the phenyl ring of 2a. All of these compounds were
tested by methylene blue colorimetric assay for H»S detection using wild type human 3-MST
(h3-MST) and E. coli 3-MST (b3-MST) in presence of DTT and relative rates were calculated.

These substrates showed good potency and tunability in the HzS release rates (Table 1).

Table 1. Relative rates of H>S generation from the compounds 1a-1n.

RZ O 3-MST
R}H\SJ\CHs———Z H,S For 1a-1k, R' = @X, RZ=H
° Y
R! h3-MST b3-MST
Cpd. R2
X Y kn (h1) | Rel. rate | ko(h?) | Rel. rate
la H H H 1.48 30 1.45 8
1b NO2 H H 11.13 223 9.27 49
1c CN H H 2.5 50 4.9 26
1d CF3 H H 751 150 5.83 31
le OCFs3 H H 4.48 90 2.29 12
1f F H H 1.11 22 1.54 8
19 Me H H 1.02 20 0.97 5
1h OMe H H 0.39 8 0.37 2
1i H F H 1.68 34 3.85 20
1j H OMe H 0.08 2 0.99 5
1k H Me H 0.05 1 1.22 6
1l Ph Me H - 0.19 1
1m 1-naphthyl H H 5 2.87 15
1n 2-naphthyl H 0.50 10 1.98 10
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As expected, para substituted derivatives showed rate tunability in accordance with the
electronic nature of the substituents. For the bulky substrates (1j-1n), the rate of H,S release
was found to be significantly slower for h3-MST as compared to b3-MST indicating that h3-
MST is more specific while accommodating its substrates. Overall, among the compound used,
nearly 200-fold and 50-fold in rate difference was observed for h3-MST and b3-MST
respectively where 1b was the fastest and 1l was the slowest. In order to get more insights of
substrate binding to 3-MST, a molecular docking study was performed with h3-MST (PBD:
4JGT) for compounds 2a-2n. Overall, we find that, along with the electronic effects (for para)
on the phenyl ring, steric effects (for ortho) also play a key role in substrate binding and

turnover which reflects in the rate of H2S generation.

CHAPTER 3: Mitochondria-targeted Artificial substrates for 3-MST

We expanded our goal to synthesize mitochondria-targeted 3-MST substrate that can be
specifically localized into mitochondria since 3-MST is expressed at higher levels in
mitochondria than in the cytosol.?” Mitochondrial 3-MST is known to play an important role
in regulating the redox machinery and signalling processes that keep cells functioning
normally.®¥3% As a result, we hypothesized that a mitochondrion-specific 3-MST substrate
would be more effective for notoriously difficult-to-treat diseases caused by abnormal changes
in mitochondrial bioenergetics. Therefore, a well-known approach was adopted that utilizes the
mitochondrial membrane potential to drive a lipophilic cation, triphenylphosphine (TPP)
tagged molecules to permeate through mitochondrial phospholipid bilayer membrane resulting
accumulation at mitochondria.®® Hence, based on the SAR data, two mitochondria targeted
artificial substrate (7 and 13) tethered with a TPP tag were designed and synthesized (Figure
1). In addition, we created a negative control compound 9 by replacing the sulphur in

compound 7 with oxygen.

X ol el
<,

O~ Oxoh O S by,
PPhBr PPh,Br PPh,Br
o) 0 o)
7 9 13

Figure 1: Structure of the mitochondria targeted compounds.
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The H,S releasing efficiency of these compounds was screened by performing lead acetate and
methylene blue experiment (Figure 2). When H>S releasing data of these compounds were
compared with 1a, 13 was not able to produce a significant amount of H.S as it did not get
activated by esterase. In a similar condition, 7 was able to generate a significant amount of H>S

as a result of esterase activation followed by a turnover by 3-MST in the presence of DTT.

A B
0 6_ % %k %
. . 2 B = w/o 3-MST
. & & ‘ ‘ . B with 3-MST
=
o 0.4-
® o6
g
T T e )
ns
= T ~ © o T ~ © o 1
o - - - - 0.0 I_II HI r"lll_
3-MST 1a 7 9

Figure 2: (A) Lead acetate assay for H,S generation. 1a, 7 and 13 were incubated with esterase,
b3-MST and DTT for 2 h. Ctrl represents only 3-MST enzyme. (B) Methylene blue assay for
H>S generation. 1a, 7 and 13 were incubated with esterase, b3-MST and DTT for 2 h. Results
are expressed as mean £ SD (n = 3) [(***) p < 0.001 vs w/o 3-MST]

Then, the formation of 3-MST persulfide was detected using a newly developed clickable tag
switch assay (Figure 3A). Next, generation of sulfane sulfur was also detected using SSP-2
assay (Figure 3B). For both the experiments 7 was able to produce 3-MST persulfide and

sulfance sulfur significantly

A B
4.5x10 54 *kk kkk
5 € & o
=
Alexa flour 530 ..-. ; -
; 3
Loading control -
L e ——
Ctrl 7 9
3-MST + - + + +

Figure 3: (A) 3-MST persulfide detection using a clickable tag switch assay. CBB staining
was used for loading control. Ctrl represents 3-MST only. (B) Sulfane sulfur detection using
SSP-2 probe (Fluorescence intensities were measured; Aex = 482 nm, Aem = 518 nm). Results
are expressed as mean = SD (n = 3) [(***) p <0.0001 vs ctrl]. +DTT refers to the post-treatment
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of the enzyme with DTT to reduce sulfane sulfur at the active cysteine residue of 3-MST. Ctrl

represents only 3-MST.

Next, mitochondrial studies were performed with MEF cells and corresponding data for these
experiments were shown in figure 4. When 7 was treated to MEF cells, it gets localized in
mitochondria and significantly produces H»S (enhancement green fluorescence signal of NBD-

fluoresceine (NBD-F), a H2S specific dye).
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Figure 4: Confocal microscopy images of MEFs cells (Scale bar: 10 um) (A) H2S detection in
cells when incubated with NBD-F dye following pretreatment with compounds 1a, 7 and 9
respectively. (B) NBD-F fluorescence signals are quantified using IMAGE J software. (C)
MMP enhancement in cells labelled with MTR dye following pretreatment with compounds
l1a, 7 and 9 respectively. (D) Cellular MTR fluorescence signals are quantified using IMAGE
J software. (E) Co-localization NBD-F and MMP signals for compound 7. (F) A line plot
(fluorescence intensity vs. distance) shows an overlap between NBD-F and MTR fluorescence.

All data is representative of 43 cells presented as mean + SEM (n = 3). ***p < 0.001.
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In accordance with H»S generation, an enhancement of mitochondrial membrane potential was
observed (enhancement red fluorescence signal of Mito tracker red (MTR) dye). The control
compounds, including the one lacking of sulfur (9) and another devoid of the mitochondrial
targeted moiety (1a), were unable to produce H>S in mitochondria and as a consequence, no
significant enhancement in the mitochondrial membrane potential (MMP) was observed.
Taken together, we believe these substrates may be used in 3-MST related mitochondrial

therapeutics.
CHAPTER 4. Development of B-glycosidase Sensitive Artificial substrates of 3-MST

As compounds that were synthesized in Chapter 2 and 3 were found to be reactive with thiol,
therefore in order to improve the stability, a modified artificial substrate was designed based
on a reported glycosidase sensitive prodrug strategy.3® Here, the free thiol group of 2a was
protected with a glycosidase sensitive trigger moiety that is expected to be thiol stable and only
should be cleavable in the presence of specific glycosidase (Scheme 3).

B-glycosidase

Ph
s oQ
(0]
pH = 7.4

o)
0 Ph
Al 0
Q/ \ V Ph)K/SH

.
. O
7
(7
NO (0]
2 02N /@[ /EO 2a
— O,N N\
22

Scheme 3: Design of the B-glycosidase sensitive artificial substrates of 3-MST.

Using the aforementioned strategy, artificial substrates, 20 with 3-glucopyranose moiety to be
activatable by glucosidase were designed and synthesized. Along with this, a previously
developed 3-MST substrate 21 with a B-galactopyranose moiety was used.3! Both the
compound was selectively activated in presence of the respective glycosidase. Activation
followed by substrate turnover by 3-MST was studied using HPLC. The generation of H2S was
monitored for both compounds using lead acetate and methylene blue assay (Figure 5A). Next,
3-MST persulfide formation was detected using a clickable tag switch assay. Furthermore,
formation of sulfane sulfur was observed using SSP-2 assay (Figure 5B). Overall experimental
data of HS release, 3-MST persulfide and sulfane sulfur generation suggest that p-glycosidase
induced activation of 20 was slower than 21.
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Figure 5: (A) Lead acetate assay for the generation of H>S. Ctrl represents only 3-MST. (B)
Sulfane sulfur detection using SSP-2 probe (Fluorescence intensities were measured; Aex = 482
nm, Aem = 518 nm). +DTT refers to the post-treatment of the enzyme with DTT to reduce

sulfane sulfur at the active cysteine residue of 3-MST. Ctrl represents only 3-MST.

Then cellular studies were performed with NBD-F dye®” and enhancement of intracellular H,S
for 21 treated cells was observed (Figure 6A). Finally, the antioxidant activity of these
compounds was tested in presence of MGR-1, a reported oxidative stress inducer® and

compound 21 found to be protective against the stress and was able to recover cell viability

(Figure 6B).
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Figure 6: (A) H2S detection in MEF cells using NBD-F dye in presence of 21. Enhanced
fluorescence signal corresponding to H>S. Ctrl refers to untreated cells. The scale bar represents
200 um. (B) Cytoprotective effects of compound 21 against MGR-1 (25 uM). Results are
expressed as mean =SD (n = 3) [(***) p< 0.001 vs MGR-1]. Ctrl refers to untreated cells.

Collectively, our data suggest that 20 and 21 cell permeable artificial substrates of 3-MST
which and these 3-MST artificial substrates can be used in oxidative stress conditions and

mitigating inflammation.
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CHAPTER 5: Development of Esterase Triggered Artificial Substrates of 3-MST

In Chapter 5, we have adapted a reported esterase sensitive trimethyl lock prodrug strategy and
designed an encapsulated 2a in its thioester form. Due to the Thorpe-Ingold effect, trimethyl
lock-based systems are rapid and efficient in undergoing lactonization and followed by payload

release (2a) after esterase induced activation (Scheme 4).3%4

Oﬁ Esterase (0]
0) Ph
R0 o oH 7.4 & \S,/\Iof ? o
ey — L s
(0]
25 2a

Lactonization

Scheme 4: Proposed mechanism for esterase mediated activation of esterase sensitive trimethyl
lock based 3-MST substrate.

Conjugating different esters as protecting groups in trimethyl lock handles are expected to
provide different decapsulation rates of prodrugs. Therefore, compd. 23a and 23b having
cyclopropyl and methyl ester group respectively were synthesized (Figure 7). HPLC studies
suggest that the prodrugs in these forms are stable in thiol rich environment and only could be
activated by esterase only. Esterase is a biorthogonal enzyme to act independently while 3-
MST turnover of the substrate. Thus, this strategy provides a selective triggerable approach for
robust application. We have also synthesized two compounds, 24 (without the substrate 2a)

and 32 (without the ester group) as negative controls (Figure 7).
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Figure 7: Structure of esterase sensitive 3-MST substrate (23a and 23b). Structure of negative
control compounds 24 and 32.

The formation of H>S was monitored using lead acetate and methylene blue assay (Figure 8A).
Similar to 1a, compound 23a and 23b showed significant H.S response signals. As expected,
negative controls didn’t show significant H2S release. 3-MST persulfide formation was

demonstrated by a clickable tag switch assay. The formation of sulfane sulfur for 23a and 23b
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was observed using an SSP-2 probe (Figure 8B). Overall reaction mechanism was studied by
HPLC using compound 23a in presence of 3-MST + ES + DTT and the hypothesis behind the
selective ES triggerable 3-MST prodrug was verified.
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Figure 8: (A) Lead acetate assay for the generation of H,S. Ctrl represents only 3-MST. (B)
Sulfane sulfur detection using SSP-2 probe (Fluorescence intensities were measured; Aex = 482
nm, Aem = 518 nm). +DTT refers to the post-treatment of the enzyme with DTT to reduce

sulfane sulfur at the active cysteine residue of 3-MST. Ctrl represents only 3-MST.

Cell viability data shows the 3-MST artificial substrates and by-products are benign under
experimental concentrations. Collectively, our data suggest that 23a and 23b are artificial
substrates of 3-MST. Although these compounds were stable towards thiols, they are
significantly more hydrophobic (clogP = 6-7) than the parent substrate 1a (clogP = 1.7). It is
anticipated that these compounds will find applications when encapsulated in polymer
nanoparticles for site-specific delivery, which may have applications in the mitigation of

inflammation.

In summary, we present a general methodology to synthesize new prodrugs to modulate the
biochemistry of a specific enzyme (3-MST). A unique class of artificial substrates of 3-MST
were developed as a tool for enhancing persulfidation levels in cells. Since, this strategy takes
an advantage of the cell’s own enzyme machinery for improving health responses, this newly
developed methodology can be implemented for enhancement of H.S and sulfane sulfur in 3-

MST deficiency related diseases in future.
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MTR labelled MEF cells. (A) Confocal imaging study showing
dose dependent MMP enhancement when incubated with
increasing concentrations of 7 (Scale bar: 10 um). (B) Cellular
MTR fluorescence signals corresponding to MMP were

quantified using Image J software. Graph represents mean + SE

182



Appendix I1: List of Figures

(n = 3 experiments per group). Statistical anaysis was performed
using Mann-Whitney test (***p < 0.001, **p < 0.01, *p < 0.05).
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Persulfides and polysulfides, collectively known as the sulfane sulfur pool along with hydrogen sulfide (H5S),
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 H,S 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
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applications.
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used by cells is to employ protein persulfidation, a post-
translational modification where the thiol group of a reactive

Introduction

Hydrogen sulfide (H,S) and its redox congeners, persulfides
(HSSH) and polysulfides (H,S,) act as mediators of several
intracellular signaling processes.”” Persulfides and poly-
sulfides, collectively known as the sulfane sulfur pool, along
with H,S are summoned in response to oxidative stress in cells,
and dysfunctional sulfur metabolism is implicated in neuro-
degeneration,*>* cardiovascular disease®® and antibiotic resis-
tance.”® To regulate the sulfane sulfur pool, one of the strategies
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cysteine (Cys-SH) is modified to a persulfide (Cys-SSH).° The
persulfidated 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.'®"* Persulfidation
has been linked to modulation of the catalytic activity of key
proteins such as parkin and GSK-3f that are involved in
neurodegenerative diseases, underscoring the therapeutic
relevance of exogenously controlling this post-translational
modification by administering persulfide/H,S.*® Here, we
report a novel approach of developing artificial/unnatural
substrates for persulfide-generating enzymes in vivo as a tool
to study and tune sulfur metabolism in cells with applications
in mitigating neuroinflammation.

In this study, we leverage natural biochemical mechanisms
for generating persulfides by the development of a new class of
substrates for 3-mercaptopyruvate sulfurtransferase (3-MST),
a central persulfide/polysulfide generating enzyme that has
been implicated in the mitigation of oxidative stress."”** 3-MST
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operates by generating its own persulfide 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).** The persulfidated 3-MST (3-MST-SS™) can
transfer the sulfur to low molecular weight thiols such as
glutathione (GSH) to produce a persulfide (GSSH), which in turn
persulfidates proteins (Fig. 1B).'® Alternately, 3-MST-SS™ can
produce a polysulfide species (3-MST-S,,S™) which subsequently
persulfidates low molecular weight thiols and other proteins in
the cell.> 3-MST-SS™ has been found to be involved in
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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 H,S. 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) Thiocacetate 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.
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mitochondrial respiration and fatty acid metabolism,”*®
synthesis of thiouridine in tRNA,* iron-sulfur cluster forma-
tion,* and in cyanide detoxification.* Also, 3-MST is among the
major H,S-generating enzymes in the brain and is thus impli-
cated in regulation of the sulfane sulfur pool and sulfur traf-
ficking in neuronal cells." Therefore, a methodology that
generates 3-MST-SS™ in a specific, 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
H,S even in the absence of 3-MST in the cell, thus, using it may
have limitations.*” Hence, our strategy of developing a suite of
artificial substrates specific for 3-MST as a methodology for the
controlled generation of its persulfide 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 artificial
substrates will alter their binding to the enzyme, as well as the
rate of persulfide 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
persulfide and H,S

Molecular docking studies of the crystal structure of the human
homolog of 3-MST (h3-MST, PDB ID: 4]JGT) with the natural
substrate 3-MP were conducted (Fig. 2A). The most energetically
favorable conformation (—4.2 kecal mol ') 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.**** The cysteine
C248 residue was proximal to the reactive sulfthydryl group of 3-
MP at a distance of 4.4 A.

When a similar study was conducted with the proposed aryl
substrate, this compound 2a (R' = Ph, R> = 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 A, 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™".

We cloned and purified #3-MST and a bacterial 3-MST (b3-
MST) from Escherichia coli (Table S3, Fig. S17) for subsequent in
vitro assays.>»** Compound 1a (Fig. 1C) was synthesized by the
treatment of 2-bromoacetophenone with potassium thioacetate
using a reported protocol.>® This compound should produce the
thiol 2a upon reaction with an esterase enzyme (ES). Compound
1a was incubated in the presence of ES and #3-MST enzymes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (A) Docking analysis of the active site of h3-MST with 3-MP shows a favorable conformation with the S-S bond distance as 4.4 A. The R188
residue is 6.1 A from the carboxyl group whereas the R197 residue is at a distance of 6.3 A from the carbonyl group. (B) Docking analysis of the
designed substrate 2a (R* = Ph, R? = 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 A. (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-MST with 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. S7at), 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
la + 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 uM); 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 electrophile monobromobimane (mBBr) was employed. LC/MS analysis revealed the formation of the GSS-bimane adduct (expected m/z
= 530.1379; observed m/z = 530.1357) when 1a was incubated with ES and 3-MST. (J) Area under the curve (AUC) for the peak corresponding to
GSS-bimane (Fig. 21); Ctrl refers to 1a alone while 3-MST refers to 3-MST alone and 1a refers to 1a + ES + 3-MST.

Gradual disappearance of 1a and concomitant formation of the produce 3a. Under the same conditions, b3-MST also shows
thiol 2a was observed (Fig. 2C and S27). After 10 hours, complete = complete conversion to 3a in 2 h (Fig. S31).

disappearance of 2a along with the formation of acetophenone The next series of experiments were designed to probe the
3a was recorded. These observations suggest that after 1a intermediates during this transformation. The first interme-
produces 2a upon ester hydrolysis, it is utilized by 3-MST to diate that is expected to be formed in this reaction is 3-MST-SS™.

© 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 fluorescence of this enzyme using a reported
protocol.”” Upon incubation of 3-MST with 2a, a significant
quenching of intrinsic fluorescence of the enzyme as compared
to the apo-protein was observed suggesting the formation of 3-
MST-SS™ (Fig. 2D and S47).

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).**
Molecular docking analysis gave a binding energy for this ester
as —4.2 kcal mol " (Table S4t), identical to that of 3-MP. When
3-MST was incubated with 4, quenching of fluorescence was
observed as before supporting the generation of the protein
persulfide (Fig. 2D and S41). A similar set of results was also
recorded for h3-MST (Fig. S5T). The compounds themselves did
not show significant fluorescence under these conditions
(Fig. s61).

A reported tag-switch assay (Fig. S71) was used for detecting
persulfidated proteins (Fig. 2E).>® When 3-MST was reacted with
4 or with 1a and ES, as expected, this assay confirmed 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 significant
increase in the signal corresponding to the 3-MST-SS™ (Fig. 2E
and S7t). This result is consistent with a previous report of
a similar lack of activity of the 23-MST cysteine mutant.*

Next, we assayed the ability of the 3-MST-SS™ to transfer the
sulfide to another protein. GAPDH is a redox-sensitive protein
involved in the glycolytic cycle whose active site cysteine residue
is susceptible to redox fluctuations and its function is influ-
enced by this modification.** 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.® Under these conditions, the GAPDH activity was
found to be significantly enhanced as compared to a GAPDH
only control (Fig. 2F, S8a). Treatment with dithiothreitol (DTT),
which is expected to cleave the persulfide and produce the
native enzyme, resulted in an activity profile that was compa-
rable with the control GAPDH (Fig. S8bt). Thus, 3-MST-SS™,
through sulfur trafficking, regulates the activity of key enzymes
such as GAPDH.

The formation of persulfide/polysulfide was then assessed
using SSP-2, a fluorescence turn-on probe that is sensitive to
these species.* The probe was validated using GS,SH (prepared
using a reported protocol) (Fig. S91).'° When exposed to 1a + ES,
a distinct increase in fluorescence was recorded (Fig. 2H and

o S I OE ?
t
HS Et
OH 0 0
4 E3-MP

Scheme 1 Compound 4 is the dimer of E3-MP and in pH 7.4 buffer,
dissociates to produce the E3-MP.

12942 | Chem. Sci., 2021, 12, 12939-12949

View Article Online

Edge Article

S10at). When the standard reaction mixture was treated with
the reducing agent DTT, a decrease in signal, likely due to the
cleavage of persulfide by DTT, was observed (Fig. 2H and
S10bt). 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 persulfide/polysulfide
generation was observed (Fig. 2H). This result is consistent
with the previous observation in the tag-switch persulfide assay
where we found no evidence for persulfide generation in the
catalytically dead 3-MST C238A mutant. Notably, compound 4
generated persulfide at levels comparable with 1a (Fig. S117).
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 persulfide under the
standard assay conditions. Generation of persulfide was
assessed by the tag-switch assay (Fig. S121) as well as by the
fluorescence turn-on assay and no evidence for generation of
persulfide from 5 or 6 was found (Fig. 2H).

The formation of persulfide/polysulfide 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 S47).*°
LC/MS analysis showed the formation of the GSS-bimane
adduct only in the presence of 1a + ES and 3-MST (Fig. 21, J
and S137). In addition, we found evidence for the formation of
GSSSG and H,S as its bis-S-bimane adduct (Fig. S14 and S157).
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 H,S was conducted in the presence of DTT (Fig. 1B).>*?>
This assay revealed the formation of H,S during incubation of
1a with 3-MST in the presence of DTT (Fig. 3A). H,S release from
compound 4 when treated with 3-MST was also observed
(Fig. S161). 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. S177). The rate constant k;, for H,S gener-
ation from 1a when treated with #3-MST in the presence of DTT
was 1.48 h™' (Table 1). A similar rate constant &, was observed
with b3-MST (Table 1).

Having established that the substrates we designed could be
used to generate persulfides as well as H,S 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 first generated (Fig. S187). This
cell line was used in conjunction with the corresponding
scrambled cell line where 3-MST levels are not perturbed
(Fig. S181). When treated with an esterase-activated H,S donor*
(Fig. S197), significant enhancement in H,S levels in both these
cell lines was observed as measured by the H,S-sensitive dye
NBD-fluorescein (Fig. 3B).>* However, in the presence of 1a,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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H,S donor

(A) A methylene blue assay was used to measure the rate of H,S generation with 1a in the presence of h3-MST or b3-MST and DTT as the

reducing agent. Nearly identical rates of H,S 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 H,S donor used is an esterase-sensitive COS/H,S donor
that has been previously characterized. H,S levels were assessed using a previously reported dye NBD-fluorescein (see ESI, Fig. S207). Ctrl refers

to untreated cells. Scale bar represents 200 um.

Table 1 Kinetics of H,S generation®

R2 O
R! sJ\cm ST H,S | Forta-1k,R'= @x, R2=H
T ;
h3-MST b3-MST

Compd X Y kn(h™))  Rel.rate’ &y (h™Y)  kylky
1a H H 1.48 30 1.45 1.0
1b NO, H 11.13 223 9.27 0.8
1c CN H 2.5 50 4.9 2.0
1d CF; H 7.51 150 5.83 0.8
1e OCF; 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 0.99 12.5
1k H Me 0.05 1 1.22 25.0
11 R'=Ph;R*=  Slow - 0.19 —

Me
1m R'=1- 0.23 5 2.87 12.5

naphthyl; R

=H
in R' = 2- 0.50 10 1.98 4.0

naphthyl; R

=H

¢ Reaction conditions: compound + 3-MST + DTT. H,S was monitored
using a methylene blue assay. ? Calculated based on normalizing the
rate constant with respect to 1k.

when the 3-MST KD cells were imaged, a significantly dimin-
ished signal for intracellular H,S 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 H,S was seen (Fig. 3B). Compound 6, which lacks
a sulfur, failed to enhance H,S in both cell lines (Fig. 3B, S20
and S21f). Together, these data suggest that la is a cell-
permeable persulfidating agent that is activated by 3-MST

© 2021 The Author(s). Published by the Royal Society of Chemistry

within cells to produce H,S, putatively via an intracellular per-
sulfidation mechanism, as confirmed by a separate tag-switch
fluorescence reporter technique® (Fig. S227).

Based on the above observations, we put forth the following
mechanism for persulfide 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 polysulfide during this transformation (Schemes 2 and
S5; Fig. S151). Under reducing conditions (DTT), 3-MST-SS™ is
cleaved to produce H,S (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 k; was found to be 0.99
h~*. The formation of 3a was observed and a rate constant k, of
0.75 h™' was obtained (Fig. 4A and S237). The rate of disap-
pearance of 2a and formation of 3a was nearly identical and both
parameters are comparable with the rate of H,S generation
under these conditions (Table 1, see h3-MST data). In the
absence of 3-MST, compound 2a is prone to oxidation to its
disulfide PhCOCH,S-SCH,COPh under ambient aerobic condi-
tions (Fig. S241). The conversion of 1a to 2a (and its disulfide)
occurs in a nearly quantitative yield. Hence, our overall analysis
demonstrates that compound 1a is an excellent substrate for 3-
MST and produces a persulfide intermediate, which is cleaved
under reducing conditions to produce H,S. In the absence of
esterase, 1a is gradually consumed in the presence of 3-MST and
the formation of 3a is observed after several hours (Fig. S25 and
S267). Also, persulfide/polysulfide were detected using the probe
SSP-2 under similar conditions (Fig. S271). We find 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

Chem. Sci,, 2021, 12, 12939-12949 | 12943
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Scheme 2 Proposed mechanism: thioacetate 1is cleaved by esterase or DTT (HPLC in Fig. S23, ESIt) 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 H,S. 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.

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.*****” In
order to test if the stability of the incipient enolate played a role
in the rates of H,S 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 S51). The rate
constants of H,S release ranged from 0.39 to 7.51 h™" (Table 1,
Fig. S281). Hammett analysis of rate constants gave a positive p
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 H,S release was
recorded (Table 1, Fig. S29t). While the rate of H,S release from
1i was comparable with 1a, compounds 1j and 1k were
substantially slower in generating H,S when compared with 1a.
Molecular docking studies with the 2-fluorophenyl derivative 2i
showed a conformation and S-S distance comparable with that
of 2a bound to the active site (Table S6T). However, the lowest
energy conformation of the thiol 2k was significantly removed
from the active site with the S-S bond distance of 10.7 A
(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 S7t). These studies provide
a molecular basis for the diminished H,S 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 11 which has an o-methyl
substituent was synthesized. Docking analysis of 21 with 3-MST
revealed a docking score as well as a conformation that was
comparable with 2a (Table S61). H,S release from 11 was,
however, found to be extremely slow (Table 1, Fig. S301). The

12944 | Chem. Sci,, 2021, 12, 12939-12949

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.* Taking this cue, compounds 1m and 1n were synthesized
(Table S2t). Our assays confirmed that these compounds were
substrates for 3-MST, and H,S generation rates were moderately
higher when compared with 1a (Table 1, Fig. S307) 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 H,S release
(Table 1). This observation suggests that this series of substrates
can be used to tune rates of persulfide/polysulfide generation.
Next, bacterial 3-MST was used to study the rates of H,S
generation from the analogues and first-order rate constants
were calculated (Table 1). Linear free energy relationship study
of H,S 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 H,S under these
conditions, as expected (Fig. S321). Under the standard reaction
conditions with 3-MST homologs, we found no major difference
in rates of H,S release from 4 (Fig. S161). While a majority of the
substrates tested showed similar rates, compounds 1j, 1k and
1m whose ky/k, > 10, were notable exceptions. These results
indicate that our approach differentiates between human and
bacterial 3-MST homologs, and is capable of achieving selective
H,S generation between species. To the best of our knowledge,
this is the first example of tuning persulfide/polysulfide gener-
ation, with the added advantage of species selectivity.

Antioxidant activity

Persulfides are widely prevalent in cells as protein persulfides as
well as other low molecular weight persulfide species. For
example, glutathione persulfide/polysulfide has excellent in
vitro ROS-scavenging activity when compared with glutathione
or H,S alone.' These species have been previously shown to
have potent antioxidant activity likely through the Nrf2-KEAP1
pathway, imparting protection from ROS-induced injury.*®*’
Selected analogues with varying relative rates of H,S generation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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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™*and 0.75 h™* for the disappearance of 2a and the
formation of 3a, respectively. (B) Hammett analysis of rate constants of H,S generation from unnatural substrates (see Table 1) with wt h3-MST.
Linear regression analysis yielded a slope of +1.11 (R? = 0.8). (C) Docking of 2k in the active site of h3-MST shows S-S bond distance of 10.7 A
which is substantially larger when compared with the low energy conformation of 2a (5.2 A). (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 pM of compounds 1a, 1b, 1d, 1j and 1k for 12 h and then exposed to MGR-1 (25 uM) for 4 h. Ctrl refers to
untreated cells. Cell viability was determined using a standard MTT assay. Results are expressed as mean + SD (n = 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 1la 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 as mean + SD (n = 3 per group). ***p < 0.001

vs. MGR-1.

(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.*®
N2a cells were first independently treated with fast H,S gener-
ators 1b and 1d (relative rate > 50), 1a (relative rate = 30) as well
as slow generators 1j and 1k (relative rate < 2). At 25 uM, these
compounds showed no significant effect on the growth of cells
as determined by a cell viability assay (Fig. S331). Cells that were
independently pre-incubated with these compounds (25 uM) 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 significantly 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 identified compound 1a
for further evaluation. The compound 1a itself was well toler-
ated by cells (Fig. S34t) and the byproduct of turnover of 1a is
3a, which is classified as Generally Recognized as Safe (GRAS) by
the Food and Drug Administration.

The lead compound 1la was next tested against N2a cells
using MGR-1, and a dose-dependent protection from lethality

© 2021 The Author(s). Published by the Royal Society of Chemistry

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. S357). In
a separate experiment with mouse embryonic fibroblasts (MEF),
1la was similarly found to have significant protective effects
(Fig. S367). Together, these data illustrate the cytoprotective
effect of the cell-permeable persulfide generator 1a.

To validate the molecular basis of this result, the effect of 1a
in reducing hydrogen peroxide (H,O,) levels in cells was
studied. Again, MGR-1 was used to increase H,0, as determined
by the TCF-B fluorescent dye in A549 cells (Fig. 5A).>> When cells
pre-treated with 1a were exposed to MGR-1, a significant
decrease in H,0, levels was observed (Fig. 5A). Under similar
conditions, control compound 6 did not affect H,O, levels in
cells, suggesting that the ROS-quenching effects were directly
mediated by persulfide/H,S generated by 1a (Fig. S377).

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.*” Three cell lines

Chem. Sci., 2021, 12, 12939-12949 | 12945
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(A) Effects of 1a on quenching hydrogen peroxide (H,O,) generated by MGR1:A549 cells treated with: (i and ii) dye control; (iii and iv) 25 uM

MGR-1; (v and vi) 25 pM of 1a for 12 h followed by addition of the 25 uM MGR-1 for 1 h. Intracellular H,O, was detected using a reported H,O,-
sensor TCF-B (25 uM). Scale bar represents 200 um. (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 = 5 per group). ***p < 0.001 vs. MGR-1. (C and D) Mouse endotoxin shock model:
animals were treated with 1a (20 mg kg™ or NaSH (20 mg kg™) 4 h prior to treatment with lipopolysaccharide (LPS, 5 mg kg™2). 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 as mean + SD (n = 6 per group). ***p < 0.001 vs. LPS;

and (D) prostaglandins PGE2/D2 using LC/MS. All data are presented as mean + SD (n = 10 per group). ***p < 0.001 vs. LPS.

(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
artificial substrate 1a that we designed to mitigate oxidative
stress in both human as well as mouse-derived cell lines
(Fig. 5B).*

Mitigation of neuroinflammation

Recently, a polysulfide donor was used to study the effect of
enhanced endogenous polysulfide levels on innate immune
response using a mouse endotoxin shock model.** 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-inflammatory cytokines that contribute
to clearance of bacteria (Fig. S38t). The major finding of this
study was that elevated polysulfides can negatively regulate
TLR4-mediated pro-inflammatory signaling and the polysulfide

12946 | Chem. Sci,, 2021, 12, 12939-12949

donor protects against this endotoxin shock. Taking this cue,
we evaluated the ability of 1a to mitigate neuroinflammation in
a similar mouse model system. First, C57BL/6] 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-inflammatory 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 significantly lower levels of TNF-
o and IL-6 in the brain, suggesting that 1a suppressed the
inflammatory response triggered by LPS. No evidence for
reduction of pro-inflammatory 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.*
LPS is also known to induce the formation of pro-inflammatory
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 inflammation (Fig. S39t). The use of nonste-
roidal anti-inflammatory drugs (NSAIDs) blocks the activity of
cyclooxygenase-2 (COX-2) which decreases PGE2 production,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resulting in remediation of fever and inflammation.** Hence,
measurement of PGE2/D2 levels is a reliable inflammation
biomarker. LC/MS analysis of brain homogenates was carried
out to measure PGE2/D2 levels. LPS-treated mice were found to
have significantly higher levels of PGE2/D2 when compared
with vehicle-treated mice. Animals which were exposed to both
LPS and 1a were found to have significantly lower levels of
PGE2/D2, reiterating the ability of 1a to reduce neuro-
inflammation (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-
inflammatory agent.

Our data shows that the unnatural substrate is able to
transfer sulfur to low molecular weight thiols via 3-MST, and
induce protein persulfidation in cells. Other strategies for
generating persulfides in cells have relied on installing the
persulfide/polysulfide functional group in the donor.>%**-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 persulfide 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-
sulfide, the addition of enzymes that are readily available
(esterase and 3-MST) is necessary while for cellular experiments
to enhance persulfide, 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-
sulfide proteome which has been elusive till date."*

Conclusions

The study of reactive sulfur species is often 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 inflammation. The importance
of persulfides 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.* The tunability of rates of persulfide
generation using the class of compounds that we have devel-
oped adds a new dimension to persulfide 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 deficits asso-
ciated with diminished expression of 3-MST will likely need
mapping out the 3-MST-SS™ proteome and identification of
proteins that depend on this enzyme for persulfidation. 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

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the dysfunction or deficiency of 3-MST in neuronal diseases,
such as intellectual disability and Down's syndrome.>*%
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A Vinyl-Boronate Ester-Based Persulfide Donor Controllable by
Hydrogen Peroxide, a Reactive Oxygen Species (ROS)

Prerona Bora, Preeti Chauhan, Suman Manna, and Harinath Chakrapani*

Department of Chemistry, Indian Institute of Science Education and Research Pune, Pune 411 008, Maharashtra, India

O Supporting Information

ABSTRACT: A vinyl boronate ester-based persulfidating
agent that is selectively activated by hydrogen peroxide,

which is a reactive oxygen species (ROS), and efficiently Ph)\/\B,o

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
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byproduct is cinnamaldehyde, which is widely used in the food industry as an additive.

Hydrogen sulfide (H,S) has emerged as an important
mediator of redox cellular processes, especially in the
context of cellular responses associated with oxidative
stress.' > 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." ®A mechanism by
which H,S exerts its effects is protein persulfidation (or S-
sulfhydration),” which is an oxidative post-translational
modification where a cysteine (Cys-SH) residue is modified
to Cys-SSH group.' Ambient protein persulfidation in cells is
symptomatic of normal functioning in certain cells;* 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.” 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." Furthermore, since persul-
fides (RSS™) are superior reductants, compared with RS~
these species have gained traction as important intermediates
in countering oxidative stress.'”!! However, since persulfides
are unstable in biological milieu, it is challenging to generate
these reactive sulfur species in a controllable manner,'”"'
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.'”"? Subsequent exchange of the sulfthydryl
group between the persulfidating agent and a protein occurs to
induce protein persulfidation (Figure 1a). To closely mimic

-4 ACS Publications  © 2018 American Chemical Society
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(a) Design of a triggerable persulfidating agent
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Figure 1. (a) Design of a triggerable protein S-sulthydrating 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.

inflammatory conditions, the donor would ideally need to be
triggered by hydrogen peroxide, which is a stable ROS."* 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)."> These donors respond to
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a nucleophile, S enzyme, ? or fluoride.”® 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.”’ As a testament to its
therapeutic utility, this donor was shown to protect cells from
oxidative stress. The formation of a quinone-methide”* 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.'” Formally,
this type of rearrangement is a retro Michael reaction involving
a thiol as a leaving group (Figure 1c).””** Here, the enol
undergoes a 1,4-O,S-relay mechanism to generate a thiol and
an a,f-unsaturated carbonyl compound. Since the pK, of R-
SSH (6.2) is somewhat lower than a thiol (7—9), it was
envisaged that this group might depart under these
conditions."" 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).”**°
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 la), benzaldehyde and TMS-
acetylene were reacted in the presence of n-butyllithium to

Scheme 1. (a) Synthesis of Thiol 5; (b) Reaction of
Benzylthiol (6) with S Affords the Desired Compound 1¢

/
(@) b=se i
o n-BuLi, THF OH o SJ\
0o
©)J\H 0°C-rt ph)\ )J\SH Ph)\
PPhs, DIAD
2. KoCO3, MeOH 5 50, Tng, 12 h 3a, 65%
#_P (e}
d. 0 SJ\ o SH

H

_ =

100 °C, 36 h

PN
Ph)\/\l?‘,’o Cl

Ao akng
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BtCl, BtH

SH 1.
CH,Cl,, -78 °C
Ph
2. thiourea, THF, -78 °C c')
6 3. 5, CH.yCly, -78 °C

1,31%

4, 52%

(b)

“BtCl = 1-chlorobenzotriazole and BtH = benzotriazole.

produce the secondary alcohol 2.>” Under Mitsunobu reaction
conditions, 2 was converted to the thioacetate 3a in 65%
yield.”® Hydroboration of 3a gave 4 as the trans isomer (vicinal
olefinic, ] = 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 § afforded the desired product 1 in 31% yield.””

7917

First, to ascertain the reactivity of 1 toward ROS, 1 was
incubated with H,0, (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 Sla in the
Supporting Information). A time course of this decomposition
was obtained, and curve fitting to a first-order equation gave a
rate constant k; of 5.3 X 107> min~' (Figure 2a). The

A B
6x10° h
1 t =90 min
J(_jl A t =60 min
S |
< A t=30 min
A A A t=5min
A cinn
0 Jv 1, buffer

0 20 40 60 80 100 6 8 10 12 14 16

time, min Retention time, min
Figure 2. (a) Decomposition of 1, as monitored by HPLC analysis.
Curve fitting to first-order decomposition gave a rate constant (k,) of
5.3 x 1072 min~". (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% CH;CN).

estimated half-life of 1 under these conditions is 13 min. This
value is comparable with arylboronate ester decomposition
(0.09 min~"), 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.'” The resulting compound 8 (Figure 3) can be
detected by HPLC analysis.

[e] [¢] (0]
NO, N Sl/k
_Si
OZNOX NN BN O‘@
" Ph B"O
o OH O
7,FDNB; X =F mBBr; X = Br 10
8; X =-8-S-CH,Ph 9; X = -S-S-CH,Ph JCHD

Figure 3. Structures of key tools and compounds used in this study.

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 H,0,, 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 H,O,. The rate constant
for the formation of 8 (k;) was 0.15 min~" 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,

DOI: 10.1021/acs.orglett.8b03471
Org. Lett. 2018, 20, 7916—7920
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Scheme 2. Mechanism of Persulfide Formation during the
Oxidation of 1
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“The rate constant for decomposition of 1 was k; = 5.3 X 107> min™’,
whereas that for the decomposition of 10 was k, = 4.8 X 107> min™".
The rate constant for the formation of cinnamaldehyde during the
decomposition of 1 in the presence of FDNB was kg, = 12.8 X 107>
min~". The rate constants for the formation of 8 (k; = 0.15 min™")

and 9 (k, = 0.12 min™"!) were comparable.

369.25; see Figure S4 in the Supporting Information). The
time course for formation of this compound was monitored,
and a rate constant of k, of 0.12 min~' was obtained. This rate
constant is comparable with k;. Furthermore, the value of k;
was determined at 25 °C, and considering rate effects on
temperature, we suggest that the values of k;, k;, and k, 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 H,O,,
indeed, we find evidence for the formation of cinnamaldehyde
(Figure S2 in the Supporting Information).

Curve fitting yielded a rate constant (k,) of 4.8 X 107> min~
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 pK,
values of >11.°° Since the estimated pK, 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 Sla 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 H,0,
and mBBr, and we found that the yield of cinnamaldehyde was
significantly better (~70%; Figure 2b). The rate constant for
the formation of cinnamaldehyde (k,,) was 12.8 X 1072
min~" (Scheme 2). Persulfides, being good one-electron
reductants, have a high propensity to undergo oxidation to
form tetrasulfides (RSSSSR) and polysulfides (RS,R).*
Although all assays were performed in the presence of
diethylenetriaminepentaacetic acid (DTPA) as a chelating

1
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agent, to prevent the decomposition of H,0, 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 X 1072 min~},
which translates to a half-life of ~30 min (Figure SS in the
Supporting Information). Previously, cinnamaldehyde was
found to react with thiols as well as bovine serum albumin;>'
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
H,0,. 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 H,0, (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 k., was
comparable in magnitude with that of k; and k,, 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.”*
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 (Ki,,,), which is defined
as [keto]/[enol] for aliphatic aldehydes, is in the range of
1073-107**

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 pK, for the enol is 9—
10, likely to be deprotonated in pH 7.4.*> 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
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conducted with increasing doses of 1, and no significant
inhibition up to 100 yuM 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.°”°® DLD-1 cells were
treated with menadione and viable cells were measured (Figure
S7b in the Supporting Information). We found significant cell
killing at SO uM (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
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> 40 ] I ” 2 4o
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Figure 4. (a) Cytoprotective effects of compound 1 against
menadione (50 uM). Results are expressed as mean + SEM (n =
3). [Legend: (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001 vs
menadione.] A similar assay was conducted with 10. No significant
effect on the percentage of viable cells during incubation of 10 with
menadione was observed. (b) Cytoprotective effects of compound 1
against JCHD (SO uM). Results are expressed as mean + SEM (n =
3). [Legend: (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, vs JCHD.]
A similar assay was conducted with 10, and no significant effect was
observed.

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 SO M by JCHD (Figure
§7b).>*~*" 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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Nitroxyl (HNO) is a short-lived mediator of cell signalling and can
enhance the sulfane sulfur pool, a cellular antioxidant reservoir, by
reacting with hydrogen sulfide (H,S). Here, we report esterase-
activated HNO-generators that are suitable for tunable HNO release
and the design of these donors allows for real-time monitoring of
HNO release. These tools will help gain a better understanding of
the cross-talk among short-lived gaseous signalling molecules that
have emerged as major players in health and disease.

Gaseous species derived from nitrogen, sulfur, and even carbon
(carbon monoxide) have in the past several decades become
central to the understanding of redox cellular biology and the
cross-talk among these biologically active gaseous species has
become the focus of much attention.™* Nitroxyl (HNO), which
is a short-lived species, has been considered as an intermediate
in nitrogen metabolism in cells. HNO activates soluble guany-
late cyclase (sGC), a key enzyme involved in vascular smooth
muscle relaxation.>* Compounds that dissociate to produce
HNO have shown promise in cardiovascular™® and anti-cancer
applications.””® Recently, hydrogen sulfide (H,S) has emerged
as a major player in redox homeostasis and the cross-talk
between H,S and HNO has important implications in anti-
oxidant response. For example, HNO can react with H,S to
produce persulfide and polysulfide, which together constitute
the sulfane sulfur pool.” Together, the sulfane sulfur pool is
implicated in numerous cellular stress responses, including
protective effects against reactive oxygen species (ROS) and
inflammation.’”"" Hence, platforms for reliable generation of
HNO are essential for a better understanding of the chemical
biology of this short-lived species.

Protected hydroxylamines were considered as HNO donors
(Fig. 1A). Activation of these donors is performed to expose the
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A modular scaffold for triggerable and tunable
nitroxyl (HNO) generation with a fluorescence

Suman Manna and

hydroxyl group of the hydroxylamine, which results in HNO
generation, in either two or three steps (Fig. 1A). When an N,O-
protected hydroxylamine (R = H; 1, Fig. 1B) is used, the
intermediate 3 can collapse to generate HNO, with the sulfinate
leaving group determining the rate of HNO generation. When
N,N,O-protected hydroxylamines (R # H; 2, Fig. 1B) are used,
the product of cleavage is 3, which does not directly produce
HNO, but an additional step through the production of a
common intermediate is required. The rate of collapse of the
common intermediate would determine the rate of HNO gen-
eration. Else, if this collapse is rapid, the preceding steps would
likely determine the rates of HNO generation. Together, by
varying the protective groups, leaving groups, and intermedi-
ates, this modular scaffold can be used to tune the rate of HNO
generation.

A O=H
Q H-NO
—~
QN—O—C) T N-0 pH7.4
d Activation d Collapse o
W
L~ W
HNO Donor O#H d
common
intermediate
8 R=H
H-NO Step 3
o0 @ ,, @B
g
/\siN,oj(A ES,pH74 S 0O :
Ar” N N Ar VI‘J H +
R O R o o BuOH
i { S L
3 N
Ar"> OH 0" N
R=H;1 OH r . by
R =COOBu; 2 common

intermediate

Fig. 1 (A) A modular scaffold for HNO generation: Activation of the donor
followed by collapse produces either HNO or the active HNO generating
species, which dissociates to produce HNO. (B) Derivatives 1 or 2 can be
cleaved by esterase to produce intermediate 3, which can either directly
produce HNO and an arylsulfinic acid 4 or lose a sulfinic acid to generate a
nitroso-intermediate that collapses to produce HNO. If the sulfinic acid is
fluorescent and the corresponding donor is weakly fluorescent, this design
allows for a fluorescence reporter for HNO release.
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Certain N,N,O-protected hydroxylamines have been previously
reported by Toscano and coworkers but these compounds sponta-
neously hydrolysed in buffer to generate HNO.' Hence, the t-butyl
ester was the choice of N-protective group since the carbamate that
is formed is less likely to be spontaneously hydrolysed in pH 7.4.
The cyclopropylcarboxyl group, which is hydrolysed by esterases,
was used as an O-protective group. HNO donors activated by
light"*'* or an enzyme'>'® or chemically'” are known but there
are limited structural features that allow for triggerable as well as
tunable release of HNO. Furthermore, given the complications
associated with the detection of HNO, the incorporation of a
fluorescent reporter for HNO production would be useful. Here,
we designed and developed a modular scaffold that can generate
HNO, and we incorporated a latent fluorophore, which upon release
produces a fluorophore, hence reporting the generation of HNO.

Among the esterase-cleavable functional groups, cyclopropyl
carboxylic acid-based esters are preferred due to their extended
stability in pH 7.4 buffer."®'® The N-Boc hydroxylamine (HO-
NH-Boc) was reacted with cyclopropyl carbonyl chloride to
afford 5 (Scheme 1).2° Reaction of 5 with phenyl sulfonyl
chloride gave 2a (Ar = Ph) (Scheme 1)."*

The deprotection of the Boc-group was carried out with
trifluoroacetic acid (TFA) and 1a was isolated in 56% yield
(Table 1, entry 1).*

The two derivatives 1a and 2a were independently treated
with esterase in pH 7.4 buffer and HNO generation was
monitored using the reported coumarin-based fluorescent
probe, PCM (6).>" In the absence of esterase, neither compound
produced significant amounts of HNO (Fig. 2A and B). In the
presence of esterase, the time course of HNO generation from
1la during 30 min was significantly different from the time
course of HNO generation from 2a and the yield of HNO from
2a was higher when compared with 1a (Fig. 2A and B and see
ESLt Fig. S1). The diminished yield of HNO from 1a is
consistent with a previous report where the yield of HNO from
N-hydroxy-benzenesulfonamide was low at pH 7.4 and increas-
ing the pH led to an increase in HNO yield.***?

Next, in order to understand if the release of HNO depended
on the nature of the leaving group, a series of analogues were
prepared (Table 1, entries 2-7). When tested, all analogues
2b-2g produced HNO at comparable levels (Fig. 2C). Among the
derivatives 1b-1g, except for the 4-nitrophenyl derivative, all
compounds tested produced HNO (Fig. 2C and see ESLt
Fig. S2). The lack of HNO production from 1g is consistent
with previous reports where the yield of HNO from N-hydroxy-4-
nitrobenzenesulfonamide was diminished at pH 7.4.°

Having established that these compounds can be triggered
by esterase to generate HNO, we next proceeded to prepare the

° 0\ Ar
v)}\ HO NH-Boc n O\f/ Ar€02£I V)L \\/
o
Et;N, Et,0 \([)]/ NaH, THF \ﬂ/
5 2

Scheme 1 Synthesis of 2. Ar refers to mono or di-substituted phenyl
groups.
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Table 1 Synthesis of N,O-protected hydroxylamines (1) from N,N,O-
protected hydroxylamines (2)

OBu X X

o< o TFA H 0
/ N 4
Q. N-s Y—— o N-§ Y
o o o o

N

Entry X Y Compd No Compd No Yield, %
1 H H 2a la 56
2 Br H 2b 1b 53
3 H Br 2¢ 1c 92
4 CF; H 2d 1d 41
5 Br CF; 2e 1le 40
6 NO, H 2f 1f 95
7 H NO, 2g 1g 65
A B o
10 1a+ES 2a+ES
3 N 3
mgo.s 1a “i; 4 -
B A B /
00 0
0 10 20 30 0 10 20 30
f, min t, min
(o]

100

% HNO yield
o
=]

0 1111

T
b 1c 1d 1e 1f 1g 2b 2c 2d 2 2f 2g 3b

Fig.2 HNO detection using PCM dye 6. Compounds were incubated
with and w/o esterase (0.5 U mL™) in PBS (pH 7.4) at 37 °C for 30 min and
fluorescence was measured (excitation 370 nm and emission at 460 nm);
(A) compound 1a; (B) compounds 2a; (C) compounds 1b—1g and 2b—2g,
3b. 3b refers to 2-bromopiloty’s acid, a known HNO generator and yield of
HNO from this compound was assigned as 100%.

dansyl derivatives 1h and 2h (Fig. 3A, for synthesis see ESL ¥
Scheme S1). The product formed during HNO release is dansic
acid 4h, whose fluorescence properties such as Stokes shift
(189 nm, Fig. S3, ESIt), pH stability (Fig. S4, ESIt), extended
lifetime (tayy = 13.82 ns, Fig. S5, ESIt), and quantum yield (83%)
make it an excellent candidate for reporting fluorescence in
cells.”* The derivatives 1h and 2h are expected to be cleaved by
esterase to produce HNO as well as a dansic acid-based
fluorescence reporter 4h (Fig. 3A and see ESIf Fig. S6 and S7).
Esterase-catalyzed HNO release from compounds 1h and 2h
was monitored and an increase in HNO levels was observed
during 30 min (Fig. 3B). Pre-treatment with PMSF (phenyl-
methanesulfonyl fluoride), an inhibitor of esterase,”® showed
a significant decrease in HNO yield. Notably, HNO generated by
3b, a positive control, was not affected by esterase or by the
presence of PMSF (Fig. 3B). The yield of HNO from 2h was
significantly higher when compared with 1h (Fig. 3B).

Next, the fluorescence attributable to the formation of 4h was
studied during esterase-catalysed cleavage of 1h. Compounds 1h
and 2h were themselves weakly fluorescent (excitation, 308 nm and
emission, 497 nm; see ESLT Fig. S7A). In the presence of esterase, in
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Fig. 3 (A) Design of HNO donors with a fluorescence reporter. Com-
pound 1h or 2h is expected to be cleaved by esterase to produce HNO and
4h; (B) HNO release from compounds 1h and 2h upon incubation with
PCM dye 6 in the presence and absence of esterase (0.5 U mL™) with and
without esterase inhibitor (PMSF) in PBS (pH 7.4) at 37 °C for 30 min; dye
refers to PCM 6 alone (see ESIf for structure); + ES refers to the
compounds incubated with esterase; + PMSF (phenylmethanesulfonyl
fluoride) refers to pre-treatment of ES with PMSF followed by compound
treatment; 3b is 2-bromopiloty's acid, a known HNO generator and the
yield of HNO from this compound was assigned as 100%; ***P < 0.001;
4h was weakly fluorescent (370 nm excitation, 460 nm emission) and does
not contribute to HNO's signal in this assay (see ESI,} Fig. S6B). (C) Time
course of release of HNO and 4h during incubation of 1h with esterase in
PBS (pH 7.4) at 37 °C. The rate constant for 4h release was found to be
1.77 h™* (see ESI, Fig. S7C). (D) Time course of release of HNO and 4h
during incubation of 2h with esterase in PBS (pH 7.4) at 37 °C. All data are
presented as mean + SD (n = 3 per group). The rate constant for 4h release
was found to be 1.06 h™* (see ESI,f Fig. S7D).

the first 30 min, in the case of 1h, we find a nearly concomitant
release of HNO as well as 4h (Fig. 3C) in a dose-dependent manner
(see ESLt Fig. S7B). A similar profile was observed in the case of 2h
(Fig. 3D). Together, these data indicate that we have developed an
HNO donor with a fluorescence reporter.

An important feature of HNO donors is the selectivity
towards the generation of HNO versus nitric oxide (NO), which
have distinct activity in cells.® Compound 3b, for example,
generates a significant amount of NO (detected as nitrite using
the Griess assay: see ESIL,1 Fig. S8) in aerobic conditions. The
donors 1h and 2h produced significantly lower amounts of NO
when compared with 3b (see ESI,T Fig. S8).

Based on the above results, a mechanism for HNO release
from this scaffold was considered (Fig. 4A). Compounds
belonging to series 1 were cleaved by esterase to produce the
anionic intermediate, which equilibrates with 3. LC/MS analy-
sis of 1h in pH 7.4 shows the stability in buffer over 300 mins
(see ESLt Fig. S9), the reaction mixture of 1h and esterase
revealed complete consumption of 1h (Fig. 4B and see ESLt
Fig. S10 and S11A) and the formation of the intermediate 3h
(Fig. 4C and see ESI,f Fig. S11B). The concentration of 3h
builds up over time and then disappears, to produce dansyl
sulfinic acid 4h (Fig. 4b and see ESIL, Fig. S11C) and HNO (see
ESLt Fig. S6A). During 30 min, the yield of HNO from 1h is
somewhat lower when compared with most other derivatives
tested. Two factors determine the yield of HNO: firstly, the
strength and polarization of the S-N bond, and secondly, the
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Fig. 4 LC/MS study. (A) Proposed mechanism for the decomposition of
derivatives 1 and 2 to release HNO; Ar refers to dansyl. (B) Decomposition
of 1h and formation of 4h upon incubation with esterase (0.5 U mL™) in
PBS (pH 7.4) at 37 °C as monitored by LC/MS. 1h (expected,
m/z = 3351060 [M + HI*; observed, m/z = 335.1058), 4h (expected,
m/z = 236.0739 [M + HI*; observed, m/z = 236.0742). (C) Formation of 3h
during the decomposition of 1h upon incubation with esterase
(0.5 U mL™) as monitored by LC/MS. 3h (expected, m/z = 267.0798
[M + HI*; observed, m/z = 267.0805). All data are presented as mean + SD
(n = 3 per group). pk, values were calculated by using Chemaxon software.

leaving group ability of 4h. The calculated pK, of the corres-
ponding sulfinic acid is 0.9 (see ESI, Table $1)** and is likely a
good leaving group and hence, the HNO yield depends on the
bond strength and polarization of the S-N bond. The dimin-
ished yield of HNO from 1h in 30 min could be due to the slow
rate of cleavage by esterase (nearly 4 h to complete consump-
tion, Fig. 4B) as well as the electron-donating dimethylamino
group that leads to a decrease in the acidity of the hydroxamic
acid (see ESIL,t Table S2) and perhaps, steric effects of the
neighboring aromatic ring.

Among the HNO donors belonging to series 2, esterase
cleavage produces intermediate I (Fig. 4A). Loss of sulfinate
gives the common intermediate (Fig. 1B), which collapses to
produce CO,, tBuOH and HNO. TLC analysis of 2h in the
presence of ES in pH 7.4 buffer revealed complete disappear-
ance with 1h being formed as a minor product suggesting the
lability of the t-Boc group under these conditions (see ESI,T Fig.
S12). LC/MS analysis of 2h + ES revealed the disappearance of
this compound (see ESIL,t Fig. S13) and the formation of the
intermediate I (see ESILi Fig. S14), as well as the gradual
formation of 4h (see ESLi Fig. S15C). However, due to the
conditions used for LC/MS analysis (formic acid in the eluant),
we also observed the loss of the #Boc group and the formation of
1h (Fig. S15A, ESIt) complicating further mechanistic analysis
from this assay. However, the nearly concomitant release of HNO
and 4h in the absence of formic acid (Fig. 3D) suggests that 2h can
be used as a tool for HNO generation with a fluorescence reporter.
The yield of HNO from 2h was significantly higher than the yield of
HNO from 1h. The presence of an electron-withdrawing ¢-Boc
group is likely to polarize intermediate I and facilitate the depar-
ture of the sulfinate group (the estimated pKa of II is 8-9, see ESL ¥
Table S2). This observation supports a sulfinate leaving group-
independent mechanism for HNO generation, which is consistent
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with the formation of a neutral common intermediate (Fig. 1B)
that undergoes hydrolysis to produce HNO; this hydrolysis can be
accelerated by esterase. The close correlation between HNO and 4h
suggests that, under the reaction conditions, the hydrolysis of the
common intermediate is fast (& < 5 min).

Since HNO is known to react with H,S to produce persulfide
and polysulfide (Scheme S6A),"® the ability of donors 1h and 2h
to produce persulfide and polysulfide in the presence of H,S
was investigated using an established HPE-IAM electrophile
trapping method using LC/MS detection (see ESLt Scheme
S6B).”” Here, HPE-IAM reacts with HS™ to produce HS-HPE-
AM (m/z 212.0723), which can further react with another mole
of HPE-IAM to produce Bis-S-HPE-AM (m/z = 389.1489) (see
ESL+ Scheme S6B). If persulfide or polysulfide is produced, the
adducts Bis (S),HPE-AM where n > 2 are expected to be
formed. The reaction mixture containing 1h or 2h was treated
with Na,S and esterase followed by the addition of HPE-IAM.
Separately, Na,S was treated with HPE-IAM; this mixture served
as a control. LC/MS analysis showed the formation of HS-HPE-
AM and Bis-S-HPE-AM in all the aforementioned reaction
mixtures (see ESL T Fig. S16, S17 and S18). Reaction mixtures
containing 1h or 2h produced higher levels of Bis-SS-HPE-AM
and Bis-SSS-HPE-AM, which is consistent with HNO’s ability to
produce persulfide with a higher yield of the latter species in
the mixture containing 2h as compared with 1h, perhaps due to
higher HNO yield from 2h (see ESLt Fig. S16C and S19). The
increased formation of Bis-SSS-HPE-AM with 2h when com-
pared with 1h is consistent with 2h’s higher yield of HNO in
30 min when compared with 1h (see ESI,{ Fig. S16D and $20).
When the HNO donor 3b was used, a similar yield of Bis-SS-
HPE-AM to 1h and 2h was seen but a significantly higher yield
of Bis-SSS-HPE-AM was seen, suggesting that the rate of HNO
production played an important role in polysulfide generation
from H,S (Fig. S21 and S22, ESIt). Hence, HNO donors can be
used to enhance the sulfane sulfur pool in the presence of H,S.

Lastly, we studied the ability of the newly developed donors to
permeate cells to generate HNO as well as a fluorescence signal.
Imaging data in MCF-7 breast cancer cells showed the formation of
HNO by using the HNO-TCF probe (RED channel, Alexa fluor 568,
see ESL,T Fig. $23) as well as a fluorescence signal attributable to the
formation of 4h (DAPI channel, see ESL{ Fig. S23, bright field
images, see ESL 7 Fig. S24). The formation of 4h was also confirmed
through incubation of cell lysates with 1h or 2h (see ESL, Fig. S25).
Both compounds were found to be well tolerated up to 25 pM in
MCEF-7 cells but higher cytotoxicity in MEF and A549 cells was
observed (see ESLT Fig. S26-S28).

In summary, we report a new series of cell-permeable HNO
donors that can be cleaved enzymatically to produce HNO along
with a fluorophore. These probes, with a well characterized
mechanism of HNO generation, enhance polysulfide levels in
the presence of H,S, and can be used to study the biology of
sulfur-nitrogen species cross-talk.
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