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General remarks

Thin-layer chromatography (TLC) was performed using silica gel 60 GF254 precoated
aluminium backed plates (0.25 mm thickness) and visualization was accomplished by
irradiation with short and long UV light at 254 and 365 nm respectively or by staining
with bromocresol green or phosphomolybdic acid (PMA) for the identification of
carboxylic acid or alcohols respectively.

19F spectra were recorded on a JEOL (376 MHz) using an external reference (o, o, a-
trifluorotoluene, 6F = -63.72 ppm).

'H and 3C spectra were recorded on JEOL or Bruker 400 MHz (or 100 MHz for $3C)
spectrometers using tetramethylsilane (TMS) as an internal standard.

Chemical shifts () are reported in ppm downfield from CDCI3 (6 = 7.26 and 77.2
ppm) or DMSO-d6 (6 = 2.50 and 39.5 ppm) or CD30D (6 = 3.31 and 49.0 ppm) for
'H and *C-NMR respectively as an internal reference. The coupling constants (J) are
given in Hz. Multiplicities are indicated using the following abbreviations: br (broad),
m (multiplet), s (singlet), d (doublet), t (triplet), g (quartet), dd (doublet of doublet),
dt (doublet of triplet).

Column chromatography was performed using Rankem silica gel (60-120 mesh)
eluting with petroleum ether and ethyl acetate (EtOAC).

Preparative High Performance Liquid Chromatography (Prep HPLC) was carried out
on a Combiflash EZ Prep UV equipped with a Kromasil®C-18 preparative column
(21.5 mm x 250 mm, 10 pm) at a flow rate of 12 mL/min.

High-resolution mass spectra were obtained from HRMS-ESI-QTOF (quadrupole
time-of flight).

FT-IR spectra were recorded using Bruker ALPHA FT-IR spectrometer and reported
incm™.

LC/MS experiments were performed either on a Sciex X500R QTOF mass
spectrometer fitted with an Exion UHPLC system or on a Bruker Daltonics ESI-QTOF
(Maxis Impact) mass spectrometer connected to a Thermo Dionex (Ultimate 3000)
micro-LC system in a positive ion mode using high resolution multiple reaction
monitoring (MRM-HR) and information dependent acquisition (IDA) method.
Absorbance measurement were carried out using SHIMADZU, UV-2600 UV-Vis

spectrophotometer.

\



General remarks

Fluorescence measurements were carried out using a Horiba Jobin Yvon Fluorolog
Fluorescence Spectrophotometer or an EnSight Multimode Plate Reader
(PerkinElmer) in a 96-well plate format.

Time-resolved PL studies were performed using Horiba Jobin Yvon Flurolog-3
spectrofluorometer (HORIBA Scientific) and Time-Correlated Single Photon
Counting (TCSPC) system.
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Abbreviations

ACN = Acetonitrile

AHF = Acute heart failure

ALDH = Aldehyde dehydrogenase

AS = Angeli’s salt

ASGPR = Asialoglycoprotein receptor
AUC = Area under the curve

a = Relative amplitude
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BH4 = Tetrahydrobiopterin
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BODIPY = Boron dipyrromethene
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Cyt ¢ = Cytochrome ¢
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DCM = Dichloromethane
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eNOS = Endothelial nitric oxide synthases
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EDG = Electron donating group

EWG = Electron withdrawing group
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E. Coli = Escherichia coli
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Abstract

Abstract

Nitroxyl (HNO), which is a one electron reduced sibling of nitric oxide (NO), activates
intracellular signalling pathways, and has vasodilatory and anti-oxidant properties. Recently,
a small molecule that generates HNO has emerged as a safe and effective candidate in the
treatment of acute heart failure (AHF). Spontaneous generation of HNO is required for
cardiovascular applications. Given that HNO is a short-lived and reactive towards
biomolecules, controlled and site-directed generation is a prerequisite for other potential
therapeutic applications. HNO donors that can be activated by light, chemical or enzyme are
reported but have limitations including uncontrolled HNO release, diminished HNO Yyields,
the generation of toxic by-product(s), and concurrent NO release that may complicate
mechanistic interpretations. To overcome these limitations, we designed and synthesized a
focussed library of N,N,O-protected hydroxylamines that can be activated by enzymes to
produce HNO. First, we synthesized compounds that are candidates for activation by esterase
to generate HNO. Using a variety of assay, we demonstrate that this class of compounds
produce HNO and the HNO generating profile can be modulated by structural modifications.
Using these results as the foundation, we designed a donor that produces HNO as well as a
fluorescent signal that can act as a reporter for HNO release. The release of HNO within cells
was demonstrated using imaging studies. A nearly concomitant increase in fluorescence due
to the reporter was also observed. Consistent with the intermediacy of HNO, these donors
were also capable of enhancing sulfane sulfur pool in the presence of hydrogen sulfide
suggesting possible antioxidant activity for this class of compounds. Next, to enhance the
aqueous solubility of donors, we developed glucosidase and galactosidase-activated nitroxyl
donors. Upon activation by B-glycosidase, controlled and nearly quantitative HNO release
was observed. Lastly, the B-galactosidase-activated donor was found to mitigate reactive
oxygen species in senescent cells, which are known to over-express [p-galactosidase.
Together, we have developed a series of triggerable and tuneable HNO donors that can
permeate cells to enhance HNO, and the design allows for incorporating a fluorescence

reporter.
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Chapter 1

CHAPTER 1: Introduction
1.1. Nitric Oxide (NO)

Several reactive nitrogen species, such as ONOO", NO2, NOs and NO are present in the
biological system. Nitric Oxide (NO) has been widely studied free radical reactive nitrogen
species. It was named “Molecule of the Year” in 1992 by a science magazine.! It is
endogenously produced by 5-electron oxidation of L-arginine to L-citrulline in the presence
of NADPH and oxygen by the enzyme nitric oxide synthases (NOS).%3# Additional cofactors
such as flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), heme, calmodulin
and tetrahydrobiopterin (BH4) are also essential to facilitate electron transfer during the
production of NO. Three major distinct isoforms of NOS are present in mammalian cells, such
as neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS). NO is a
significant gaseous signaling molecule that is involved in a variety of physiological processes,
such as vasodilation,? neurotransmissions,® inhibition of platelet aggregation,® and host

defense mechanisms’ (Figure 1.1).

N__N o

YNH NADPH NADP* H2 “7""OH 112NADPH 12 NADP* HoN
NH NOS NH NH
< < + NO

(0] (0]
H,N” >COOH 2 H0  4,N">cooH 2 H,0 H,N~ “COOH
L-arginine N-hydroxy-L-arginine L-citruline
(L-NHA)

Figure 1.1. Biosynthetic pathway for NO production

1.2. Nitroxyl (HNO/NO")

Nitroxyl/nitroxyl anion (HNO/NQO), also known as azanone, nitrosyl hydride, hydrogen
oxonitrate and hydridooxidonitrogen, 1-electron-reduced and protonated form of nitric
oxide.® Nitroxyl was first reported by Angeli et al in 1896.° It is a short-lived species that
rapidly dimerizes with a second-order rate constant (k = 8 x 10 M s) to give hyponitrous
acid in an aqueous solution. Hyponitrous acid forms nitrous oxide (N2O) and water upon

decomposition (Eq. 1)1° (Scheme 1.1).
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HNO + HNO —> [HON=NOH] —— N,O + H,0 (1)
Hyponitrous acid Nitrous
oxide

Scheme 1.1. The mechanism for the dimerization of HNO to form N.O

Three geometrical parameters were used by Orgel to define the structure of the simple
triatomic molecule HNO such as the N-O bond length (rn-0), the N-H bond length (rn-n), and
the H-N-O angle (0u-n-0).!' Next, Dalby has experimentally established the molecular
geometry of HNO using the rotational analysis constants, rv.u= 1.063 A, rv.o=1.212 A, and
Ou-n-0 = 108.6 for the HNO singlet ground state.!> The electronic ground state of HNO is

singlet (*HNO) and deprotonation of HNO generates nitroxyl anion ((NO~) termed oxonitrate
(17) which is isoelectronic with dioxygen (O2). Due to the different spin states of *HNO and
3NO~, deprotonation of *HNO and the protonation of 3NO~ in an aqueous solution, is spin

forbidden and slow reactions.®® The lifetime of HNO was estimated to be ~ 0.1 s by Dalby
based on gas phase absorption spectra in the region of 6500-7000 A.*2 The acid/base chemistry
of HNO is one of its most distinctive and fascinating features. Due to its spontaneous
dimerization into N2O and water, direct experimental determination of the pKa of HNO by
measuring equilibrium concentrations of HNO and/or NO" is challenging. In 2002, Hauk K.
N. and coworkers reported the theoretically calculated pKa value of 11.6 + 3.4, but
Shafirovich and Lymar later revised the pKa (*HNO/®NO) value to 11.4.1419 |t suggested that

HNO is a weak acid and exists solely at physiological pH.

1.3. Biosynthesis of HNO

Interestingly, HNO is believed to be endogenously synthesized by various biosynthetic
pathways like its sibling, NO. Several plausible biosynthetic pathways for the endogenous
generation of HNO have been proposed; (1) Oxidation of L-arginine by NOS in the absence
of tetrahydrobiopterin (BH4) cofactor;® (2) Interconversion between NO and HNO facilitated
by superoxide dismutase;*® (3) Reduction of NO to HNO by cytochrome ¢;!’ (4) Oxidation of
hydroxylamine by heme protein;*8 (5) Reduction of nitrite by hydrogen sulphide (H2S) in the
presence of heme protein;*® (6) the reaction of thionitrous acid (HSNO) with hydrogen sulfide
(H2S)% and (7) the reaction between NO and H,S?! (Figure 1.2). Together, these pathways

may contribute to the endogenous generation of HNO.
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NO
[ Larginine | -~ soicutn
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unfydaod()))e4

NO,

Figure 1.2. Biosynthesis of HNO generation. NOS: Nitric Oxide Synthase; BHa:
Tetrahydrobiopterin; L-NHA: N-hydroxy-L-arginine; SOD: Superoxide Dismutase

1.4. Reactivity of HNO

Interpretation of the reactivity of HNO is crucial given the interest in HNO prodrugs as

potential therapeutics.
1.4.1. Reaction of HNO with H2S, persulfides and thiols

A distinct feature of HNO from other nitrogen oxides is its high thiophilicity. Recently,
Toscano and coworkers studied the reaction of HNO with hydrogen sulfide and persulfide.
HNO reacts with the hydrogen sulfide to form an N-mercaptohydroxylamine intermediate
which further reacts with hydrogen sulfide to produce polysulfides and elemental sulfur.
Similarly, persulfide reacts with HNO to afford polysulfides following the same mechanism

(Scheme 1.2) %2,
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RSSH
RSSS,R and RSS-NH-S,R

Scheme 1.2. The reaction of HNO with the hydrogen sulfide and persulfides

Owing to the thiophilic nature of HNO, it majorly targets the thiols and thiol-containing
proteins. Thiol attacks the electrophilic nitrogen atom of HNO to generate an unstable
intermediate N-hydroxy-sulfenamide, which is later rearranged to sulfinamide or disulfide
depending on the physiological thiol concentration (Scheme 1.3).23

The rate constant for the reaction between HNO and glutathione (GSH) is 8 x 106 Mt s1.24 |t
has been demonstrated that HNO modifies the thiol residues of several proteins at
physiological conditions, resulting in a potential protein function (Table 1.1). For example,
HNO interacts with the thiol residues of glycolytic protein glyceraldehyde-3-phosphate
dehydrogenase (GAPDH),?>2¢ aldehyde dehydrogenase (ALDH),2"?® soluble guanylyl
cyclase (SGC),223031:32333435 DNA repair protein poly (ADP-ribose) polymerase (PARP),®
the cysteine proteases papain®’ and cathepsin B.33% HNO also regulates the vasorelaxation
by interacting with the iron or thiol site.3> HNO induces activation of myofilament proteins,

which has potential in the treatment of congestive heart failure.4?*

RSH (o]
HNO R/S\N’OH g\
H ~— R” "NH,
N-hydroxysulfenamide Sulfinamide
RSH
S.o-R
R” 'S
Disulfide

Scheme 1.3. The reaction of HNO with thiols
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Table 1.1: Rate constant of HNO with biomolecules

Biomolecules k(M1st)
Glutathione®* 8 x 10°
Papain®’ 2 x 107
N-acetyl-L-cysteine?* 5x10°
L-cysteing?* 4.5 x 10°
Oxygen*! 3x10°
NO?® 5.8 x 108
Cu/Zn Superoxide Dismutase? 1 x 108
Mn Superoxide Dismutase?* 7x10°
Catalase®* 3x10°
Metmyoglobin®? 8 x10°
Oxymyoglobin*2 1x 10’
Horseradish Peroxidase 2 x 106
Tempol?* 8 x 10*

1.4.2. Reaction with metalloproteins

In addition to thiols, HNO also interacts with the metalloproteins such as heme proteins and
superoxide dismutase. Studies have shown that HNO can interact with metalloenzymes in
either ferrous or ferric forms. The most commonly observed interactions between HNO and
metalloproteins are redox and substitution reactions. Sadler and coworkers showcased that
HNO reduces met (Fe''")-myoglobin to ferrous (Fe'")-NO myoglobin (Eq. 2).** A ferrous (Fe')
heme protein either trap HNO directly to form a ferrous (Fe'")-HNO complex (Eq. 3) or
reduction of Ferrous (Fe')-NO Mb complex (Eq. 4). The oxymyoglobin and HNO react
similarly to NO to form a corresponding ferric heme protein (Eq. 5) (Scheme 1.4).4244:45:46
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MbFe(lll) + HNO — MbFe(ll)-NO + H* (2)
MbFe(ll) + HNO —_— MbFe(ll)-HNO (3)
MbFe(ll)-NO + e"+H* ———>  MbFe(ll)-HNO (4)
MbFe(l1)02 + HNO —_— MbFe(lll) + NO + HOO" (5)

Scheme 1.4. The reaction of HNO with the myoglobin

Furthermore, HNO interacts with aquacobalmin (H2O-Cbl*(Ill)) and forms nitroxyl
cobalmin (NO-CbI(II1)) (Eq. 6).*" This interaction takes place in a stepwise manner; (i)
Initially, HNO reduces Cbl(Il)alamin to Cbl(l)alamin by the release of NO (Eq. 7); (ii)
Oxidation of Cbl(I)alamin to Cbl(Il)alamin by HNO (Eq. 8); (iii) Finally, Cbl(ll)alamin reacts
rapidly with NO to form nitroxylcobalmin (NO™-CblI(111)) (Eq. 9) (Scheme 1.5).484°

H,O-Cbl*(lll) + HNO —> NO"-Cbl(lll) + H;0* (6)
Cbi(ll) + HNO - CbI(l) + NO + H* (7)
Cbi(l) + HNO + H*  ——  Cbl(ll) + 1/2 N, + H,0 (8)
CbI(ll) + NO — NO™-CblI(lll) (9)

Scheme 1.5. The reaction of HNO with the aquacobalmin

Additionally, the copper (I1) center of superoxide dismutase was reduced by HNO to yield
the copper(l) complex and release NO. Interestingly, Cu/Zn superoxide dismutase is catalyzed
by the interconversion of HNO/NO (Eq. 10).1® Nevertheless, metalloproteins (heme protein
and superoxide dismutase) do not discriminate between HNO and NO due to reductive
nitrosylation reaction. Marti and coworkers showed the Mn (I11) and Co(lll) porphyrins
selectively react with HNO while the Mn(Il) and Co(ll) porphyrins react only with the NO
(Scheme 1.6).%°

[N

HNO + SOD[Cu(ll)]] ——— ™ NO + SOD[Cu(l)]-H* (10)

Scheme 1.6. The reaction of HNO with the superoxide dismutase
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1.4.3. Reactivity with molecular oxygen

Recently, Sikora and coworkers have reported the reaction of molecular oxygen and HNO
under physiological conditions. Molecular oxygen has a triplet ground state and can therefore
react with nitroxyl anion ((NO") to form peroxynitrite (ONOQ") with the rate constant of ~1.8
x 10* M1 st (Eq. 11). However, it reacts slowly with nitroxyl (*HNO) (Eg. 12) due to a spin
forbidden process. Furthermore, the peroxynitrite product has been detected and quantified

peroxynitrite product using a fluorescent probe (Scheme 1.7).41:°1:1652

3NO- + 0, — ONOO- (11)

THNO+0, —— ONOOH (12)

Scheme 1.7. The reaction of HNO with the oxygen

1.4.4. Reaction with NO
Both *HNO and 3NO- react with NO to afford the hyponitrite radical anion. Furthermore, it

reacts with NO to generate N3Os™ anion, that decomposes to N2O and NO2™ (Scheme 1.8).8

THNO + NOo —> N0,
-H* NO -
N303 —_— N20 + NOZ-

NO- + NO —— N,O,

Scheme 1.8: The reactions of HNO and NO™ with the NO

1.5. Therapeutic application of HNO
The selectivity in the reaction of HNO with thiols and thiol proteins is the key aspect of the

therapeutic activity of HNO.

1.5.1. HNO in the treatment of alcoholism

In the presence of catalase and hydrogen peroxide, cyanamide (H2N-CN) acts as an HNO
precursor. It forms the unstable N-hydroxycyanamide intermediate which releases HNO and
cyanide anion. The enzyme alcohol dehydrogenase catalyzed the conversion of ethanol to

acetaldehyde, which was then converted to acetic acid by aldehyde dehydrogenase. HNO acts
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as a potent inhibitor of aldehyde dehydrogenase by modification of the thiol residues on

aldehyde dehydrogenase to sulfinamide (Scheme 1.9)?"%8,

Catalase -
H,N-CEN @ —— HN-C=N —> HNO + CN-
H20, H-0
Cyanamide ( \)
Base
(0]
HNO HN-OH N—NH,
Enzyme—SH ——— | Enzyme—S —>  Enzyme—S
Aldehyde dehydrogenase N-hydroxy-sulfenamide Sulfinamide
(Active) Aldehyde dehydrogenase
(Inactive)

Scheme 1.9: Mechanism of generation of HNO from cyanamide and inactivation of aldehyde
dehydrogenase by HNO

1.5.2. HNO in the cardiovascular system

Heart failure is characterized as a condition in which the left heart is unable to pump out
sufficient oxygen-rich blood into circulation to meet the body's needs. The standard therapy
for heart failure constitutes the use of vasodilators, inotropic agents, and loop diuretics (Figure
1.3). An increased arterial stiffening is associated with myocardial dysfunction in heart
failure. Targeting vascular abnormalities, such as decreasing vascular stiffness, and lowering

vascular resistance, may be pivotal avenues for the treatment of heart failure.

HNO has a unique and potentially important effect on the heart including vasorelaxation and
enhanced cardiac contractility. Paolocci and coworkers reported that HNO has not only a
positive inotropic (myocardial contractility) but also positive lusitropic (myocardial
relaxation) effect on the heart. These effects were independent of B-adrenoceptor signaling, a
potentially novel mechanism for modulating heart function.>® Further, several research groups
showed that HNO can increase myocyte Ca®* cycling by activation of the SARCA2A
(sarcoplasmic Ca?* reuptake pump) via interacting with the phospholamban (SARCA2A
regulating protein) and activation of ryanodine receptor-2 (RyR2). These characteristics have
led to the current pharmaceutical development of HNO donors as heart failure therapies

(Figure 1.3).%4°>°6:7
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p-agonists

Ryanodine receptor
SARCAZ2a
Phosphalamban

Actin
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SH
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Figure 1.3: Role of HNO in the cardiovascular system.

1.5.3. HNO in ischemia-reperfusion injury

Wink, Feelisch and Paolocci’s research groups studied the pharmacological effects of HNO
on the ischemia-reperfusion injury model.*® Before reperfusion, pretreatment of Angeli’s salt
to the isolated rat heart offered considerable protection against subsequent reperfusion injury,
suggesting ischemic preconditioning. Ma and coworkers showed that in an
ischemia/reperfusion (IR) injury model system, infusion of Angeli’s salt during reperfusion
induces an exacerbation of reperfusion damage in an ischemia/reperfusion (IR) injury

model.>® Despite this, it is still unclear how HNO causes ischemia-reperfusion damage.

1.5.4. HNO in vasodilation

By interacting with the regulatory ferrous heme on sGC, HNO can activate sGC and promote
vasodilation. Several downstream pathways have been proposed for HNO-mediated
vasodilation, including activation of voltage and calcium-dependent potassium channels, an
increase in the level of CGRP (calcitonin gene-related peptide) and activation of
cGMP/cAMP-dependent signaling.?%3031323334 Kass and coworkers studied sGC antagonist
[1H-[1,2,4]oxadiazolo-[4, 3-a]quinoxalin-1-one] (ODQ) blocks HNO-vasodilation in vitro,
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which indicates an sGC dependent mechanism using CXL-1020 (HNO donor).*® Similarly,
Fukuto and coworkers also studied HNO-mediated vasodilation using Angeli’s salt and
IPA/NO® (Figure 1.4).

H<
lilO rilo
(o] (o]
His His
SH SH

i
His
NO HNO
-— —_—
HS HS SH HS

SH SH SH SH SH SH

Activation sGC Activation
Basal activity

Figure 1.4: Proposed mechanism for the effect of HNO on the sGC activity

1.5.5. HNO in cancer

HNO has shown promising anti-cancer effects. It is well known that HNO can interact with
the specific thiol proteins that are involved in the modulation of cellular functions.

The majority of solid tumors rely heavily on glycolysis as a significant energy source,
GAPDH (Glyceraldehyde -3-phosphate dehydrogenase) is one of the key enzymes in the
glycolytic process. GAPDH activity can be irreversibly inhibited by HNO.?

Treatment with HNO resulted in an inhibition of tumor angiogenesis and increased apoptosis
in breast cancer xenografts.?®*® In addition, HNO may also be a useful adjuvant to cancer
chemotherapy. Inhibition of poly (ADP-ribose) polymerase (PARP) by Angeli's salt has also
been demonstrated in a breast cancer cell line.® Given that, PARP is an important component
of the DNA repair machinery, it may be a crucial target in cancer therapy. As several
chemotherapies and radiation therapies rely on inducing DNA damage in cancer cells. The
efficacy of these treatments could be improved by HNO donors by inhibiting PARP. These
indicate the efficacy of HNO in cancer chemotherapy (Figure 1.5).

10
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Apoptosis I DNA breaks]

N 7

GAPDH | Y — HNO — PARP |

7N

HIF-1a | VEGF |

Figure 1.5: Role of HNO in the cancer therapy

1.5.6. HNO as antioxidant

Previous studies have shown that HNO has a pro-oxidant property, capable of inducing DNA
breaks and intracellular thiol depletion.®® In redox biology, the role of HNO has been studied
and it can cause both pro-oxidant and antioxidant effects. Earlier studies demonstrated that
HNO has a pro-oxidant property, capable of inducing DNA breaks and intracellular thiol
depletion. HNO was also found to induce heme oxygenase-1 (HO-1, an anti-oxidant enzyme),
similar to the NO, peroxynitrite and nitrosothiols.®? Angeli’s salt (AS) mediated activation of
HO-1 was almost abolished by the N-acetylcysteine (NAC), whereas, activation of HO-1 by
HNO subdued by the treatment of glutathione synthesis inhibitor (buthionine sulfoximine).
These findings indisputably indicated that targeting sulfhydryl groups is crucial in controlling

the expression of HO-1.

1.6. HNO donors

The most commonly used strategies to generate HNO at physiological conditions involves
(i) -OH deprotonation; (ii) cleavage of PG by a specific stimulus and (iii) nucleophilic attack
on acyl nitroso moiety. In the first case, -OH deprotonation takes place at physiological pH
7.4 and undergoes further decomposition to release HNO. Next, the stimulus was used for the
cleavage of the protecting group to generate HNO. Finally, the formation of acyl nitroso
intermediate takes place, which on nucleophilic attack or hydrolysis to release nitroxyl anion
(NO"). In the second and third strategies, different stimuli such as light, thiol, heat and

enzymes were used to generate HNO (Scheme 1.10).

11
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a) b)
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Scheme 1.10: General strategy for the HNO generation

1.6.1. HNO generation in the aqueous condition

In this category, Angeli’s salt (AS, NazN20s) is the priority. It is an inorganic salt that was
originally discovered in 1896.° In physiological conditions, it rapidly generates HNO with a
half-life of ~ 3 min. The interest in the biological activity of HNO has led to the development
of Angeli's salt as an effective donor for understanding the chemistry and pharmacology of
HNO. (Scheme 1.11).

Proposed mechanism

o\ + /o H ’ HO\ + /OA) Slow \o\ /7
+ N=N — N=N —_— ’NT«N\+ —> HNO + NO,
2Na o ~ 0o H o -
Angeli's salt

Scheme 1.11: Decomposition of Angeli’s salt and proposed mechanism of HNO generation

Next, Piloty’s acid and its derivatives are listed below, known to release HNO at physiological
conditions.5*%4 CXL-1020 and CXL-1472 (BMS-986231) are two of the reported donors that
are undergoing clinical studies for the treatment of heart failure (Figure 1.6).5%6°

There have also been reports of other donors such as derivatives of diazeniumdiolates
(IPA/NO, CPA/NO, CHA/NO, CHPA/NO and COA/NO), acyloxy nitroso, N,O-bis-acylated
and carbon-based leaving group donors (Scheme 1.7).67:6869.70.71

12
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Figure 1.6: Structures of HNO donors

Unfortunately, controlled delivery of HNO would be impossible using these donors. Burst
HNO generation leads to HNO dimerization which lowers the effective concentration of

produced HNO. Hence, it is urgent to develop controlled HNO generators.

1.6.2. Light-triggered approach for HNO generation

Over the years, several research groups have developed a series of photo-activated HNO
donors such as 3,2-HNM, 6,2-HNM and nitrobenzene-based donors.”2">"7 These donors
are capable of generating HNO in good to excellent yield. However, the use of these donors
is limited, due to O-N bond cleavage over C-O bond, low HNO yield and phototoxicity of
UV light. Hence, the development of alternative donors is necessary to overcome the

aforementioned limitations (Figure 1.7).

13
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Figure 1.7: Light-activated HNO donors, L! = PMes; L? = Glutamate

Nakagawa group has developed a visible light-activated HNO donor, based on the 7-
aminocoumarin.”® Upon irradiation by visible light, the concomitant release of HNO with a
fluorescence reporter was observed following the cleavage of the C-O bond in Coum-HNO
cleavage takes place to form carbocation and N anion derivative of Piloty’s acid, upon light
irradiation. Interestingly, the generated carbocation reacts with the water molecule leading to
the release of HNO and the formation of the fluorescent molecule (HNO-generating pathway).
As well as N anion derivative of Piloty’s acid also attacks the carbocation which leads to the
formation of an oxime derivative (hon-HNO generating pathway). The HNO-generating
pathway contributes to only 7.1%, leading to low HNO generation.

Next, the Doctorovich group developed a Ru-HNO donor using 4-nitropiloty’s acid as the
source of HNO. Selective delivery could not be achieved using a Ru-HNO donor.”’

1.6.3. Thiol and thermally-activated approach for HNO generation

Sadler group has reported the thiol-dependent HNO release using a Ru-based donor which
showed the HIF-1a inhibition.** However, specific HNO delivery could not be achieved using
Ru(I1)-NO donor. Further, retro Dials-Alder reaction-based HNO donors as well as HNO/H2S

dual donors have been reported (Figure 1.8).78.79.808182

14
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R =-Me HNO/H,S dual donor
= -CH2-CH2-COOH

Figure 1.8: Thiol and thermally activated HNO donors

1.6.4. Chemically and enzymatically triggered approach for HNO generation

Recently, the King group reported the chemically activated self-immolating HNO donors. The
nitro, azide and boronate ester were used as a protecting group, which was cleaved by the
NaBH, or NTR, NaBH4/CuSO4 and hydrogen peroxide respectively.® In these cases, azide-
containing compounds showed promising results with HNO release in high yield. However,
the use of NaBH4/CuSOs in the biological system would not be a good strategy to generate
HNO. Further, the Nagasawa group developed N-hydroxycarboximidic acid derivatives
which can be activated by esterases.®* These donors showed low HNO yield. Next, the
Miranda group developed the esterase and B-galactosidase sensitive HNO donors using
IPA/NO as an HNO source.8 Unfortunately, these donor act as HNO/NO dual donors. The
reaction of HNO with the NO complicates further studies as several reports demonstrated that

these species play opposing roles. It would not be a good choice for the donor (Figure 1.9).

15
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Figure 1.9: Enzymatically activated HNO donors

1.6.5. Limitations with existing HNO donors

The above-described approaches to generating HNO have some limitations. Reported HNO
donors generate HNO in an uncontrolled manner (burst HNO release) leading to the
dimerization of HNO. These donors have no selectivity in the delivery of HNO. To overcome
these limitations, UV light-triggered HNO donors have been developed. However, UV light
can enhance oxidative stress in the cellular system and affect the function of vital cellular
biomolecules. Since low tissue penetration of UV light, in vivo studies become more
challenging. Hence, UV-triggered HNO donors are unsuitable for study of the HNO biology
and pharmacology. Next, thiol activated HNO donor was reported and HNO is thiophilic in
nature, the effective concentration of HNO will be less and the donor is not selective. Retro
Diels-Alder reaction-based HNO donor needs quite a heating condition to generate HNO,
making it unsuitable in cellular studies. Recently, an esterase-triggered donor was developed,
however, the issues with these donors are low HNO yield and concurrent generation of NO.
To achieve the selectivity in HNO delivery, B-galactosidase sensitive IPA/NO-based HNO
donors are reported. Given that, IPA/NO gives concomitant release of HNO/NO, the studies
become more complicated.

Hence, to overcome these limitations of existing prodrug strategies, the development of

versatile HNO donors is in urgent need.
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1.7. HNO detection

Given that HNO is a short-lived species, the detection of HNO becomes crucial in cellular
systems. Enormous effects were made towards the development of HNO-sensitive probes for
detection. As HNO is highly reactive towards biomolecules (thiols/thiol proteins,
metalloproteins), precise detection of mysterious HNO becomes quite challenging. HNO also
displayed higher reactivity with the phosphines. Based on the reactivity of HNO, several
probes were developed with the phosphine, thiol and metals.

1.7.1. Phosphine-based HNO probes

The reaction of phosphine and HNO follows Staudinger ligation chemistry. The fluorescence
reporter is attached to the phosphine HNO recognition unit. In phosphine probes, the ester
linkage is appended on the ortho position along with the latent fluorophore. Upon reaction
with HNO, the release of active fluorescent molecules takes place, which attributes to the
HNO generation (Figure 1.10).%7

(o)
FL
-~ HNO
(D\)\O 2, (FL—OH
PPh,
Fluorescence off Fluorescence on

Figure 1.10: Staudinger ligation reaction of phosphine with the HNO

The following mechanism has been proposed for HNO detection by phosphine-based probes.
Here, nucleophilic phosphine attacks on the electrophilic nitrogen of HNO, one molecule of
phosphine is converted into phosphine oxide and another molecule forms phosphine aza-ylide
which further rearranges into an ionic form. Intramolecular attack of nitrogen anion on the
ester linkage results in the release of an active fluorophore. An enhancement in the
fluorescence signal corresponds to the amount of HNO generation from the donor (Scheme
1.12).
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Scheme 1.12: Proposed mechanism of the HNO detection by phosphine probe

Various kinds of phosphine probes have been developed for HNO detection. Representative

probes are listed below such as turn-on probes (e.g. PCM, P-Res and P-Rhod),8:899
intramolecular charge transfer (ICT) ratiometric probe (e.g. HNO-TCF),*! an excited state

intramolecular proton transfer (ESIPT) mechanism-based ratiometric probes (e. g. FLA-1 and

P-HBT),%>% two-photon activated probes (e. g. P-Np-Rhod),** Forster resonance energy

transfer (FRET) mechanism-based ratiometric probes (e. g. CF),*> mitochondria-targeted
probes (e. g. Mito-HNO)® and lysosome targeted probe (e. g. Lyso-JN)®" (Figure 1.11).
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Figure 1.11: Phosphine-based HNO probes
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1.7.2. Thiol-based HNO probes

As HNO is highly reactive towards thiols, the Chan group has developed a thiol-based probe
to detect HNO. Here, thiol served as a recognition unit for the HNO. The nucleophilic thiol
attacks the electrophilic nitrogen of HNO to generate an N-hydroxysulfenamide intermediate,
which undergoes intramolecular cyclization to release the masked fluorophore. The amount
of HNO generation from the donor was estimated based on the fluorescence increment
(Scheme 1.13).%

O Y e

o
© cl
CLOC o e SOOI A s — OO
SH —— S.,,-OH
HO 0 o& HO 0 N7 o o OH
cl

H
Cl Cl

NitroxylFluor
Scheme 1.13: Proposed mechanism for the HNO detection by thiol-based HNO probe
1.7.3. Prefluorescent HNO probe

HNO is known to efficiently react with radicals via a proton transfer. Based on this chemistry,
the Toscano group has developed a prefluorescent probe that reacts with HNO via a net
hydrogen abstraction to produce fluorophore and NO.% The important feature of the probe is
that it can be able to differentiate the HNO from NO (Scheme 1.14). However, TEMPO-9-
AC is quite unstable in aerobic conditions, making it difficult to use in physiological

conditions.
o 0"
N N
NO
O+ __NH /X\ O~__NH
p LI
TEMPO-9-AC TEMPO-9-AC-H

(Low fluorescence) (High fluorescence)

Scheme 1.14: Mechanism of HNO detection by TEMPO-9-AC
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1.7.4. Copper (1) based probe for the HNO detection

As HNO is known to react with metalloproteins, copper (11) based HNO probes have been
reported. Cu (1) is present in these probes with an unpaired electron in the d orbital, which
causes fluorescence to be quenched by the photoinduced electron transfer (PET) mechanism.
Typically, there is little to no fluorescence when the fluorescent molecules bind to the Cu (I1)

complex. (Figure 1.12).

PET PET
T XK
T, — HNO P
e A CY, T
Fluorescence off Fluorescence on

Figure 1.12: Schematic diagram for the HNO detection by the Cu(ll) based probes

The representative examples of a few Cu(ll) based probes (Cu(ll)[BOT1] and
Cu(ID[BRNO3]) used for the HNO detection are listed. Lippard group constructed the Cu(ll)
based probe based on the reduction of Cu(ll) to Cu(l) by HNO. BODIPY moiety served as a

fluorescence reporter and Cu(ll) acts as the HNO recognition unit for the HNO (Figure
1_13)_100,101,102,103

=z
|
/N N’H
cI—Cu®™
N o
N
Cu'[BRNO3]

cu'BOT1]

Figure 1.13: Cu(ll) based probes for the HNO detection
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Scheme 1.15: Mechanism of HNO detection by the Cu(ll) complex

Upon interaction of HNO with the Cu(ll) complex, nucleophilic nitrogen of HNO attack on

the Cu(ll) to display chloride anion. Further, the hydrogen atom of HNO forms intramolecular

hydrogen bonding with the nitrogen atom of the triazole moiety of the complex in the

transition state, subsequently hydrogen atom transfer to the nitrogen atom of the triazole and

Cu(ll) reduce into the Cu(l). Finally, the nitric oxide radical (NO') is released from the

complex resulting in an enhancement in the fluorescence response (Scheme 1.15).

1.7.5. Detection of N2O (HNO dimer) by GC/MS

As described above, dimerization of HNO leads to the formation of nitrous oxide (N20). It is

quite stable and can be quantified by the GC/MS analysis (m/z = 44) (Scheme 1.1).

HNO + HNO — > [HON=NOH]

Hyponitrous acid

_— N20 + H20

Nitrous
oxide

Scheme 1.1. Mechanism of HNO dimerization
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Other than phosphine, thiol, Cu(ll) and GC/MS-based HNO detection methods,
electrochemical detection of HNO by amperometric sensors and MIMS (Membrane inlet mass

spectrometry) were used to measure HNO.

1.7.6. Limitations with the existing HNO probes

Several limitations are associated with the phosphine, thiol, prefluorescent probe and Cu(ll)
based probes such as 1) HNO gets consumed during this process; 2) instability of certain
probes in cellular conditions; 3) no selectivity between HNO and NO; 4) Dimerization can

take place between thiol based probe; 5) instability in aerobic conditions.

Several limitations are associated with HNO donors and HNO probes. The HNO delivery with
triggerable and tunable HNO release along with the fluorescence reporter for broad
applicability is not yet reported. Therefore, the development of versatile HNO donors along

with the fluorescent reporter is in urgent need.

1.8. Aim

We aim to design, synthesize and evaluate HNO donors with the following characteristics.

i) Donor should be triggerable and the trigger should be selective.
i) HNO release should be in a controlled manner to minimize dimerization.
iii) Fluorescence reporter should be turn ON and stable for an extended period.

iv) Fluorophores should not consume HNO during the detection; but instead, report HNO

generation.

Activation

%-o—m % +

Figure 1.14: Design of the real-time monitoring of HNO
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Based on the above design, in Chapter 2, we develop the HNO donor along with the
fluorescence reporter (Figure 1.14). Upon activation by esterase, it generates HNO and
fluorescence signals without the consumption of HNO during its detection. In addition, we
synthesized a focused small library of compounds to achieve the tunable HNO release. Here,
we used esterase as a trigger which is present ubiquitously in all types of cells. It offers a
broad scope to study HNO biology and pharmacology in nearly all cell lines. Since, cancer
cells produce higher levels of B-glucosidase enzyme, in Chapter 3, we designed B-Glu-HNO
donors which can generate HNO in a controlled manner upon activation by B-glucosidase.
Further, to make specific delivery of HNO in senescent cells, in Chapter 4, we developed a
B-galactosidase sensitive HNO donors. The presence of the ASGP receptors on the aged cells
allowed the specific delivery of the donor. The p-Gal-HNO donor can generate HNO in a
steady state and can mitigate the ROS level in the senescent cells.

Altogether, the studies described in this thesis, address the several awaited problems
associated with the existing HNO donors such as triggerable and tunable HNO release, low
concurrent generation of NO, real-time monitoring of HNO in cells, site-specific delivery,
and benign byproducts. These tools will play an important role in exploring HNO biology and

pharmacology, which is yet to be completely understood.
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Chapter 2: Esterase triggered Nitroxyl (HNO) Donors with a Fluorescence Reporter
2.1. Introduction

As mentioned in Chapter 1, reported donors spontaneously release HNO in vitro and
intracellularly. As HNO is highly reactive towards biomolecules, controlled and site-directed
generation is required. Being a transient species, precise detection and quantification of HNO
are quite challenging. Thus, a strategy where small molecules can generate HNO in a
controlled manner along with the concurrent release of a fluorescence reporter is an urgent
need. In this chapter, we utilized a reliable strategy of masking HNO with the esterase-
sensitive trigger. Esterase (ES) is known to cleave the carbonyl ester bonds. Owing to the
wide occurrence of esterase in all the cells, this tool can be used in a wide range of cell types

and would hence have a broad scope.

Further, we chose Piloty’s acid and its derivatives as HNO donors, as it is known to generate
HNO in an excellent yield.! Piloty’s acid offers the opportunity to install the different groups
(EDG and EWG) at different positions (o/m/p) on aromatic systems which may help to tune
the HNO generation. As well as it would help to understand the mechanistic insights.

Here, we designed an HNO prodrug based on N,N,O-protected hydroxylamine. The oxygen
of hydroxylamine was protected with cyclopropyl carboxylic ester, and on the nitrogen, a
leaving group and Boc/H substituent was placed. Esterase is expected to cleave the ester
linkage and further decomposition leads to HNO release.

®N-o— PG ®N—o—[ﬁie — + @

Figure 2.1. Design of stimuli-responsive Nitroxyl (HNO) donor

Next, we developed a modular scaffold with two series of esterase-activated nitroxyl
donors (Figure 2.1). In series 1, upon esterase activation, compound 2 produces N-Boc

Piloty’s acid intermediate 1. Further, it cleaved to produce arylsulfinic acid and a common
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intermediate, which upon hydrolysis, it produces HNO, CO; and 'BuOH. In series 2, the
cyclopropyl carbonyl ester will cleave in the presence of esterase and produce a derivative of

Piloty’s acid which further dissociates to produce HNO and arylsulfinic acid. (Scheme 2.1).

o o o o (Step 2
5” 0% ES,pH 7.4 %Y o €O,
Ar/ N7 Ar/‘/\N"“\H —T— +
| \; |
R O R o o ‘BuOH
0 A B N}
Ar”" ~OH 0" °N
R = COOBu; 2 OH R #H| 3
R=H;3
common
intermediate

Scheme 2.1. Proposed mechanism of HNO generation upon activation by esterase

2.2. Result and discussion
2.2.1. Synthesis

In order to test our hypothesis of esterase-activated HNO donors, compounds were
synthesized in three steps. First, treatment of cyclopropylcarbonyl chloride with N-Boc-
hydroxylamine under basic conditions afforded compound 1 (Scheme 2.2).2 which on N-
sulfonation by respective arylsulfonyl chlorides and sodium hydride afforded compound 2a-
29 (Scheme 2.3).2 Boc deprotection of 2a-2g using trifluoroacetic acid gave compound 3a-3g
(Scheme 2.4).3

o o
HO-NH-Boc H
_N__oO
Et;N, Et,0 o
0°C -RT
1,70 %

Scheme 2.2. Synthesis of compound 1
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0 Ho o Ar-S0,-Cl 0 I o
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1 2

Scheme 2.3. Synthesis of compound 2

Table 2.1: Synthesis of Boc-protected compounds 2a-2g from 1

Entry Product X Y Yield, %
1 2a H H 56
2 2b Br H 64
3 2cC H Br 37
4 2d CF3 H 41
5 2e Br CFs 59
6 2f NO2 H 48
7 29 H NO, 48

Scheme 2.4. Synthesis of compound 3
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Table 2.2: Synthesis of compounds 3a-3g from 2

Entry Product X Y Yield, %
1 3a H H 56
2 3b Br H 53
3 3c H Br 92
4 3d CFs H 41
5 3e Br CF3 40
6 3f NO: H 95
7 3g H NO, 61

Next, we synthesized the 2-bromopiloty’s acid as a control compound by following a
reported procedure.r Condensation reaction of hydroxylamine hydrochloride with 2-bromo-
benzenesulfonyl chloride at 0 °C afforded compound 4 in good yield (Scheme 2.5).

Q Q
1
N NH,OH.HCI S.y-OH
2 . 1] N
sol e
B DMAP, Pyridine Br
0°C
4 34 %

Scheme 2.5. Synthesis of 2-bromopiloty’s acid

Next, we synthesized the HNO probes using a reported procedure. EDC-mediated
esterification with 2-(diphenylphosphino)benzoic acid with 7-hydroxycoumrin afforded the
compound 5 (PCM).* 6 (HNO-TCF) was also synthesized following a similar methodology
in moderate to good yield (Scheme 2.6).°
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7-Hydroxycoumarin d\ o
EDC, DMAP, DCM PPh,
RT, overnight
o P-CM 5, 37%
o
PPh, o CN
N Ve
0 CN
TCF-OH ©\)‘\o CN

DCC, DMAP, DCM PPh,
RT, 5h

HNO-TCF 6, 26%

HO
CN

HO o o NN\
o CN

7-Hydroxycoumarin TCF-OH

Scheme 2.6. Synthesis of 5 and 6 probes
2.2.2. HNO generation and fluorescence emission study

2.2.2.1. Invitro HNO generation

The ability of compounds to generate HNO was tested using a fluorescence-based assay using
5. HNO probes work on the principle of photoinduced electron transfer (PET) mechanism. 5

can trap the HNO and release the active fluorophore umbelliferone (Scheme 2.7).

‘HNO'

O
©i“\ PBS, pH 7.4 HO 0”0
PPh; Umbelliferone
P-CM Aex = 370 nm; A, = 460 nm

Scheme 2.7. Mechanism of HNO trapping by 5 to release highly fluorescent product

umbelliferone
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When compounds from series 2 and 3 were incubated independently with 5 and esterase from
the porcine liver in phosphate buffer saline (PBS pH 7.4), fluorescence enhancement was
recorded using an Ensight Multimode Plate Reader (excitation 370 nm; emission 460 nm). In
the absence of esterase, no significant fluorescence signal was observed at 460 nm. This
suggests that the compounds were stable in buffer and elicit an enhancement in the

fluorescence signal upon activation by esterase (Figure 2.2).

A
1.59 = wloES
=] 1 with ES
[y
l&- 1 D- . e . —
o
Q
ko)
£ 0.5
S
P
00 '_-_lll_'_| '_|| |-~|| I,--_‘II '_|| F-‘I r-_,l '_|| 1
5 2a 2b 2c 2d 2e 2f 2g 4
B
1.59 =9 wiES
2 B with ES
E‘- 1.04 ]
p=)
QL
2
g 0.5- I I
[=]
b
0-0“':'TL=I. HI = =1 r-11 = ﬁl. T
5 3a 3b 3¢ 3d e 3f 3g 4

Figure 2.2. Enhancement in fluorescence signal corresponding to the generation of HNO
from compounds 2a-2g (50 uM) and 3a-3g (50 uM) in the presence of 5 and esterase (0.5
U/mL) in PBS (10 mM, pH 7.4) at 37 °C for 30 minutes. 5 refers to PCM dye; 4 refers to 2-
bromopiloty’s acid; (Aex = 370 nm; Aem = 460 nm).

2.2.2.2. Time course of HNO generation

We synthesized the focused small library of HNO donors. To check the tunable HNO

generation from these donors, compounds from series 2 and 3 were incubated with 5 in the
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presence of esterase in buffer and fluorescence signal (Aex = 370 nm; Aem = 460 nm) was

recorded over 30 min (Figure 2.3). Interestingly, these donors demonstrated different release

profiles, indicative of tunable HNO generation.

A B
O 2a 8x105+
4 2b @ 2d
- 2c & 2e
® < 2f
= 4x105
v < 2g
0 I 1 1
0 10 20 30 0 10 20 30
Time, min Time, min
C D
105+ 105
8x10 @ 3a 9x10 @ 3d
= 3b & 3e
<+ 3c = 3f
® @
- 4%105+ - 5x105+ < 39
L L
o o
0 0
0 10 20 30 0 10 20 30
Time, min Time, min

Figure 2.3. Time-dependent HNO generation from compounds (a) 2a-2c, (b) 2d-2g, (c) 3a-
3c and (d) 2d-2g (50 uM) using 5 were incubated in the presence of esterase (0.5 U/mL) in
PBS (10 mM, pH 7.4) at 37 °C and fluorescence enhancement was monitored over 30 min.

()\,ex =370 nm; )\,em =460 nm).

However, 5 was unstable in the experimental conditions for an extended period. In the
presence of esterase (0.5 U/mL), further cleavage of 5 was observed after 30 minutes. 5 is not
suitable for slow HNO-generating donors and may provide false positive results. As HNO is
a transient species and highly reactive towards biomolecules (thiols protein, selenoproteins
and metalloproteins), precise detection of HNO in biological systems becomes more

challenging. Furthermore, the measurement of HNO is invariably associated with the
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consumption of HNO. Thus, a strategy where a small molecule can generate HNO along with
a fluorescence reporter would be useful, which will eliminate the need for secondary assays

to monitor the release of HNO.

To address this issue, next, we designed esterase-triggered HNO donors along with a
fluorescence reporter (Figure 2.4). In the first strategy, we made the aryl sulfonamides where
aryl sulfinic acid is the leaving group. To tune the HNO generation, we used the different
derivatives of arylsufinic acid as a leaving group. Instead of arylsulfinic acid, the
incorporation of a latent fluorophore would be useful. The donors are expected to have weak
fluorescence, and upon esterase cleavage, a donor will release HNO along with fluorescent
dansylsulfinic acid. The fluorescence quantum yield of dansylsulfinic acid is 83%.°% The
higher the fluorescence quantum vyield values, the fluorescence signal intensity of the
fluorophore will be high. Hence, in the second strategy, dansyl was incorporated as leaving
group. Due to the presence of the cyclopropylcarbonyl ester group, HNO donors were
expected to be fluorescence turn-off. The concurrent release of HNO and fluorescence
reporter can eliminate the need for a secondary assay for the detection of HNO generation.

. HNO = OFF

X
W

lFIuorescence = OFF

| HNO=ON

|Fluorescence =ON

Figure 2.4. Design of stimuli-responsive concomitant release of nitroxyl (HNO) and
fluorescence reporter by the HNO donor. The incorporation of latent fluorophore in the donor

eliminates the need for a secondary assay for monitoring HNO.

Compounds 2h and 3h were synthesized using the above-mentioned protocols. Compound 1
was treated with dansyl chloride in the presence of sodium hydride to get compound 2h
which was further treated with TFA to afford 3h in good yield (Scheme 2.8).2
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Scheme 2.8. Synthesis of 2h and 3h

Next, we synthesized the control compound. Dansylsulfinic acid was reduced by sodium

borohydride to afford compound 7 (Scheme 2.9).!

Y Y
N -~ N
/ THF, 0°C /

7,47 %
Scheme 2.9. Synthesis of 7

2.2.3. Photophysical properties of 7

Firstly, we studied the photophysical properties of 7 such as absorbance and fluorescence
profiles in buffer (pH 7.4), photostability in different pH (8.0 — 5.0) and time course in buffer

(pH 7.4) and fluorescence lifetime in the excited state.
2.2.3.1. Measurement of UV absorbance of 7

The UV absorbance spectrum of 7 was recorded in buffer (pH 7.4) at room temperature. The

absorbance maximum (Aex) Of 7 was observed at 308 nm in buffer (pH 7.4) (Figure 2.5).
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2
-l Amax = 308 nm

Abs, au

0 I I I 1
250 300 350 400 450

Wavelength nm.
Figure 2.5. The UV absorption spectrum of 7 (100 uM) was measured in buffer (pH 7.4).

2.2.3.2. Measurement of fluorescence of 7

The fluorescence spectrum of 7 was recorded in buffer (pH 7.4). The fluorescence emission

(Aem) Of 7 was observed at 497 nm (Figure 2.6).

6 —
6x10 Amax = 497 nm

i 3x106+

0 T T T 1
300 400 500 600 700

Wavelength nm.

Figure 2.6. The fluorescence spectrum of 7 was measured in buffer (pH 7.4) (Aex = 308 nm;
Aem =320 - 700 nm).

2.2.3.3. Stability of fluorescence of 7 in different pH

The stability of fluorescence signals in different pH is important for bioimaging purposes.
The reason is that cancerous and non-cancerous cells have different pH. If a fluorophore
shows fluorescence stability in different pH, it would be an ideal probe for bioimaging. Next,

the fluorescence stability of 7 was monitored at varying pH ranging from 5.0 to 8.0. The
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fluorescence of 7 was quite stable at different pH. 7 would be the best tool for bioimaging.
Fluorescence measurement was carried out by using excitation at 308 and emission spectrum

was obtained using 320-700 nm (Figure 2.7).

8x105-
@ pH 8.0
5 — pH7.4
@Q©
% 4x105- — pH 6.0
A — pH 5.0
S
i
0

400 500 600 700
Wavelength (&, nm)

Figure 2.7: Fluorescence stability of 7 (50 uM) was measured in buffer (pH 7.4) upon
excitation at 308 nm.
2.2.3.4. Stability of fluorescence of 7

The stability of fluorescence signals at physiological pH for an extended period is also an
important property of an ideal fluorophore. To check the fluorescence stability, 7 was
incubated in a buffer (pH 7.4) and fluorescence intensity was monitored over 12 h. The
fluorescence of 7 was quite stable for 6 h and a small decrease in intensity over 12 h was

recorded (Figure 2.8).

1x1064 R

5x105-

Fluoresence units

1 | 1 I I 1 I
0 2 4 6 8 1012
t,h
Figure 2.8: Fluorescence stability of 7 (50 uM) was measured in buffer (pH 7.4) for 12 h.

(Aex = 308 nm; Aem = 497 nM).
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2.2.3.5. Time-resolved photoluminescence (PL) measurements

Time-Correlated Single Photon Counting (TCSPC) is a commonly used method for carrying
out time-resolved photoluminescence (PL) measurements. TCSPC works by measuring the
time between sample excitation by a laser pulse and the arrival of the emitted photon at the
detector. The fluorescence lifetime is an intrinsic characteristic of fluorophore that can
provide insight into the excited state dynamics of the species. Time-Resolved
Photoluminescence (TRPL) is the tool of choice for studying fast electronic deactivation
processes that result in the emission of photons, a process called fluorescence. The lifetime of
a molecule in its lowest excited singlet state usually ranges from a few picoseconds up to
nanoseconds. If the fluorescence lifetime of a fluorophore is higher, it will be very useful for
imaging. A few fluorophores are listed below with their respective fluorescence lifetimes

which are used for bioimaging (Table 2.3).

Table 2.3: Fluorescence lifetime of known fluorophores

Entry Fluorophore Media Fluorescence lifetime, ns
1 DAPI’ H20 2.78
2 Sodium fluorescein®  PBS pH 7.4 4.05
3 Umbelliferone® H20 5.0
4 Rhodamine B* H.0 1.74

Further, a Time-resolved PL study of 7 was performed by using a 292 nm nanoLED as
the excitation source a time-to-amplitude converter (TAC) range of 200 ns for 10,000 counts
and a fluorescence lifetime of 7 was monitored in the excited state (Figure 2.9).1! It was
observed that fluorescence in the excited state was stable for a longer time. The average

lifetime (tavg) Was calculated using the following equation.

Tavg = Q1T + 0rT)

(11+(12

o = Relative amplitude; T = Excited state
The average lifetime (tavg) OF 7 was 13.82 ns (Table 2.4).
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Time (ns)

Figure 2.9: Time-resolved (lifetime) PL studies of 7 (10 uM) was measured by TCSPC
(Time-Correlated Single Photon Counting) in PBS pH 7.4 for 200 ns. The data were fitted by
second exponential and the tayg Was 13.82 ns. CHISQ is a chi-square, used to compare

observed results with expected results.

Table 2.4: Fluorescence lifetime of 7

Compound | t1(ns) | o1(%) | t2(ns) a2 (%) | tag(ns) | CHISQ

7(10uM) | 6.8 | 401 | 1412 | 9599 | 13.82 | 1.07256

2.2.4. HNO generation and release of 7 from 2h and 3h

2.2.4.1. HNO generation from 2h and 3h

It is expected that upon activation by esterase, 2h and 3h concomitantly release HNO and

fluorescent reporter 7 (Scheme 2.10).

O~ __OH
O R N
N_1l N ES {
(o) ‘ﬁ D HNO\_J + OO
(o} pH 7.4
/N\
R = COO'Bu; 2h 7

=H; 3h

Scheme 2.10. Proposed mechanism of generation of HNO and fluorescent reporter 7
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To test the hypothesis, compounds 2h and 3h were independently co-incubated with 5 in the
absence or presence of esterase. As anticipated, compounds 2h and 3h did not release HNO
in buffer. However, an enhancement in the fluorescence signal (fluorescence signals
correspond to HNO release) was observed in the presence of esterase with compounds 2h and
3h. Compound 2h was able to generate a higher level of HNO as compared to compound 3h.
In this experiment, 4 was used as a positive control, a known HNO generator and the yield of
HNO from this compound was assigned as 1 (Figure 2.10A). In a control experiment, esterase
inhibitor PMSF (phenylmethylsulfonyl fluoride) was used to inhibit the esterase activity.'? As
a result, diminished HNO release was observed from compounds 2h and 3h. Overall, these
results suggest that donors were specifically activated by esterase to release HNO (Figure
2.10A). Next, by using similar experimental conditions, the time course of HNO generation
from 2h and 3h were monitored over 30 min using 5. Time-dependent fluorescence

enhancement was observed, which suggested the controlled HNO release (Figure 2.10B).
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Figure 2.10: (A) Monitoring of fluorescence signals (Aex = 370 nm; Aem = 460 nm)
corresponding to HNO generation using 5 from compounds 2h and 3h (50 puM) were
incubated in the absence and presence of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C for
30 min. 5 refers to PCM dye; 4 refers to 2-bromopiloty’s acid; + PMSF refers to esterase
inhibitor; (B) Time course of HNO generation from compounds 2h and 3h (50 uM) over 30

min.

2.2.4.2. Concentration-dependent release of 7 in buffer

Next, the concentration-dependent release of 7 from 2h and 3h were studied. The fluorescence
enhancement (Aex = 308 nm; Aem = 497 nm) from compounds 2h and 3h were monitored in

the absence and presence of esterase. A quantitative release of 7 was observed from
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compounds 2h and 3h. In this experiment, compound 7 was used as positive control and the
yield of fluorescence signals of 7 was assigned as 1 (Figure 2.11). In a control experiment, an
esterase inhibitor (PMSF) was used to inhibit the esterase activity. As a result, fluorescence
signals were diminished. Overall, these results suggest that donors were specifically activated
by esterase to release fluorescence reporter 7. Also, it was observed that PMSF did not affect

the fluorescence signals of 7 (Figure 2.11).

Also, the time course generation of 7 was monitored in the presence of esterase for 180 min.
Formation of 7 was observed from 2h and 3h with different rate constants 1.06 + 0.05 h*and
1.77 + 0.010 h*t. Data were fitted in pseudo-first-order kinetics (Figure 2.12).
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Figure 2.11. Concentration-dependent release of compound 7: (A) Compounds 2h and 3h (50
uM) were incubated in the presence of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C for 2
hours. 7 refers to dansylsulfinic acid; + PMSF refers to esterase inhibitor; (Aex = 308 nm; Aem
=497 nm).
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Figure 2.12. (A) Time-dependent release of 7 from 2h in the presence of esterase in buffer;

(B) Time-dependent release of 7 from 3h in the presence of esterase in buffer.
2.2.4.3. Concomitant release of HNO and 7

Next, the time course of HNO generation and release of 7 in the presence of esterase were
monitored by independent assays. HNO detection was performed by using HNO probe 5 and
fluorescence was monitored at 460 nm for 30 min (Figure 2.10). Formation of 7 was
monitored by fluorescence enhancement at 497 nm for 30 min (Figure 2.11). The time course
of HNO generation corresponded well with the time course of fluorescence enhancement of
7 (Figure 2.13), thus suggesting that the release of HNO and fluorescence reporter 7 are
concomitant. (Scheme 2.11). Together, these data demonstrate that fluorescence emission at
497 nm is a convenient signal to demonstrate HNO release. Real-time monitoring of HNO is
possible by using 2h and 3h, it would eliminate the use of secondary assays (using HNO

probes) to monitor the HNO release.
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Figure 2.13. Time-dependent release of HNO and 7: (A) Compounds 2h (50 uM); (B) 3h (50
uM) were incubated in the presence of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C. The

fluorescence enhancement was monitored over 30 min.
2.2.5. Nitric oxide (NO) generation

Since nitroxyl (HNO) donors are known to concurrently generate NO (Nitric oxide) at
physiological conditions. Nitric oxide is a gasotransmitter and has been involved in several
biological functions. These reactive nitrogen species (HNO and NO) have different activities
in cells. NO is known to react with HNO and formed other reactive nitrogen species. The
concurrent release of NO along with HNO, complicates the study of HNO and may provide
false positive results. Hence, selectivity towards the generation of HNO vs NO, became an

important feature of HNO donors.

Next, nitric oxide generation from esterase-triggered HNO donors was studied by using a
colorimetric Griess assay. In this assay, NO is measured indirectly as nitrite (NO2"), a product
of the autooxidation of NO.13 The generated NO is converted into nitrite, which further reacts
with Griess reagent (i.e. Sulfinamide) to form a diazonium salt and subsequently reacts with
N-(1-naphthyl) ethylene diamine to form azo dye (pink color solution) with an absorbance
maximum at 540 nm (Scheme 2.11). The amount of nitrite released was estimated from a

standard calibration curve generated using sodium nitrite (NaNO>) solution (Figure 2.14).
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Scheme 2.11: The reaction of nitrite (NO2") with Griess reagents forms an azo dye

The calibration curve was generated by using varying concentrations of NaNOz (0 — 50 uM).
NaNO; and Griess’s reagent was added to buffer (pH 7.4) and incubated at 37 °C for 25 min.

Absorbance was measured at 540 nm (Figure 2.14).
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Figure 2.14: Calibration curve for varying concentrations of NaNO>

Compounds 2a-2h and 3a-3h were incubated with esterase in buffer (pH 7.4) for 30 min in
aerobic conditions and then incubated with Griess reagent for 25 min. The reaction mixture
became light pink to dark pink, suggesting the formation of azo dye. The dark pink color of

the reaction mixture corresponds to the formation of a high level of nitric oxide (NO). In this
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experiment, 4 was used as the control compound and NaNO_ was used as a positive control in
similar reaction conditions and the absorbance was measured at 540 nm (Figure 2.15).
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Scheme 2.12: Proposed mechanism for NO release from Piloty’s acid

In the NO release mechanism, both oxygen and nitrogen atoms of Piloty’s acid are in
unprotected form. Radical formation on the oxygen atom and subsequently, on the nitrogen
atom takes place which led to the NO formation in aerobic conditions (Scheme 2.12).141°
Sine, compound 4 is a derivative of Piloty’s acid and both oxygen and nitrogen atoms are
unprotected form which led to the formation of a higher amount of NO. However, in the case
of compounds 3a-3h oxygen atom is in protected form with the cyclopropylcarbonyl group
which results in lower NO formation as compared to 4. In another case, in 2a-2h, both oxygen
and nitrogen atoms are in protected forms which led to the lowest NO formation as compared
to compounds 3a-3h and 4. This result suggests that to achieve the selectivity of the formation
of HNO over NO, both oxygen and nitrogen atoms should be in protected form. Together,
compounds 2a-2h and 3a-3h showed diminished NO formation compared to the 4 (Figure
2.15).

Order of NO formation: 4>3>2
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Figure 2.15: Griess assay for NO detection. Compounds 2a-2h and 3a-3h were incubated
with esterase in buffer (pH 7.4) at 37 °C for 30 min and NO release was at 540 nm. Ctrl refers
to the NaNO; and the data was normalized with NaNO2 (50 puM).

2.2.6. LC/MS analysis
2.2.6.1. Decomposition of 2h

Following this assessment, the decomposition of 2h was analyzed in the presence of esterase
by LC/MS. Compound 2h was incubated with esterase (0.5 U/mL) in pH 7.4 buffer and
LC/MS profile was recorded at different time points. Compound 2h disappeared within 10
min in the presence of esterase (Figure 2.16). A new peak at 12.0 min was recorded, it was
intermediate 11, and the concentration was built up over time and gradually consumed over 5
h (Figure 2.17). Surprisingly, two more peaks were eluted at 10.9 min and 7.81 min which
was ascribed to the formation of compound 3h (Figure 2.18) and dansyl Piloty’s acid 8 (Figure
2.19). This was accompanied by the formation of a new peak at 5.99 corresponding to the

formation of dansyl sulfinic acid 7 (Figure 2.20).
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Figure 2.16: LC/MS study. (A) Decomposition of 2h upon incubation with esterase (0.5
U/mL) as monitored by LC/MS. (B) Extracted ion chromatograms from an LC/MS analysis
of 2h (C) Mass spectra for compound 2h (expected, m/z = 435.1584 [M + H]*; observed, m/z

= 435.1582).
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Figure 2.17: LC/MS study. (A) Formation of intermediate I (or Il) during the decomposition
of 2h upon incubation with esterase (0.5 U/mL) as monitored by LC/MS. (B) Extracted ion
chromatograms from an LC/MS analysis of intermediate 1 (or IlI) (C) mass spectra for
intermediate 1 (or 11) (expected, m/z = 367.1322 [M + H]"; observed, m/z = 367.1329).
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Figure 2.18: LC/MS study. (A) Formation of 3h during the decomposition of 2h upon
incubation with esterase (0.5 U/mL) as monitored by LC/MS. (B) Extracted ion
chromatograms from an LC/MS analysis of intermediate 3h; (C) Mass spectra for 3h
(expected, m/z = 335.1058 [M + H]"; observed, m/z = 335.1060).
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Figure 2.19: LC/MS study. (A) Formation of 8 during the decomposition of 2h upon
incubation with esterase (0.5 U/mL) as monitored by LC/MS. (B) Extracted ion
chromatograms from an LC/MS analysis of 8; (C) Mass spectra for 8 (expected, m/z =

267.0798 [M + H]"; observed, m/z = 267.0805).
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Figure 2.20: LC/MS study. (A) Formation of 7 during the decomposition of 2h upon
incubation with esterase (0.5 U/mL) as monitored by LC/MS; (B) Extracted ion
chromatograms from an LC/MS analysis of 7; (C) Mass spectra for 7 (expected, m/z =

236.0739 [M + H]"; observed, m/z = 236.0742).

2.2.6.2. Stability of 3h

Similarly, stability and decomposition of 3h were analyzed by LC/MS. Compound 3h
was found to be stable in buffer for 5 h (Figure 2.21).
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Figure 2.21: LC/MS study. Stability of compound 3h in buffer (pH 7.4) for 0 and 5 h.

2.2.6.3. Decomposition of 3h

Next, a time-dependent LC/MS study was conducted to investigate the decomposition of
3h in the presence of esterase. Compound 3h was decomposed gradually over 240 min (Figure
2.22). A new peak ascribed to 8 eluted at 7.81 min and another peak at 5.99 was recorded

which is 7 (Figure 2.23).

=240 min

r 3

\
A; 3h +ES
t=0 min
Eli 1I1 ‘II4

RT, min

Figure 2.22: Extracted ion chromatograms from an LC/MS analysis of decomposition of 3h

upon incubation with esterase (0.5 U/mL) in buffer (pH 7.4). The time points considered were

0 min, 60 min, 120 min and 240 min.
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Figure 2.23: LC/MS study. (A) Decomposition of 3h and formation of 7 upon incubation
with esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C as monitored by LC/MS. 3h (expected,
m/z = 335.1060 [M + H]"; observed, m/z = 335.1058), 7 (expected, m/z = 236.0739 [M + H]";
observed, m/z = 236.0742). (B) Formation of 8 during the decomposition of 3h upon
incubation with esterase (0.5 U/mL) as monitored by LC/MS. 8 (expected, m/z = 267.0798
[M + H]"; observed, m/z = 267.0805). All data are presented as mean + SD (n = 3 per group).

2.2.7. Mechanism

Based on the above observations, a mechanism for the generation of HNO from esterase-
triggered HNO prodrugs was postulated (Scheme 2.13). The cyclopropyl carbonyl ester of 2h
is cleaved by the attack of nucleophilic serine residue of esterase enzyme to form an
intermediate I, which decomposes to liberate dansyl sulfinic acid 7 and common intermediate
(Acyl nitroso intermediate). The latter intermediate releases HNO upon hydrolysis. Along
with this mechanism, compound 2h followed another mechanism where the Boc group of 2h
is cleaved in the presence of esterase and or in buffer (pH 7.4) to generate 3h. Further,
cyclopropylcarbonyl ester of 3h is cleaved by an esterase enzyme to form 8 which is further

cleaved to release HNO and dansyl sulfinic acid 7 (Scheme 2.13).
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Scheme 2.13: Proposed mechanism of generation of HNO and 7

2.2.8. Polysulfide measurement by LC/MS analysis

The objective was to study the cross-talk between HNO and H.S and the ability of 2h and 3h

to generate persulfides/polysulfides in the presence of H2S.!® Persulfides/polysulfides are

sulfane sulfur pools, a cellular antioxidant reservoir. It can prevent overoxidation of proteins

by different mechanisms such as directly scavenging the oxidants,*” persulfidation of thiol

proteins and upregulation of antioxidant genes.'®!® Therefore, enhancing persulfides has

emerged as an important therapeutic strategy in countering oxidative stress. Hence, it is

important to study the redox biology of reactive sulfur species.

In order to study the cross-talk between HNO with H2S, 2h and 3h were co-incubated

independently with Na,S and esterase in buffer (pH 7.4) for 15 min. The aliquots of the

reaction mixture were subjected to the LC/MS analysis and the generation of

persulfides/polysulfides was monitored. Since persulfide/polysulfide is known to have high

nucleophilicity and can be trapped by using electrophiles. In this study, HPE-IAM was used

as an electrophile to trap the generated persulfide/polysulfide (Scheme 2.14).Y
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2.2.8.1. Mechanism of polysulfide generation and trapping of polysulfide
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Scheme 2.14: LC/MS study. (A) Proposed mechanism of HNO reaction with H.S; (B)
Proposed mechanism of polysulfide formation; Ar refers to 4-hydroxyphenyl
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2.2.8.2. Structures of sulfur species trapped by HPE-IAM

HO HO OH
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HO
\©\/\ 0 H
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HO\@\/\ i i /\/O/OH
NS

Bis-S-S-S-HPE-AM
Scheme 2.15: Structures of sulfur species trapped by HPE-IAM probe

Results suggested that compounds 2h and 3h reacts with HzS to generate
persulfide/polysulfide (Scheme 2.15; Figure 2.24 - 2.28).
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Figure 2.24: LC/MS study. Polysulfide formation was measured by detection of trapped
HPE-1AM species from NazS, 2h and 3h upon incubation with esterase in buffer (pH 7.4) at
37 °C for 15 min; (A) Formation of HS-HPE-AM (expected, m/z = 212.0740 [M + H];
observed, m/z = 212.0719); (B) Formation of Bis-S-HPE-AM (expected, m/z = 389.1530 [M
+ HJ"; observed, m/z = 389.1489); (C) Formation of Bis-SS-HPE-AM (expected, m/z =
421.1205 [M + H]"; observed, m/z = 421.1214); (D) Formation of Bis-SSS-HPE-AM
(expected, m/z = 453.0971 [M + H]"; observed, m/z = 453.0923).
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Figure 2.25: (A) Representative LC trace for the HS-HPE-AM; (B) Mass spectra for the HS-
HPE-AM adduct from Na.S with HPE-IAM (expected, m/z = 212.0740 [M + H]"; observed,

m/z = 212.0719).
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Figure 2.26: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-S-HPE-AM
formation from NazS, 2h and 3h; (B) Mass spectra for Bis-S-HPE-AM (expected, m/z =
389.1530 [M + H]"; observed, m/z = 389.1489).
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Figure 2.27: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-SS-HPE-AM
formation from NazS, 2h and 3h; (B) Mass spectra for Bis-SS-HPE-AM (expected, m/z =
421.1250 [M + H]"; observed, m/z = 421.1205).
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Figure 2.28: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-SSS-HPE-
AM formation from Na.S, 2h and 3h; (B) Mass spectra for Bis-SSS-HPE-AM (expected, m/z
=453.0971 [M + H]*; observed, m/z = 453.0927).

2.2.8.3. Polysulfide formation from 4

In this study, compound 4 was used as the positive control. Compound 4 (a known HNO
generator) was co-incubated with Na.S for 15 min and further incubated with an HPE-1AM
probe for 15 min. The aliquots of the reaction mixture were subjected to LC/MS analysis and
the formation of persulfide and polysulfide was monitored. As expected, Bis-SS-HPE-AM
and Bis-SSS-HPE-AM formation was observed in higher quantities (Figure 2.29). Taken
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together, these studies suggest that the production of persulfide/polysulfides are depend on
the rate of production of HNO.

2x106 B
| [ HS-HPE-AM
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= (I_‘ = Bis-SSS-HPE-AM
0 I
4

Figure 2.29: A comparison of sulfur species measured by detection of trapped HPE-AM
species from H,S with 4 and structures of polysulfide adduct with HPE-IAM. HS-HPE-AM
(expected, m/z = 212.0740 [M + H]"; observed, m/z = 212.0720); Bis-S-HPE-AM (expected,
m/z = 389.1530 [M + H]*; observed, m/z = 389.1489); Bis-SS-HPE-AM (expected, m/z =
421.1250 [M + H]*; observed, m/z = 421.1203): Bis-SSS-HPE-AM (expected, m/z =
453.0971 [M + HJ"; observed, m/z = 453.0923).

2.2.9. Concentration-dependent release of 7 in A549 cell lysate

To test the hypothesis of the release of fluorescent reporter 7 in cell lysate, compounds 2h and
3h were independently incubated in cell lysate. In cell lysate, compounds were cleaved to

release 7 and a concentration-dependent fluorescence enhancement was observed

Next, cell lysate was treated with PMSF to inhibit the esterase activity for 30 min. These
PMSF-pretreated cell lysates were incubated with 2h and 3h for 3 h. As expected, diminished

fluorescence signals were observed (Figure 2.30).
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Figure 2.30: Compounds 2h, 3h and 7 were incubated in A549 cell lysate (1 mg/mL) in the
presence and absence of PMSF (esterase inhibitor) for 3 h; cell ctrl refers to untreated cell
lysate; + PMSF refers to cell lysate were preincubated with PMSF for 30 min. Fluorescence
measurement (Aex = 308 nm; Aem = 497 Nm) was carried out by varying concentrations of 2h

and 3h; 7 refers to dansyl sulfinic acid.

2.2.10. MTT assay for cell viability

The cytotoxicity of compounds 2h, 3h and 7 were evaluated using a standard MTT assay to
estimate the cell viability. Mouse embryonic fibroblasts (MEF) cells, lung carcinoma cells
(A549) and breast cancer cells (MCF-7) were treated with varying concentrations of 2h, 3h
and 7 and incubated for 24 h following which cell viability was measured. The compounds
2h and 3h were found to be well tolerated up to 25 uM by the MCF-7 cells and but higher
toxicity in MEF and A549 cells was observed. Compound 7 was found to be well tolerated
by MCF-7, MEF and A549 cells (Figure 2.31-2.33).
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Figure 2.31: Cell viability assay carried out with varying concentrations of compounds 2h,
3h and 7 on MCF-7 cells for 24 h. All data are presented as mean + SD (n =3/group).
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Figure 2.32: Cell viability assay carried out with varying concentrations of compounds 2h,
3h and 7 on MEF cells for 24 h. All data are presented as mean + SD (n =3/group).
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Figure 2.33: Cell viability assay carried out with varying concentrations of compounds 2h,
3h and 7 on A549 cells for 24 h. All data are presented as mean = SD (n =3/group).

2.2.11. Intracellular generation of HNO and 7 in MCF-7 cells

Prodrugs 2h and 3h were chosen to assess the intracellular generation of HNO. To detect
intracellular HNO, the previously reported probe 6 was used.® The probe reacts with HNO

to release TCF-OH which produces a distinct fluorescent signal at 614 nm with excitation at

560 nm (Scheme 2.16).

NC
CN
NC_ / NG
o N ne, )N
0 (HNO | %
L “
(:[ ~0
PPh, ) HO
o)
HNO-TCF 6 @f‘\NHz TCF-OH
Aex = 560 nm
PPh ex
6 2 Aem = 614 nm

Scheme 2.16: Proposed mechanism for HNO detection by 6 and release of TCF-OH

MCF-7 cells were pre-treated with 20 uM of 6 and incubated for 30 min followed by
incubation with 2h and 3h independently for 2 h. Fluorescence imaging was carried out in the
Alexa fluor 568 (Red channel) on Carl Zeiss LSM710 laser scanning confocal microscope

with anisotropy with a 63x oil filter. A significant increment in fluorescence, corresponding
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to the generation of HNO was observed at a concentration of 200 uM of 2h and 3h (Figure
2.34). The release of 7 from 2h and 3h in MCF-7 cells were imaged in a DAPI channel on
Carl Zeiss LSM710 laser scanning confocal microscope with anisotropy with a 63x oil filter
(Figure 2.34). Bright field images for 4, 2h, 3h and 7 were imaged on Carl Zeiss LSM710

laser scanning confocal microscope with anisotropy (Figure 2.35).

)

Figure 2.34: Confocal microscopy images of HNO and 7 in breast cancer cells (MCF-7).
HNO detection: MCF-7 cells were pre-incubated with 6 (20 uM) for 30 min followed by
treatment of (i) 4; (ii) 2h (iii) 3h (200 uM) independently for 2 h. The cells were imaged on

Carl Zeiss LSM710 laser scanning confocal microscope with anisotropy. The cells were
imaged in the RED channel (Alexa fluor 568 for HNO detection). (iv) 7 (200 uM); (v) 2h (vi)
3h. The cells were imaged in the DAPI channel (Detection of 7). (vii) Merged image of (ii

and v); (viii) Merged image of (iii and vi).
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Figure 2.35: Bright field images for (i) 4; (ii) 2h; (iii) 3h and (iv) 7 were imaged on Carl

Zeiss LSM710 laser scanning confocal microscope with anisotropy.

2.3. Summary

To summarize, esterase-triggered HNO generators were designed and two series of
donors were synthesized. Firstly, HNO release was monitored for both the series of
compounds using 5. All tested compounds were able to generate a significant amount of HNO
except compounds 3a and 3g. In the presence of esterase, the cleavage of 5 was observed after
30 min. Hence, HNO detection could not be performed beyond 30 min.

To address this issue, we designed and synthesized HNO donors with a dansyl-based
fluorescence reporter. Firstly, we studied the photophysical properties of dansyl probes such
as UV-absorbance and fluorescence properties (Emission, fluorescence lifetime in excited
state, stability of fluorescence in different pH related to cellular conditions). HNO detection
assay was performed with 2h and 3h. Compound 2h was able to generate a significant amount
of HNO in the presence of esterase compared to 3h. Further, the release of fluorescence
reporter 7 was monitored with compounds 2h and 3h for 2 h and a quantitative release of 7
was observed from these compounds. Next, we compare the release of HNO and 7 with
compounds 2h and 3h and the concomitant release was observed with both the series of
compounds. Together, these data demonstrate that fluorescence emission of fluorescence
reporter 7 at 497 nm is a convenient signal to demonstrate HNO release. Real-time monitoring
of HNO is possible by using 2h and 3h, it will eliminate the use of secondary assays (using

HNO probes) to monitor the HNO release.

Since the reaction of H>S and HNO is known to enhance the persulfide/polysulfide levels
in vitro. We studied the persulfide/polysulfide formation with 2h and 3h by reacting with
Na.S (source of HS) and the formation of these sulfur species was monitored. Compounds

2h and 3h were able to enhance persulfide/polysulfide in vitro.
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Next, cell viability of 2h, 3h and 7 were performed in MEF, MCF-7 and A549 cells. The
byproduct 7 was benign and well tolerated by the cells. Compounds 2h and 3h were quite
toxic to the cells. Compounds 2h and 3h were subjected to the cells and compounds were able
to enhance the cellular HNO level which was detected using 6. Also, these compounds were
able to enhance the level of fluorescent reporter 7 in cells. Together, the data suggest that real-
time monitoring of HNO in vitro and cells are possible by using these donors. Having these

tools in hand, triggerable and tunable HNO generation can achieve.
2.4. Experimental Protocols

2.4.1. Synthesis and characterization:
Synthesis  of tert-butyl  ((cyclopropanecarbonyl)oxy)carbamate  (1):  From
cyclopropylcarbonyl chloride, tert-butyl ((cyclopropanecarbonyl)oxy)carbamate (1) was

synthesized by using reported protocol.?

N-Boc hydroxylamine (764 mg, 5.74 mmol, 1.0 eq.) was dissolved in

0
0\150‘NJLOJ< DCM (4 mL) and NEt3 (0.74 mL, 7.31 mmol, 1.1 eq.) was added. At 0 °C,
H

cyclopropanecarbonyl chloride (600 mg, 5.74 mmol, 1.0 eqg.) was added

dropwise and the reaction was warmed to reach room temperature. After 2 h of stirring, the
reaction mixture was vacuum filtered and the residue was washed with DCM. The filtrate was
washed with water (20 mL), satd. NaHCOs3 solution (20 mL) and brine (20 mL). The organic
layer was dried over Na»SOg, filtered and the filtrate was concentrated to yield the
corresponding carbamate 1 as a colorless crystalline solid (800 mg, 70%). *H-NMR (CDCls,
400 MHz): 8 7.93 (s, 1H), 1.81 - 1.75 (m, 1H), 1.49 (s, 9H), 1.16 - 1.12 (m, 2H), 1.05 - 1.0
(m, 2H); *C-NMR (CDCls, 100 MHz): & 174.5, 155.7, 83.3, 28.2, 11.1, 9.6; HRMS (ESI-
TOF) for [CoH15NO4 + H]*: Calcd., 202.1078, Found, 202.1083.

General procedure for the synthesis of N-sulfonyl-N-(cyclopropanecarbonyl)oxy-tert-
butyl-carbamate (2): From tert-butyl ((cyclopropanecarbonyl)oxy)carbamate (1), N-
sulfonyl-N-(cyclopropanecarbonyl)oxy-tert-butyl-carbamate (2) was synthesized by using
reported protocol.’

tert-butyl ((cyclopropanecarbonyl)oxy) carbamate (1) was dissolved in anhydrous THF. To
this solution, 2.5 eq. of NaH was added and the reaction stirred for 5 minutes until the
completion of gas evolution. To this solution, 1 eq. of the sulfonyl chloride derivatives

(ArSO.CI) was added. Upon completion of the reaction (TLC analysis) the solvent was
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evaporated under reduced pressure to the yield crude product, which was further purified
using silica gel column chromatography to yield an  N-sulfonyl-N-
(cyclopropanecarbonyl)oxy-tert-butyl-carbamate (2).
tert-butyl ((cyclopropanecarbonyl)oxy)(phenylsulfonyl)carbamate (2a):

50 o\|/ Yield (380 mg, 56%); FT-IR (vmax, cm™): 1736, 1669; *H-NMR (CDCls,
V)Loj;éio 400 MHz): 6 7.99 — 7.97 (m, 2H), 7.63 — 7.59 (m, 1H), 7.51 — 7.47 (m,

2H), 1.81 — 1.74 (m, 1H), 1.32 (s, 9H), 1.19 — 1.13 (m, 2H), 1.04 — 1.01

@ (m, 2H); ¥C-NMR (CDCls, 100 MHz): § 170.7, 147.6, 136.9, 133.3,
127.9, 127.8, 85.4, 26.8, 9.4, 8.8; HRMS (ESI-TOF) for [C1sH19NOeS + Na]*: Calcd.,
364.0800, Found, 364.0839.
tert-butyl ((2-bromo-phenyl)sulfonyl)((cyclopropanecarbonyl)oxy)carbamate (2b):

0w 0 Yield (533 mg, 64%); FT-IR (vmax, cm™): 1794, 1761; *H-NMR (CDClIs,
0y
vmo’”‘s'(') 400 MHz): 6 8.29 — 8.26 (m, 1H), 7.79 — 7.77 (m, 1H), 7.53 — 7.46 (m,
Br| 2H), 1.91 - 1.85 (m, 1H), 1.36 (s, 9H), 1.27 — 1.23 (m, 2H), 1.11 — 1.09
(m, 2H); BC-NMR (CDCls, 100 MHz): & 171.9, 148.2, 138.1, 135.8,
134.9, 133.6, 127.5, 121.0, 86.6, 27.9, 10.5, 10.0; HRMS (ESI-TOF) for [C15sH18BrNOeS
+Na)]*: Calcd., 441.9935, Found, 441.9940.

tert-butyl ((4-bromophenyl)sulfonyl)((cyclopropanecarbonyl)oxy)carbamate (2c):

N ‘l/ Yield (305 mg, 37%); FT-IR (Umax, cm™): 1748; *H-NMR (CDCls, 400
VLLO'T\S'ZO MHz): & 7.92 — 7.90 (m, 2H), 7.71 — 7.68 (m, 2H), 1.86 — 1.80 (m, 1H),
1.41 (s, 9H), 1.23 - 1.19 (m, 2H), 1.12 — 1.09 (m, 2H); *.C-NMR (CDCls,
100 MHz): & 171.9, 148.6, 137.0, 132.3, 130.7, 129.9, 86.8, 28, 10.6, 10.0;
Br | HRMS (ESI-TOF) for [C1sH1sBrNOsS + Na]*: Calcd., 441.9936, Found,

441.9940.
tert-butyl ((cyclopropanecarbonyl)oxy)((2-(trifluoromethyl)phenyl)sulfonyl)carbamate
(2d):

00 \I/ Yield (340 mg, 41%); FT-IR (0max, cm™?): 1717; *H-NMR (CDCls, 400

VlLOISIZQ MHz): § 8.42 —8.39 (m, 1H), 7.78 — 7.84 (m, 1H), 7.74 — 7.67 (m, 2H),

CFs| 1.82—1.75(m, 1H), 1.31 (s, 9H), 1.18 — 1.14 (m, 2H), 1.05 — 1.00 (m,

2H); 3C-NMR (CDCls, 100 MHz): 5 170.8, 147.1, 136.5, 133.0, 132.3,

131.2, 127.6, 127.2 (g, JcF = 5.9 Hz), 119.8, 85.7, 26.7, 9.4, 8.8; HRMS (ESI-TOF) for
[C16H18F3sNOgS + Na]*: Calcd., 432.0697, Found, 432.0708.
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tert-butyl ((2-bromo-4-
(trifluoromethyl)phenyl)sulfonyl)((cyclopropanecarbonyl)oxy)carbamate (2e):

o0 \|/ Yield (573 mg, 59%); FT-IR (umax, cm™): 1799, 1765; *H-NMR (CDCls,
V)LO?N/‘SIZO 400 MHz): 6 8.34 (d, J =8.2 Hz, 1H), 7.96 (d, J = 0.8 Hz, 1H), 7.69 (dd,
Br| J=83Hz, 1.1 Hz, 1H), 1.84 — 1.77 (m, 1H), 1.32 (s, 9H), 1.21 - 1.16
(m, 2H), 1.07 — 1.04 (m, 2H); *C-NMR (CDCls, 100 MHz): & 170.8,

CFs | 146.9,140.4, 135.4, 135.1, 132.9, 131.7 (q, Jcr = 3.7 Hz), 123.3, 120.6,
86.1, 26.8, 9.3, 9.0; HRMS (ESI-TOF) for [C16H17BrFsNOsS + H]*: Calcd., 486.9900, Found,
486.8889.
tert-butyl ((cyclopropylcarbonyl)oxy)((2-nitrophenyl)sulfonyl)carbamate (2f):

~ Yield (364 mg, 48%); FT-IR (uma, cm): 1793, 1762; H-NMR
oY \I/
V)LO,N\S,? (CDCls, 400 MHz): 8 8.39 — 8.37 (m, 1H), 7.79 — 7.77 (m, 3H), 1.92
=0

©/N02 1.85 (m, 1H), 1.43 (s, 9H), 1.27 — 1.23 (M, 2H), 1.14 — 1.10 (m,2H):

3C-.NMR (CDCls, 100 MHz): 6 171.9, 148.2, 148.0, 135.1, 132.8,

132.0, 131.7, 124.6, 87.1, 27.9, 10.5, 10.0; HRMS (ESI-TOF) for [C1sH1sN20sS + Na]*:
Calcd., 409.0697, Found, 409.0683.

tert-butyl ((cyclopropanecarbonyl)oxy)((4-nitrophenyl)sulfonyl)carbamate (29g):

T Yield (300 mg, 48%); FT-IR (vmax, cm™): 1794, 1762; *H-NMR (CDCls,
i T Ol | 400 MHz): 5 8.40 —8.36 (m, 2H), 8.25—8.22 (m, 2H), 1.87 — 1.81 (m, 1H),
% 1.40 (s, 9H), 1.24 — 1.20 (m, 2H), 1.15 — 1.12 (m, 2H); **C-NMR (CDCls,
100 MHz): 6 172.0, 151.0, 148.2, 143.5, 130.7, 124.1, 87.4, 28.0, 10.5,
NO2 | 10.2; HRMS (ESI-TOF) for [C15H18N,08S + H]*: Calcd., 387.0900,

Found, 387.0720.

tert-butyl ((cyclopropanecarbonyl)oxy)((5-(dimethylamino)naphthalen-1-
yl)sulfonyl)carbamate (2h): From dansyl chloride, tert-butyl
((cyclopropanecarbonyl)oxy)((5-(dimethylamino)naphthalen-1-yl)sulfonyl)carbamate  (2h)
was synthesized by using the general procedure for the synthesis of 2.3

Yield (220 mg, 34%); FT-IR (vmax, cm™): 1795, 1756; *H-NMR (CDCls, 400 MHz): & 8.57
(m, 1H), 8.37 (dd, J = 7.4, 1.2 Hz, 1H), 8.22 (m, 1H), 7.52 (m, 2H), 7.14 (d, J = 7.1 Hz, 1H),
2.80 (s, 6H), 1.87 — 1.81 (m, 1H), 1.20 (s, 9H), 1.19 — 1.16 (m, 2H), 1.06 — 1.01 (m, 2H); *C-
NMR (CDCls, 100 MHz): & 171.8, 152.0, 148.8, 133.6, 132.6, 132.3, 130.1, 129.9, 129.1,
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o O\l/ 123.0, 119.1, 115.7, 86.4, 45.6, 27.9, 10.6, 10.0; HRMS (ESI-TOF) for
:/U\OISP [C21H26N206S + Na]*: Calcd., 435.1590, Found, 435.1583.
=0

General procedure for the synthesis of N-

cyclopropanecarbonyloxy-sulfonamide (3): From N-sulfonyl-N-

(cyclopropanecarbonyl)oxy-tert-butyl-carbamate (2), N-
cyclopropanecarbonyloxy-sulfonamide (1) was synthesized by using reported protocol.?

The  N-sulfonyl-N-(cyclopropanecarbonyl)oxy-tert-butyl-carbamate  (2), 5 eq. of
trifluoroacetic acid was added and the mixture was stirred for 2 — 3 h. Upon completion of the
reaction (TLC analysis), the mixture was washed with hexane several times and the resultant
solvent mixture was evaporated under reduced pressure to yield crude product, which was
further purified using silica gel column chromatography to vyield an N-

(cyclopropanecarbonyl)oxy-sulfonamide (3).

N-((cyclopropanecarbonyl)oxy)benzenesulfonamide (3a):

o W Yield (380 mg, 56%); FT-IR (vmax, cm™): 1757; 'H-NMR (CDCls, 400
vmo*mé’:o MHz): § 8.95 (s, 1H), 7.90 — 7.88 (m, 2H), 7.64 — 7.60 (m, 1H), 7.52 — 7.48
@ (m, 2H), 1.59 — 1.51 (m, 1H), 0.89 — 0.86 (M, 2H), 0.81 —0.78 (m, 2H); 13C-
NMR (CDClsz, 100 MHz): & 172.4, 134.3, 133.4, 128.2, 127.9, 9.7, 8.7,
HRMS (ESI-TOF) for [C10H11NO4S + H]*: Calcd., 242.0478, Found, 242.0466.
2-bromo-N-((cyclopropanecarbonyl)oxy)benzenesulfonamide (3b):

H Yield (80 mg, 53%); FT-IR (Umax, cM™): 1714; *H-NMR (CDCls, 400
VU\O’N‘é':o MHz): § 9.45 (s, 1H), 8.14 — 8.10 (m, 1H), 7.73 — 7.69 (m, 1H), 7.47 —
@/Br 7.41 (m, 2H), 1.53 — 1.46 (m, 1H), 0.86 — 0.81 (m, 2H), 0.80 — 0.76 (m,
2H); 3C-NMR (CDCls, 100 MHz): & 171.9, 134.6, 134.1, 133.9, 132.5,
126.7, 120.3, 9.6, 8.7; HRMS (ESI-TOF) for [C10H10BrNO4S + Na]™: Calcd., 343.9400,
Found, 343.9407.
4-bromo-N-((cyclopropanecarbonyl)oxy)benzenesulfonamide (3c):
0w o Yield (140 mg, 92%); FT-IR (vmax, cm™): 1750; *H-NMR (CDCls, 400
v/“\o'"\s’,':0 MHz): § 9.0 (s, 1H), 7.82 — 7.79 (m, 2H), 7.73 — 7.69 (m, 2H), 1.67 — 1.59
© (m, 1H), 1.02 — 0.96 (m, 2H), 0.94 — 0.90 (m, 2H); *C-NMR (CDClIs, 100
MHz): 6 173.5, 134.5, 132.7, 130.4, 130.0, 10.8, 10.0; HRMS (ESI-TOF)
for [C10H10BrNO4S + H]*: Calcd., 319.9592, Found, 319.9637.

Br
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N-((cyclopropanecarbonyl)oxy)-2-(trifluoromethyl)benzenesulfonamide (3d):

H o Yield (340 mg, 41%); FT-IR (vmax, cm™): 1756; *H-NMR (CDCls, 400
Kf’\o'"\é’:o MHz): §9.20 (s, 1H), 8.27 (d, J = 7.5 Hz, 1H), 7.93 (d, J = 7.5 Hz, 1H),
7.82 — 7.74 (m, 2H), 1.62 — 1.56 (m, 1H), 0.95 — 0.88 (m, 2H), 0.82 —
0.78 (m, 2H); ®C-NMR (CDCls, 100 MHz): & 173.4, 134.5, 134.1,
133.9, 132.1, 129.3, 129.0 (q, Jcr = 6.3 Hz), 123.8, 10.6, 9.9; HRMS (ESI-TOF) for
[C11H10F3NO4S + Na]*: Calcd., 332.0197, Found, 323.0191.

2-bromo-N-((cyclopropanecarbonyl)oxy)-4-(trifluoromethyl)benzenesulfonamide (3e):
o H Yield (60 mg, 40%); FT-IR (0max, cm™): 1759; *H-NMR (CDCls, 400
%’\o*”\s”:0 MHz): § 9.40 (s, 1H), 8.25 (d, J = 8.24 Hz, 1H), 7.97 (s, 1H), 7.71 (d, J

|~ 768 Hz, 1H), 1.54 — 1.48 (m, 1H), 0.89 — 0.81 (m, 4H); 3C-NMR
(CDCls, 100 MHz): & 172.0, 137.7, 135.9, 135.5, 132.9, 131.6 (q, Jcr =
3.5 Hz), 122.6, 121.2, 119.8, 9.5, 8.9; HRMS (ESI-TOF) for
[C11H9BrFsNO4S + Na]*: Calcd., 409.9297, Found, 409.9260.

N-((cyclopropanecarbonyl)oxy)-2-nitrobenzenesulfonamide (3f):

CF;

Yield (205 mg, 95%); FT-IR (vmax, cm™): 1760; *H-NMR (CDCls, 400
V‘LO’N‘S'ZO MHz): § 9.90 (s, 1H), 8.20 (dd, J = 7.6, 1.5 Hz, 1H), 7.98 (d, J = 7.6
Hz, 2H), 7.88 — 7.81 (m, 2H), 1.66 (br s, 1H), 0.99 — 0.93 (m, 2H), 0.90
—0.86 (m, 2H); *C-NMR (CDCls, 100 MHz): & 173.1, 148.4, 135.5,
133.0, 130.2, 126.3, 10.7, 10.0; HRMS (ESI-TOF) for [C10H10N206S + H]*: Calcd., 287.0300,
Found, 287.0327.

N-((cyclopropanecarbonyl)oxy)-4-nitrobenzenesulfonamide (3g):

7 ",j"\ 0 | Yield (90 mg, 61%); FT-IR (Umax, cm™): 1759; *H-NMR (CDCls, 400 MHz):
V/U\O 0| §9.05 (s, 1H), 8.41 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.8 Hz, 2H), 1.69 — 1.62
(m, 1H), 1.06 — 0.99 (m, 2H), 0.97 — 0.93 (m, 2H): 3C-NMR (CDCls, 100

NO2| MHz): § 172.4, 150.1, 140.4, 129.2, 123.3,9.7, 9.1; HRMS (ESI-TOF) for
[C10H10N206S + H]*: Calcd., 287.0300, Found, 287.0335.

N-((cyclopropanecarbonyl)oxy)-5-(dimethylamino)naphthalene-1-sulfonamide  (3h):
From compound 2h, N-((cyclopropanecarbonyl)oxy)-5-(dimethylamino)naphthalene-1-
sulfonamide (3h) was synthesized by using general procedure for the synthesis of 3. Yield
(70 mg, 91%); FT-IR (vmax, cM™): 1756; H-NMR (CDCls, 400 MHz): § 9.11 (s, 1H), 8.58
(d, J=8.3 Hz, 1H), 8.35 (d, J = 8.6 Hz, 1H), 8.28 (d, J = 7 Hz, 1H), 7.56 — 7.46 (m, 2H), 7.14
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H o (d, = 7.4 Hz, 1H), 2.82 (s, 6H), 1.43 (s, 1H), 0.76 — 0.68 (M, 4H); 13C-
N_ &
VU\O Sz NMR (CDClsz, 100 MHz): 6 172.4, 150.9, 131.4, 131.2, 129.6, 129.4,

=0
128.8, 128.0, 122.0, 117.9, 114.6, 44.4, 9.6, 8.5; HRMS (ESI-TOF) for

N [C16H18N204S + H]™: Calcd., 335.1066, Found, 335.1057.

7\

Synthesis of 5-(dimethylamino)naphthalene-1-sulfinic acid (7): From dansyl chloride, 5-
(dimethylamino)naphthalene-1-sulfinic acid (7) was synthesized by using the reported
protocol.! To a solution of dansyl chloride (50 mg, 0.185 mmol) in THF (5 mL) was added
NaBHs (35 mg, 0.926 mmol) in portions at 0 “C. Upon completion of the reaction (TLC
analysis), the solvent was evaporated under reduced pressure to afford the crude product
which  was  further purified by prep-HPLC (H20:MeOH) to give 5-
(dimethylamino)naphthalene-1-sulfinic acid 7 as a white solid. Yield (20 mg, 47%). FT-IR
(omax, cm™): 3372; 'H-NMR (Methanol-d4, 400 MHz): & 8.37 (d, J = 8.4 Hz, 1H), 8.28 (d, J
=7.6 Hz, 1H), 8.01 (dd, J=7.2, 1.2 Hz, 1H), 7.55 (dd, J = 8.4, 7.1 Hz, 1H), 7.45 (dd, J = 8.5,
7.7 Hz, 1H), 7.16 (d, J = 7.1 Hz, 1H), 2.86 (s, 6H); *C-NMR (Methanol-d4, 100 MHz): &
152.4, 132.8, 130.5, 127.1, 126.9, 125.4, 121.2, 119.8, 115.2, 47.5; HRMS (ESI-TOF) for
[C12H13NO,S + H]*: Calcd., 236.0745, Found, 236.0739.

Synthesis of 2-bromo-N-hydroxybenzenesulfonamide (4): From 2-bromobenzenesulfonyl
chloride, 2-bromo-N-hydroxybenzenesulfonamide (4) was synthesized by using the reported

protocol.?

To a mixture of hydroxylamine hydrochloride (164 mg, 1.17 mmol) and DMAP (245 mg,
2.34 mmol) in pyridine (20 mL) was added 2-bromobenzenesulfonyl chloride (300 mg, 1.17
mmol) on an ice-bath. Then, the mixture was stirred for 5 min at room temperature. The
resulting suspension was poured into EtOAc (100 mL) and 1 N HCl ag. (100 mL). The EtOAc
layer was separated, washed with brine (100 mL), dried over Na>SOg, filtered and the filtrate
was concentrated. The crude product was purified by prep-HPLC (ACN:H20) to give 2-
bromo-N-hydroxybenzenesulfonamide 4 as a light yellow solid. Yield (100 mg, 34%). The
analytical data are consistent with previously reported values.

Synthesis of 5 (PCM): From 2-(diphenylphosphino) benzoic acid, 5 was synthesized by using
the reported protocol.*

2-(diphenylphosphino) benzoic acid (306 mg, 0.33 mmol) was dissolved in 15 mL of
anhydrous CH>Cl> under an N, atmosphere. 4-(dimethylamino) pyridine (3 mg, 0.01 mmol)
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and 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride (64 mg, 0.36 mmol)
were added at 0 °C and the reaction mixture was stirred for 30 min. 7-hydroxycoumarin (65
mg, 0.33 mmol) was added and the resulting mixture was warmed to room temperature and
stirred overnight. Upon completion of the reaction (TLC analysis), the solvent was evaporated
under reduced pressure to yield the crude product, which was purified by prep-HPLC
(ACN:H20) to afford compound 5 as a faint yellow solid. Yield (55 mg, 37%). The analytical

data are consistent with previously reported values.

Synthesis of 6 (HNO-TCF probe): From 2-(diphenylphosphino) benzoic acid, 6 was

synthesized by using the reported protocol.>

A mixture of 2-(diphenylphosphino) benzoic acid (149 mg, 0.489 mmol), 4-
dimethylaminopyridine (DMAP, 41 mg, 0.326 mmol) and dicyclohexylcarbodiimide (DCC,
137 mg, 0.652 mmol) in anhydrous CH2Cl> (10 mL) was stirred at 0 °C for 30 min in a
nitrogen atmosphere. To the mixture added 1-(3-cyano-2-dicyanomethylen-5,5-dimethyl-2,5-
dihydrofuran-4-yl)-2-(4-hydroxylphenyl) ethane (100 mg, 0.326 mmol) and reaction mixture
was allowed to stir at RT for 5 h. Upon completion of the reaction (TLC analysis) the solvent
was evaporated under reduced pressure to yield crude product, which was purified by prep-
HPLC (ACN:H20) to afford compound 6 as an orange solid. Yield (50 mg, 26%). The

analytical data are consistent with previously reported values.

2.4.2. HNO detection by using 5

Stock solutions of 5 (1 mM), 2a-2h (5 mM), and 3a-3h (5 mM) in DMSO and esterase (1
U/mL) in phosphate buffer saline (10 mM, pH 7.4) were prepared. The reaction mixture was
prepared by adding 10 uM of 5 (2 uL, 1 mM), 50 uM of 2a-2h and 3a-3h (2 uL, 5 mM) along
with 0.5 U/mL esterase (100 pL, 1 U/mL stock) and the volume was adjusted to 200 pL using
phosphate buffer saline (10 mM, pH 7.4) in a 96-well plate and then incubated for 30 min at
37 °C. The fluorescence (excitation at 370 nm; emission at 460 nm) was measured using an

Ensight Multimode Plate Reader (PerkinElmer) (Figure 2.2, Figure 2.3 and Figure 2.10).

Stock solutions of PMSF (100 mM) in isopropanol, and esterase (1 U/mL) in phosphate buffer
saline (PBS), pH 7.4 were prepared. The reaction mixture was prepared by adding 1 mM of
PMSF (7.5 uL, 100 mM) along with 0.5 U/mL esterase (100 pL, 1 U/mL stock) and the
volume was adjusted to 750 pL using phosphate buffer saline (10 mM, pH 7.4) in a 96-well

plate. Measurements were carried out after incubation for 30 min at 37 °C.
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Stock solutions of 5 (1 mM), 2h and 3h (5 mM) in DMSO and esterase (1 U/mL, pre-treated
with PMSF) in phosphate buffer saline (10 mM, pH 7.4) were prepared independently.
Measurements were carried out by using the above-described protocol. (Figure 2.2, Figure
2.3 and Figure 2.10).

2.4.3. Photophysical properties of 7

2.4.3.1. Measurement of absorbance

A stock solution of 7 (10 mM) in DMSO was prepared. The solution was prepared by adding
100 uM of 7 (10 pL, 10 mM) with 990 uL phosphate buffer saline (10 mM, pH 7.4) into a
cuvette. UV-vis spectra were recorded by using SHIMADZU, UV-2600 UV-Vis
spectrophotometer at room temperature. (Figure 2.5).

2.4.3.2. Measurement of fluorescence

A stock solution of 7 (10 mM) in DMSO was prepared. The solution was prepared by adding
100 uM of 7 (10 pL, 10 mM) with 990 uL phosphate buffer saline (10 mM, pH 7.4) into a
cuvette. Fluorescence spectra were recorded by using HORIBA Scientific Fluoromax-4
spectrofluorometer at room temperature. (Figure 2.6).

The fluorescence measurement of 7 at different pH: A stock solution of 7 (10 mM) in
DMSO was prepared. The solution was prepared by adding 50 uM of 7 (5 pL, 10 mM) with
995 uL phosphate buffer saline (10 mM, pH 8.0, 7.4, 6.0 and 5.0) independently into a cuvette.
Fluorescence spectra were recorded by using HORIBA Scientific Fluoromax-4
spectrofluorometer at room temperature. (Figure 2.7).

The stability of fluorescence intensity of 7: A stock solution of 7 (5 mM) in DMSO was
prepared. The solution was prepared by adding 50 uM of 7 (2 puL, 5 mM) with 198 pL
phosphate buffer saline (10 mM, pH 7.4) in a 96-well plate and then incubated for 12 h at 37
°C. The stability of fluorescence intensity (excitation at 308 nm; emission at 497 nm) was

measured using an Ensight Multimode Plate Reader (PerkinElmer) (Figure 2.8).

2.4.3.3. Time-resolved photoluminescence (PL) measurements

Time-resolved PL studies were performed using Horiba Jobin Yvon Flurolog-3
spectrofluorometer (HORIBA Scientific) and Time-Correlated Single Photon Counting
(TCSPC) system using a 292 nm nanoLED as the excitation source with a time-to-amplitude
converter (TAC) range of 200 ns for 10,000 counts.
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A stock solution of 7 (10 mM) in DMSO was prepared. The reaction was prepared by adding
10 uM (1 pL, 10 mM) and the volume was adjusted to 1 mL using phosphate buffer saline
(10 mM, pH 7.4) in the cuvette. The lifetime of the excited state of 7 was measured using the
above-mentioned protocol. (Figure 2.9).

2.4.4. Detection of 7

Stock solutions of 7 (5 mM), 2h and 3h (1 mM, 2.5 mM and 5 mM) in DMSO and esterase
(2 U/mL) in phosphate buffer saline (10 mM, pH 7.4) were prepared. The reaction mixture
was prepared by adding 10 uM, 25 uM and 50 uM of 2h or 3h (2 puL, 1 mM, 2.5 mM and 5
mM) independently along with 0.5 U/mL esterase (100 uL, 1 U/mL stock) and the volume
was adjusted to 200 uL using phosphate buffer saline (10 mM, pH 7.4) in a 96-well plate and
then incubated for 120 min at 37 °C. The fluorescence corresponding to 7 was measured
(excitation at 308 nm; emission at 497 nm) using an Ensight Multimode Plate Reader
(PerkinElmer) (Figure 2.11 and Figure 2.12).

Stock solutions of 7 (5 mM), 2h and 3h (5 mM) in DMSO and esterase (1 U/mL, pre-treated
with PMSF) in phosphate buffer saline (10 mM, pH 7.4) were prepared. Measurements were
carried out by using the above-described protocol (Figure 2.11).

2.4.5. Griess assay for nitrite detection

Stock solutions of NaNO: (1 mM), 2a-2h (5 mM), 3a-3h (5 mM) in DMSO and esterase (1
U/mL) in phosphate buffer saline (10 mM, pH 7.4) were prepared. The reaction mixture was
prepared by adding 50 uM of 2a-2h and 3a-3h (2 uL, 5 mM) independently along with 0.5
U/mL esterase (100 pL, 1 U/mL stock) and the volume was adjusted to 200 pL using
phosphate buffer saline (10 mM, pH 7.4) in a 96-well plate and then incubated for 30 min at
37 °C. After 30 min incubation, Griess reagent (14 pulL) was added to each well and further
incubated for 30 min at 37 °C in an incubator. The absorbance (at 540 nm) was measured

using an Ensight Multimode Plate Reader (PerkinElmer). (Figure 2.14 and Figure 2.15).

2.4.6. Decomposition of 2h and 3h using LC/MS

Stock solutions of 2h (1 mM), 3h (1 mM) and 7 (1 mM) were prepared in DMSO. A stock
solution of esterase (2 U/mL) was prepared in PBS pH 7.4. The reaction mixture was prepared
by adding 10 uM 2h or 3h or 7 (2 uL, 1 mM) independently along with 0.1 U/mL esterase
(50 pL, 2 U/mL stock) and the volume was adjusted to 1 mL using phosphate buffer saline
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(10 mM, pH 7.4) in an eppendorf then incubated for 5 h at 37 °C on thermomixer (300 rpm).
100 pL aliquots of the reaction mixture were taken at pre-determined time points and the
reaction was quenched by adding 100 pL of methanol. The samples were centrifuged at
10000g for 4 min at 4 °C, the supernatant was collected and assessed thereafter by LC/MS.
All measurements were done using the following protocol: 0.1% formic acid in methanol (A)
and 0.1% formic acid in water (B) was used as the mobile phase. A multistep gradient was
used with the flow rate of 0.3 mL/min starting with 75:25 — 0 min, 75:25 to 60:40 — 0 - 3
min, 60:40 to 40:60 — 3 - 7 min, 40:60 to 30:70 — 7 - 9 min, 30:70 to 0:100 — 9 - 12 min,
0:100 to 0:100 — 12 - 14 min, 0:100 to 75:25 — 14 - 18 min, 75:25 to 75:25 — 18 - 20 min.
Measurements were carried out in the positive ion mode using high-resolution multiple
reaction monitoring (MRM-HR) analysis on a Sciex X500R quadrupole time-of-flight
(QTOF) mass spectrometer fitted with an Exion UHPLC system using a Kinetex 2.6 mm
hydrophilic interaction liquid chromatography (HILIC) column with 100 A particle size, 150
mm length and 3 mm internal diameter (Phenomenex). Nitrogen was the nebulizer gas, with
the nebulizer pressure set at 50 psi, declustering potential =80 V, entrance potential = 10 V,
collision energy = 20 V, and collision exit potential = 5 V. The MRM-HR mass spectrometry
parameters for measuring compounds are m/z precursor ion mass (M + H*) 435.1582 (2h),
367.1332 (Intermediate 1), 335.1060 (3h), 236.0744 (7), 267.0802 (8) (Figure 2.16 - Figure
2.23).

2.4.7. Polysulfide measurement using LC/MS

Stock solutions of 2h (5 mM), 3h (5 mM), 4 (5 mM) and HPE-IAM (100 mM) were prepared
in DMSO. A stock solution of Na>S (20 mM) was prepared in DI water. A stock solution of
esterase (2 U/mL) was prepared in PBS pH 7.4. The reaction mixture was prepared by adding
50 uM of 2h or 3h or 4 (10 uL, 5 mM) independently with 200 uM Na,S (10 puL, 20 mM)
along with (1 U/mL esterase (20 puL, 50 U/mL stock) and the volume was adjusted to 1 mL
using phosphate buffer saline (10 mM, pH 7.4) in an eppendorf then incubated for 15 min at
37 °C on thermomixer (400 rpm). 100 pL aliquots of the reaction mixture were taken and then
incubated with HPE-IAM (2 uL, 100 mM) for a further 15 min. The reaction was quenched
by adding 100 uL of acetonitrile. The samples were centrifuged at 10000g for 10 minat 4 °C,
the supernatant was collected and assessed thereafter by LC/MS. All measurements were done
using the following protocol: Acetonitrile (A) and 0.1% formic acid in water (B) were used

as the mobile phase. A gradient was used with the flow rate of 0.3 mL/min starting with 100:0
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— 0 min, 100:0 to 0:100 — 0 - 30 min. The IDA-HR mass spectrometry parameters for
measuring compounds are: m/z precursor ion mass (M + H*) 435.1582 (2h), 335.1060 (3h),
305.9985 (HPE-1AM), 215.0740 (HS-HPE-AM), 389.1530 (Bis-S-HPE-AM), 421.1250 (Bis-
SS-HPE-AM), 453.0971 (Bis-SSS-HPE-AM) (Figure 2.24 - Figure 2.29).

2.4.8. Detection of 7 releases in A549 cell lysate

Lung carcinoma cells (A549) were cultured in 10 cm plates in complete DMEM medium
supplemented with 5% FBS (fetal bovine serum) and 1% antibiotic solution in an atmosphere
of 5% CO; at 37 °C. When the cells were 70% confluent, old media was removed and the
cells were washed with serum-free DMEM media. The cells were trypsinized and
subsequently resuspended in DMEM. The cells were harvested by centrifugation at 1000
rpm/min at 4 °C. Pellets were washed twice with PBS (1x), resuspended in PBS (1x, 2 mL)
and transferred to a microcentrifuge tube. Cells were lysed by sonication using (a 130 W
ultrasonic processor, VX 130W) stepped microtip for 2 min (with 3 sec. ON and 3 sec. OFF
pulse, 60% amplitude) under ice-cold conditions. The total protein concentration of the whole
cell lysate was determined by Bradford assay and further adjusted to 1 mg/mL with PBS (1x).
Stock solutions of 7 (2.5 mM), 2h, 3h (0.5 mM, 1.25 mM, 2.5 mM) independently in DMSO
and 1 mg/mL stock solution of cell lysate in phosphate buffer saline (10 mM, pH 7.4) were
prepared. The reaction mixture was prepared by adding 10 uM, 25 uM and 50 uM of 2h or
3h (2 pL, 0.5 mM, 1.25 mM and 2.5 mM) independently along with cell lysate (98 uL, 1
mg/mL) in a 96-well plate and incubated at 37 °C. The fluorescence corresponding to the
release of 7 (excitation at 308 nm; emission at 497 nm) was measured for 3 h using an Ensight
Multimode Plate Reader (PerkinElmer).

Stock solutions of PMSF (100 mM) in isopropanol and cell lysate (1 mg/mL) in phosphate
buffer saline (10 mM, pH 7.4) were prepared. The reaction mixture was prepared by adding
5 mM PMSF (50 pL, 100 mM) along with cell lysate (1 mL, 1 mg/mL) in a 96-well plate and
incubated at 37 °C on a thermomixer (300 rpm).

Stock solutions of 7 (2.5 mM), 2h, 3h (2.5 mM) independently in DMSO and 1 mg/mL stock
solution of cell lysate (Pre-treated with PMSF) in phosphate buffer saline (10 mM, pH 7.4)

were prepared and release of 7 was measured by above-described protocol (Figure 2.30).

2.4.9. Cell viability Assay
Mouse embryonic fibroblasts (MEF) cells, Lung carcinoma cells (A549) and MCF-7 cells
were seeded at a concentration of 1x10* cells/well overnight in a 96-well plate in complete
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DMEM medium supplemented with 5% FBS (fetal bovine serum) and 1% antibiotic solution
in an atmosphere of 5% CO; at 37 °C. Cells were exposed to varying concentrations of the
test compounds prepared as a DMSO stock solution so that the final concentration of DMSO
was 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 and
100 pL of the resulting solution was added to each well. After 4 h incubation, the media was
removed carefully and 100 uL of DMSO was added. Spectrophotometric analysis of each well
using a microplate reader (Thermo Scientific Varioscan) at 570 nm was carried out to estimate
cell viability (Figure 2.31-Figure 2.33).

2.4.10. Detection of HNO and 7 in MCF-7 cells

MCF-7 cells were seeded at 1x10° cells/well in a 6-well Corning plate for overnight in DMEM
medium supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution in an
atmosphere of 5% CO; at 37 °C. After incubation, the media was removed and the cells were
washed with 1 mL of PBS. Then 1 mL of fresh DMEM media was added along with 20 uM
of HNO-TCF probe for 30 min at 37 °C. After 30 min, 1 mL of fresh DMEM media was added
along with test compounds (200 uM). The cells were incubated for 2 h at 37 °C. After 2 h, old
media was removed, cells were washed with 1 mL of PBS and then imaged on Carl Zeiss
LSM710 laser scanning confocal microscope with anisotropy with 63x oil filter. The cells
were imaged in two different channels. (RED channel-Alexa fluor 568 for HNO detection and
DAPI channel for 7 detections) (Figure 2.34-Figure 2.35).
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2.5. NMR spectra
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'H NMR spectra of 2a
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'H NMR spectra of 2b
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'H NMR spectra of 2c
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'H NMR spectra of 2d
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'H NMR spectra of 2e

SIL 00°0-—
v0'L
50'1
90°1
10°)
9Ll
811
611
0z'L
1z
ze'Ld
Py
8.1
6.1
08'L-
181
ze'L ]
€81
ve'L-

—

6L L—
89°L
89°L
0L'L
0L'L
96°L
€e'8
S€'8

Wate)

1'e
(44
0'6

0°L

0l
160

0°L

-1.0

40 35 30 25 20 15 10 05 0.0 -05

4.5
chemical shift (ppm)

60 55 50

6.5

80 75 7.0

8.5

9.0

13C NMR spectra of 2e

892 —

L'SL
c.whW
€9.L

1'98 —

9'0Z) ~
eeeL—

JNEIRN
6281 —
1'sEL
v'sel
vovl
6971

8'0LL —

LL

1 l

el

-10

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift (ppm)

190

88



Chapter 2

'H NMR spectra of 2f

oLt
b
[A%%
€171
4%
€21+
174N
ST
ST A
22V

—

vl
w57

s8'L
8;%
18°1L

8g'|
88'L ]
68°L-
06}
161 |
z6°L-

€10ad mm» -

R.»W
8L
6L/
€8
1£°8
8e'g
6c'8
6c'8

6’}
0C
06

6'0

0°'€

60

-1.0

00 -05

0.5

40 35 30 25 20 15 1.0

4.5
chemical shift (ppm)

60 55 5.0

6.5

85 80 75 7.0

9.0

13C NMR spectra of 2f

1oL~
9oL

6'L2—

8'9L

€10ad £
S'LL

L8 —

9VZ
LLEL
0°ZEL
6ZEL—
zseL/

TR
€8yl

6°1LL—

-10

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift (ppm)

190

89



Chapter 2

'H NMR spectra of 2g
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'H NMR spectra of 2h
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'H NMR spectra of 3a
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'H NMR spectra of 3b
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'H NMR spectra of 3¢
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'H NMR spectra of 3d
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'H NMR spectra of 3e
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'H NMR spectra of 3f
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'H NMR spectra of 3g
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'H NMR spectra of 3h
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'H NMR spectra for compound 4
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'H NMR spectra for compound 6
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13C NMR spectra of 7
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Chapter 3: B-glucosidase activated Nitroxyl (HNO) donors
3.1. Introduction

In Chapter 2, the development of esterase-activated HNO generators was described. As
esterase is ubiquitous, delivery of HNO is not selective towards a particular cell type.
Designing a tool for specific HNO delivery is desirable to overcome the limitations associated
with the esterase-based strategy. In order to achieve this goal, glucoside was chosen as
protecting group for hydroxylamine. Sugars are natural biomolecules with free hydroxyl
groups that are expected to enhance aqueous solubility. B-glucosidase is a lysosomal enzyme
known to catalyze the hydrolysis of the glycosidic bond to release an active drug.

The expression and activity of B-glucosidase enzymes were significantly upregulated in breast
cancer tissues and hepatocellular carcinoma (HCC) cell lines.'? The overexpression of B-
glucosidase activates PI3K/Akt/mTOR signaling, leading to increased cell growth. In
contrast, B-glucosidase inhibition by siRNA depletion and pharmacological approach using
conduritol B epoxide (selective  B-glucosidase inhibitor) suppressed growth and
induced apoptosis in breast cancer cells.! Importantly, B-glucosidase inhibition significantly
sensitized breast cancer cells to chemotherapy, suggesting that inhibiting B-glucosidase
effectively targeted breast cancer cells that were resistant to elimination by the
chemotherapeutic agent when administered alone.

The elevated level of B-glucosidase is associated with certain pathophysiology of the Gl tract.
Therefore, prodrug strategies based on B-glucosidase as the trigger have been widely used for
drug delivery to the colon. Several prodrugs have been developed using B-glucosidase as a
trigger for the delivery of drugs to the colon®*®, Parkinson’s disease®, Alzheimer’s disease’
and cancer.® It was observed that the prodrug showed better absorption and bioavailability.
Also, reduced the side effects without compromising efficacy. Similarly, for the treatment of
ulcerative colitis, B-glucosidase triggered prodrug of 4-aminosalicylic acid (NSAID-non-
steroidal anti-inflammatory drug) was developed (Figure 3.1).°
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H; Glu-OHQ

X
X Cl; Glu-CQ

Y=
LY

HLn

4-Aminosalicylic acid-f-D-glucoside

Glu-Dop-2

Dexamethasone-21-f3-D-glucoside

Figure 3.1. B-glucosidase activated prodrugs

Design and development of B-glucosidase sensitive HNO prodrug were considered. Since

glucose transporters were overexpressed in cancer cells. The design consisted of three

different parts, B-glucose was used as protecting group, HNO and aryl sulfinate (Figure 3.2).

m/HNO—O

E) mﬁ/wo—o — (no) + O

Figure 3.2. Design of B-glucosidase stimulated nitroxyl (HNO) donor

The following mechanism was proposed for HNO generation from donors. Firstly, the

nucleophilic attack of B-glucosidase takes place on the anomeric carbon of glycoside resulting

in the cleavage of the glucosidic bond to release an anionic intermediate. Further, the

intermediate undergoes subsequent decomposition in pH 7.4 to release HNO and aryl sulfinic

acid (Scheme 3.1).
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o ) R Il
Hom o B-Glucosidase -9 \| L X S‘OH
HO o ¢ (O —— (HNOY + |
OH N In 2 X pH 7.4 H - /\’
HO / S X
—

07,0
B-Glu

Scheme 3.1. Proposed mechanism of HNO generation upon activation by B-glucosidase
3.2. Result and discussion
3.2.1. Synthesis

To test the hypothesis, HNO prodrugs were synthesized in five steps. Synthesis of prodrugs
commenced with glucose pentaacetate. Bromination with hydrobromic acid afforded
compound 9%° which was later coupled with N-hydroxyphthalimide in basic conditions to
provide compound 10.1 Next, deprotection was performed using hydrazine hydrate to obtain
111, which upon N-sulfonation by respective arylsulfonyl chlorides in basic conditions
furnished compounds 12a-12e (Scheme 3.2).1

OAc OAc OAc

o . o o
AcO HBr in AcOH AcO AcO
%c&om HBr in AcOH ‘Acmm _NHeL Ac&o 0

OAc DCM OAc Et,N, DCM, OAc N
0 °C-RT 0 °C-RT o
9 10

fo) o
NH,-NH,.H,0  AcO Ars0,Cl AcO o}
B AcO (o} AcO (o} Sll
DCM, 0 °C- RT OAc  NH;  pMAP, Pyridine OAc ::)" “Ar
0°C-RT

Scheme 3.2. Synthesis of compound 12
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Table 3.1: Synthesis of compounds 12a-12e

Entry Product Ar Yield, %
1 12a 2-Br-Ph 96
2 12b Dansyl 93
3 12c 4-OMe-Ph 86
4 12d 2- NO,-4-CF3-Ph 33
5 12e 2,4,6-trifluoro-Ph 80

Next, deacetylation of compound 12a-12e was achieved using sodium methoxide condition
(Scheme 3.3).13

OAc OH
AcO 0 o NaOMe, MeOH HO Q o
AcO o, S“ HO o, S“
OAc HB’I \Ar 0 °C-RT OH H:)“ \AI"
12 13

Scheme 3.3. Synthesis of compound 13

Table 3.2: Synthesis of compounds 13a-13e from 12

Entry Product Ar Yield, %
1 13a 2-Br-Ph 20
2 13b Dansyl 22
3 13c 4-OMe-Ph 21
4 13d 2- NO2-4- CF3-Ph 98
5 13e 2,4,6-trifluoro-Ph 13

Jishnu, C. V. has contributed in the synthesis of derivatives of compound 13.
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Next, we synthesized the 2-bromosulfinic acid as a control compound by following a reported
procedure. 2-bromosulfonyl chloride was reduced by sodium borohydride at 0 "C gave

compound 14 in good yield (Scheme 3.4).2

%0 i
NaBH N
Sl
Br THF, 0°C Br
14, 47 %

Scheme 3.4. Synthesis of compound 14

3.2.2. HNO generation study
3.2.2.1. Evaluation of HNO generation using 5

To test the HNO generation from prodrug, a fluorescence-based experiment was performed
using B-glucosidase from almonds and 5.1 Compounds 13a-13e are expected to the cleaved
by PB-glucosidase to release HNO, which can be trapped by 5 to release fluorescent

umbelliferone (excitation = 370 nm; emission = 460 nm) (Scheme 3.5).

i m
OH ©ju\o ° °
HO o o B-Glucosidase P PPh; P-CM N
HO o & —— » (HNnO)
OH  N&ar pH74 ' PH7.4 Ho o e

Umbelliferone

Aex = 370 nm; A, = 460 nm

Scheme 3.5: Proposed mechanism for HNO trapping by 5 and release of fluorescent

umbelliferone

Compounds 13a-13e were incubated with 5 in the presence and absence of B-glucosidase (10
U/mL) in buffer (pH 7.4) and the fluorescence signal was recorded at 460 nm over 6 h. In the
absence of an enzyme, no significant fluorescence signal was observed from compounds 13a-
13e. However, in the presence of B-glucosidase only compound 13a was able to significantly
generate HNO comparable to compound 4 (2-bromo-piloty’s acid, a known HNO donor), as
determined by the fluorescence signal of umbelliferone while others did not generate HNO
(Figure 3.3).
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A B
1x10°+ 1 wio B-Glu 7x10°+
i B with B-Glu
T
® ®
= 5x109- — 4x10°
s a
ol o ot O ﬂ[ﬂ] o{a
I I T I T T T T T 1
5 13a 13b 13c 13d 13 4 0 180 360

t, min

Figure 3.3: Detection of HNO using 5. (A) Compounds 13a-13e were incubated with 5 and
in the presence and absence of the B-glucosidase in buffer (pH 7.4) at 37 °C for 6 h; (B) Time-
dependent release of HNO from compound 13a in the absence and presence of B-glucosidase
in buffer (pH 7.4) at 37 °C for 6 h. 5 refers to PCM dye; 4 refers to 2-bromo-piloty’s acid (Aex
=370 nm; Aem = 460 nm).

3.2.3. NO detection

Next, NO release from prodrug 13a was measured by a colorimetric assay (Griess assay). A
calibration curve was generated using NaNO> and was used to quantify NO release. The
amount of NO released from prodrug 13a was measured by generating the sodium nitrite
calibration curve (similar to Figure 2.14). Compound 13a was incubated with B-glucosidase
in buffer (pH 7.4) at 37 °C for 6 h. The release of NO was determined using Griess reagent,
which upon reaction results in the formation of a pink color azo product that absorbs strongly
at 540 nm. The diminished yield of NO was observed from compound 13a as compared to 4
(Figure 3.4).

1.04 —

Normalised
Abs at 540 nm
o
()]

1

]

I I
13a 4 NaNO,

_D + B-Glu

0.0

Figure 3.4: NO detection by Griess assay
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3.2.4. HPLC study

In order to study the stability of compound 13a, these compounds were incubated in the
absence and presence of B-glucosidase. HPLC analysis of this mixture gave an estimate of
stability and yield in the presence of the enzyme. In the absence of B-glucosidase, compound
13a was stable over an extended period (Figure 3.5). As expected, the decomposition of
compound 13a with concomitant formation of 14 was observed in the presence of -

glucosidase (Figure 3.6).

A B
1004 ——
o
£
“ 13a,48 h _%
£ 501
g
=S
13a,0 h
I 1 I 1 1 O T
4 6 8 10 12 0 48
RT, min f,h

Figure 3.5: Stability of prodrug 13a in buffer. (A) HPLC trace of stability of 13a (RT = 6.1

min; (B) Area under the curve corresponding to 13a (absorbance 230 nm).

A B
’\ 100
14
/\ 36 h 3
N—N 12h S o
A A 6h 13a + <°
B-Glu =®
k Oh
I T T T 1 o4t
4 6 8 10 12 0 12 24 36
f, h t. h

Figure 3.6: HPLC traces and AUC for decomposition of 13a (RT = 6.1 min) and formation
of 14 (RT = 8.4 min) in the presence of B-glucosidase in buffer (pH 7.4).
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The decomposition of a compound depends on the interaction with the active residues of the

enzyme. In an effort to unravel the plausible binding of compounds into the active site of -

glucosidase, computational studies were performed.

3.2.5. Computational studies

The structure of B-glucosidase from almonds shares a 60% sequence identity with [3-

glucosidase from white clover leaf. Given the higher sequence similarity, we used [-

glucosidase (Clover leaf; PDB ID: 1CBG with a resolution of 2.15 A) for molecular docking

study (Figure 3.7).
Clover = =  ——cecmmmmmmeeeee LL--SITTTHIHAFKPLPISFDDFSDLNRSCFAPGFVFGTASSAF
Almonds MAMQLRSLLLCVLLLLLGFALADTNAAARIHPPVVCANLSRANFDTLVPGFVFGAATASY
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Almonds
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Figure 3.7. Sequence alignment of B-glucosidase from white clover leaf (Uniprot no. P26205)

and almonds (Uniprot no. H9ZGD8). Computational studies were performed by T. Anand
Kumar (Prof. Harinath Chakrapani Lab, IISER Pune).
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The first pocket with the active site residues is shown in Figure 3.8.

Figure 3.8. (A) The ligand binding pocket of B-glucosidase (PDB: 1CBG from white clover
[Trifolium repens]) was predicted using the CASTp web server with a cartoon representation
of the protein and probe radius 1.4 A. The pocket was shown as surface colored as warm pink.

(B) Zoom view of the active site of pocket 1 containing catalytic residues of B-glucosidase.

The mechanism for cleavage of glucosidic bonds by B-glucosidase has been documented in a
detailed crystallographic study by Hughes and coworkers.*® As shown in Figure 3.7, the active
site pocket contains two highly conserved Glu residues (Glu183 or E183 and Glu397 or E397)
that have been assigned the respective roles of proton donor and nucleophile based on

inhibitor-binding and mutagenesis experiments.

E397 performs a nucleophilic attack at the anomeric carbon resulting in the formation of a
glucose-enzyme tetrahedral intermediate. The departure of the aglucone moiety is facilitated
by the protonation of the oxygen by the acidic residue (E183). During the second catalytic
step, a water molecule activated by the catalytic base (E183) serves as a nucleophile for

hydrolysis of the glucosidic bond to regenerate the free enzyme (Scheme 3.6).
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Scheme 3.6. A plausible mechanism of hydrolysis of the glucosidic bond by B-glucosidase

To investigate the propensity of hydrolysis of the compounds 13a-13e mediated by -

glucosidase, in silico molecular docking studies were performed (Figure 3.9). In this study,

4-nitrophenol- B-glucopyranoside 15 was used as a positive control to validate the docking

simulations. The protein and ligand PDBQT files were prepared using AutoDock Tools 1.5.6
(ADT) following the standard protocol.*® A grid box (24.375 x 24.375 x 24.375 A?®) defined
for Pocket 1 (Table 3.3, entry A) of the chain A in B-glucosidase centered at the coordinates
(x = 40.217, y = 30.310, z = 83.613) was used for docking into the active site with default
settings: exhaustiveness = 64, energy range = 3 kcal/mol and number of modes = 20. The

best-scored docking pose for all the compounds with the lowest binding energy (Table 3.3)

was selected for analysis and figures were visualized using PyMOL (The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC) (Figure 3.10). LigPLOT was used to depict
the 2D interactions of ligands and proteins (Figure 3.11).17
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OH OH OH

OH OH OH

13c 13d 13e

Figure 3.9. Structures of compounds 15 and 13a-13e used for docking analysis

Table 3.3: Comparative analysis of the docking results of prodrugs 13a-13e

Entry Ligand/ Affinity Distance from O | Distance from O
Prodrug (kcal/mol) (RCOOH) of (RCOOH) of
E183 (A)* E397 (A)*
1 15 -7.4 3.6 5.6
2 13a -8.3 5.3 6.9
3 13b -8.7 9.0 10.9
4 13c -8.3 8.6 10.9
5 13d -8.7 9.2 11.2
6 13e -8.1 8.3 9.9
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Figure 3.10: Cartoon representation of docked compounds (A) 15; (B) 13a; (C) 13b; (D) 13c;
(E) 13d; (F) 13e into the active site of cyanogenic B-glucosidase from white clover (Trifolium
repens L.; PDB = 1CBG). The docked ligands were shown in the stick model and the active
site residues are indicated by a 1-letter code. The hydrogen, hydrophobic and pi-pi interactions
are drawn as blue, red and gray dotted lines, and the lengths are indicated. The figures were
generated using PyMOL v 2.0.
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Figure 3.11: LigPlot showing the 2D interactions of compounds (A) 15; (B) 13a; (C) 13b;
(D) 13c; (E) 13d; (F) 13e with B-glucosidase. The molecule is represented in a stick model.
Active site residues are labeled by a 3-letter code and represented as a ball and stick model.
The residues forming hydrophobic interactions are shown as red arcs while the hydrogen

bonds are shown as blue dashed lines with indicated bond lengths (Table 3.4).

As anticipated, positive control 15 fitted into the active site (AG = -7.4 kcal/mol) and was
found closer to catalytic active site residues (3.6 A from E183 and 5.6 A from E397
respectively). This enables favorable orientation and spacing for hydrolysis of glucosidic bond
and plausible release of 4-nitrophenol from 15. Similarly, compounds 13a-13e were also fitted
into the active site with a varying docking score ranging from -8.1 to -8.7 kcal/mol. It was
noteworthy that the glucosidic moiety of 13a was in proximity to active site residues (5.3 A from
E183 and 6.9 A from E397 respectively) than other docked analogs. (Table 3.4, Figure 3.9 and
Figure 3.10). Altogether, the docking studies revealed that 13a binds well to the B-glucosidase
over other derivatives (13b-13e). The residues involved in catalysis were also appropriately
aligned. Together, these model data suggest the importance of binding of the substrate to the
active site and also permit to the sensitivity of the active site to minor modification in the

substrate.
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3.2.6. MTT assay for the cell viability

Next, the cell viability of compounds 13a-13e was determined using an MTT assay. Breast
cancer cells (MCF-7) were treated with varying concentrations of compounds 13a-13e for 24

h. Compounds 13a-13e were found to be well tolerated by the MCF-7 cells (Figures 3.12 and
3.13).
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Figure 3.12: Cell viability assay carried out with varying concentrations of compound 13a-

13c on MCF-7 cells for 24 h. All data are presented as mean + SD (n =3/group).
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Figure 3.13: Cell viability assay carried out with varying concentrations of compound 13d-

13e on MCF-7 cells for 24 h. All data are presented as mean + SD (n =3/group).
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3.3. Summary

To summarize, B-glucosidase activated HNO donors were designed and derivatives of donors
were synthesized. Firstly, we studied the HNO generation from compounds 13a-13e using 5
and HNO generation was observed with compound 13a only. Next, we studied the nitric oxide
(NO) release from compound 13a by Griess assay and diminished NO release was observed
compared to compound 4. The amount of NO generation was measured by using a calibration
curve which was generated by using NaNO>. Further, the decomposition of compound 13a
was studied by HPLC analysis. It was observed that compound 13a was stable in
physiological conditions. In the presence of B-glucosidase, the disappearance of compound
13a with concomitant formation of 14 was observed over an extended period. These results
were validated by docking studies and it was observed that only compound 13a was able to
interact with the active site residues (E424 and E211) of the enzyme, which probably led to
enzyme-mediated decomposition to liberate HNO. While compounds 13b-13e were shown
hydrophobic interactions with the other residues of the enzyme rather than E424 and E211
residues which led to no HNO release. Finally, the cytotoxicity of compounds 13a-13e were

evaluated in MCF-7 cells and all compounds were well tolerated by cells.

Together, the data suggest that triggerable and controlled HNO generation can be achieved

using water-soluble B-glucosidase activated nitroxyl (HNO) donors.
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3.4. Experimental protocols

3.4.1. Synthesis and characterization
Synthesis of (2R,3R,4S,5R)-2-(acetoxymethyl)-6-bromotetrahydro-2H-pyran-3,4,5-triyl

triacetate (9):

OAc To a solution of B-D-galactose pentaacetate (2 g, 5.12 mmol) in
A%‘OMB" anhydrous DCM (20 mL), HBr in acetic acid (8 mL) was added

C
OAc dropwise at 0 °C under N2 atmosphere and stirred at RT for 2 h. After

completion of the reaction (TLC analysis), the reaction mixture was quenched with NaHCO3
followed by extraction with DCM (3 x 20 mL). The combined organic layers were washed
with brine, dried over anhydrous Na>SOs, filtered and the filtrate was concentrated under
reduced pressure to afford the crude product (1.9 g, 90%). The product was immediately used
in the next step without further purification.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-((1,3-dioxoisoindolin-2-
yloxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (10):

OAc N-hydroxyphthalimide (2.8 g, 17.16 mmol, 3.5 eq.) and

o)
A‘ﬁmo\ O | EtsN (2 mL, 4 eq.) were dissolved in anhydrous DCM (30

mL). To this solution, compound 9 (1.9 g, 4.62 mmol, 1 eq.)

was added and the reaction mixture was stirred for 16 h at

RT. Upon completion of the reaction (TLC analysis), the
reaction mixture was quenched by adding water and extracted with DCM (3 x 50 mL). The
combined organic extracts were dried over Na2SO4 and the filtrate was concentrated under
reduced pressure. The crude product was purified by silica column chromatography. Product
10 was isolated as a white solid (1 g, 44%); *H NMR (400 MHz, CDCl3): § 7.88 - 7.85 (m,
2H), 7.81 - 7.78 (m, 2H), 5.32 - 5.22 (m, 3H), 5.12 - 5.10 (m, 1H), 4.34 (dd, J = 12.3, 4.8 Hz,
1H), 4.16 — 4.12 (dd, J = 12.3, 2.5 Hz, 1H), 3.79 — 3.75 (m, 1H), 2.20 (s, 3H), 2.06 (s, 3H),
2.05 (s, 3H), 2.03 (s, 3H); *C NMR (100 MHz, CDCls): § 150.1, 135.5, 134.9, 130.3, 123.3,
122.4,108.8, 79.5, 77.0, 75.0, 70.7, 70.0, 62.2; HRMS (ESI): m/z for C22H23NO12 [M+Na]*
calc., 516.1117, found, 516.1113.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(aminooxy)tetrahydro-2H-pyran-
3,4,5-triyl triacetate (11):
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OAc To a solution of compound 10 (300 mg, 0.6 mmol, 1 eq.) in

Aco/m anhydrous DCM (5 mL), hydrazine monohydrate (0.06 mL, 1 eq.)
AcO o,

OAc NH,| was added dropwise at 0 °C. The reaction mixture was slowly

warmed to room temperature and stirred for ~1 h. The white suspension was filtered. The
filtrate was washed with water and the aqueous layer was extracted with DCM. The combined
organic extracts were dried over Na>SOg, filtered and the filtrate was concentrated under
reduced pressure to a yield crude product 11 (150 mg, 68%), which was used for the next step
without further purification.

General procedure A: Synthesis of 12a-12e:

A mixture of compound 11 (1 eq.) and DMAP (1.2 eq.) in pyridine (5 mL) was independently
added to aryl sulfonyl chloride derivatives (1.2 eq.) at 0 “C. The reaction mixture was warmed
to RT and stirred for 2 - 3 h. Upon completion of the reaction (TLC analysis), the reaction
was quenched by adding 1 N HCI and extracted with EtOAC. The combined organic extracts
were dried over Na>SOs, filtered and the filtrate was concentrated under reduced pressure to

yield a crude product, which was purified by silica column chromatography.

Synthesis of 2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((2-bromophenyl)sulfonamido)oxy)
tetrahydro-2H-pyran-3,4,5-triyl triacetate (12a):

OAc Starting with compound 11 (150 mg, 0.41 mmol), 2-

o)
Afﬂmo\ O g, bromobenzenesulfonyl chloride (125 mg, 0.49 mmol),

OAc N-S DMAP .
HO (50 mg, 0.49 mmol) and the desired product 12a

was isolated as a pale yellow solid (230 mg, 96%); 'H

NMR (400 MHz, CDCls):  8.36 (s, 1H), 8.06 — 8.04 (m, 1H), 7.78 — 7.75 (m, 1H), 7.52 —
7.49 (m, 2H), 5.20 (d, J = 9.5 Hz, 1H), 5.02 (dd, J = 10.3, 8.2 Hz, 2H), 4.84 (dd, J = 9.5, 8.2
Hz, 1H), 4.27 (dd, J=12.5,4.5Hz, 1H), 4.13 (dd, J=12.5, 2.2 Hz, 1H), 3.78 — 3.74 (m, 1H),
2.09 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H); *3C NMR (100 MHz, CDCls) : § 170.8,
170.1, 169.6, 169.2, 135.5, 135.4, 134.4, 133.1, 127.9, 120.2, 104.6, 72.6, 72.4, 69.4, 67.8,
61.6, 20.9, 20.8, 20.7, 20.7; HRMS (ESI): m/z for C20H22BrNO12S [M+Na]* calcd., 604.0100,
found, 604.0089.

Synthesis of (2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((5-(dimethylamino)naphthalene)-
1-sulfonamido)oxy) tetrahydro-2H-pyran-3,4,5-triyl triacetate (12b):
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OAc Starting with compound 11 (150 mg, 0.41 mmol),

o) :
Acﬂmo\ o dansyl chloride (137 mg, 0.50 mmol), DMAP (50

OAc N7 O mg, 0.50 mmol) and product 12b was isolated as a
O N~ yellow solid (228 mg, 93%); *H NMR (400 MHz,

CDCl3): § 8.63 (d, J = 8.4 Hz, 1H), 8.21 - 8.16 (m,
2H), 7.80 (br s,1H), 7.61 — 7.52 (m, 2H), 7.21 (d, J = 7.56 Hz, 1H), 5.18 (t, J = 9.4 Hz, 1H),
4.97 (d, J = 8.3 Hz, 1H), 4.92 (t, J = 9.7 Hz, 1H), 4.82 — 4.87 (dd, J = 9.4, 8.5 Hz, 1H), 4.11
—4.07 (dd, J = 12.5, 4.5 Hz, 1H), 4.03 — 3.99 (dd, J = 12.4, 2.2 Hz, 1H), 3.69 — 3.65 (m, 1H),
2.89 (s, 6H), 2.14 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.97 (s, 3H); C NMR (100 MHz,
CDCls): § 170.7, 170.1, 169.5, 169.4, 152.6, 132.4, 132.3, 130.9, 130.0, 129.9, 129.4, 123.1,
117.8, 115.7, 104.4,72.6,72.2, 69.5, 67.8, 61.5, 45.5, 20.9, 20.8, 20.7; HRMS (ESI): m/z for
CasH32BrN201,S [M+H]* calcd., 597.1749, found, 597.1743.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((4-
methoxyphenyl)sulfonamido)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (12c):

OAco Starting with compound 11 (150 mg, 0.41 mmol), 4-

A?A%m,o\ 9 methoxybenzenesulfonyl chloride (120 mg, 0.49 mmol),

Ohe E’C’? DMAP (50 mg, 0.49 mmol) and product 12¢ was isolated

D as a white solid (100 mg, 86%); *H NMR (400 Hz ,

/| CDCls): §7.78 —7.74 (m, 2H), 7.44 (s, 1H), 7.02 — 6.98

(m, 2H), 5.27 — 5.23 (m, 1H), 5.05 — 4.97 (m, 3H), 4.23 (dd, J = 7.9 and 4.6 Hz, 1H), 4.13 —

4.09 (m, 1H), 3.89 (s, 3H), 3.76 — 3.72 (m, 1H), 2.18 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H), 2.01

(s, 3H); °C NMR (100 MHz, CDCl): & 170.8, 170.1, 169.9, 169.6, 130.8, 127.8, 114.6,

104.9,72.6,72.2,69.6, 67.9, 61.6, 55.9, 20.9, 20.8, 20.7; HRMS (ESI): m/z for C21H27NO13S
[M+Na]* calcd., 556.1100, found, 556.1093.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((2-Nitro-4-
(trifluoromethyl)phenyl)sulfonamido)oxy)tetrahydro-2H-pyran-3,4,5-triyl ~ triacetate
(12d):

OAc Starting with compound 11 (1.5 g, 1.1 mmol), 2-nitro-

o)
A%%/omo\ S,? NO, 4-(trifluoromethyl)benzenesulfonyl chloride (1.436 g,
Ofe N 1.32 mmol), DMAP (0.516 g, 1.32 mmol) and product
12d was isolated as orange solid (830 mg, 33%); 'H

NMR (400 Hz, CDCls): 5 8.69 (s, 1H), 8.19 (d, 8.1H),
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8.15 (d, J = 0.9 Hz, 1H), 8.06 (dd, J = 8.2 Hz, 1H), 5.28 (t, J = 9.4 Hz, 1H), 5.09 — 5.02 (m,
2H), 4.94 (dd, J =8.2, 1.1 Hz, 1H), 4.31 (dd, J = 7.8, 4.6 Hz, 1H), 4.18 (dd, J = 10.2, 2.2 Hz,
1H), 3.84 — 3.79 (m, 1H), 2.19 (s, 3H), 2.10 (s, 3H), 2.04 (s, 3H), 2.01 (s, 3H); 13C NMR (100
MHz, CDClz3): 6 170.7, 170.1, 169.7, 169.6, 148.7, 137.5, 137.2, 134.5, 133.3, 129.8, 123.1,
105.5, 72.5, 72.4, 69.8, 67.8, 61.6, 21.0, 20.8, 20.7; HRMS (ESI): m/z for C21H23F3N2014S
[M+Na]" calcd., 639.0719, found, 639.0725.

(2R,3R,4S,5R,6S)-2-(acetoxymethyl)-6-(((2,4,6-
trifluorophenyl)sulfonamido)oxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (12e):

OAc Starting with compound 11 (280 mg, 0.77 mmol), 2,4,6-
(o)
A%%mo\ é,(’) F trifluorobenzenesulfonyl chloride (213 mg, 0.92 mmol),
OAc n o DMAP (97 mg, 0.92 mmol) and product 12e was isolated
F as a pale yellow solid (200 mg, 80%); *H NMR (400
F

MHz, CDCls): 7.98 (s, 1H), 6.86 — 6.82 (t, J = 8.5 Hz,
2H), 5.25 (t, J = 9.5 Hz, 1H), 5.06 - 5.01 (m, 2H), 4.88 (dd, J = 8.5, 1.0 Hz, 1H), 4.29 (dd, J
=7.9, 4.5 Hz, 1H), 4.16 (dd, J = 10.2, 2.2 Hz, 1H), 3.80 — 3.76 (m, 1H), 2.10 (s, 3H), 2.06 (s,
3H), 2.03 (s, 3H), 1.99 (s, 3H); *C NMR (100 MHz, CDClz): § 170.8, 170.0, 169.6, 169.6,
105.2, 102.9, 102.6, 102.3, 72.5, 72.4, 70.4, 69.4, 67.9, 61.6, 20.9, 20.7, 20.7; HRMS (ESI):
m/z for C2oH22F3sNO12S [M+Na]* calcd., 558.0712, found, 558.0711.

General procedure B: Synthesis of 13a-13e:

Compound 13a-13e (1 eq.) was dissolved in methanol (5 mL) under a nitrogen atmosphere.
Sodium methoxide (4 eq.) in methanol (2 mL) was added to the solution at 0 °C. The mixture
was warmed at RT and stirred for ~3 h. Upon completion of the reaction (TLC analysis),
cation-exchange resin (H*) was added, filtered and washed with MeOH. The solvent was
evaporated under reduced pressure. The crude product was purified by prep-HPLC column

chromatography (MeOH/H-0) to give the desired compounds.

2-bromo-N-(((2S,3R,4S,5S,6R)-3,4,5-trihydro-6-(hydroxymethyl)tetrahydro-2H-pyran-

2-yl)oxy)benzenesulfonamide (13a):

OH Starting with compound 12a (210 mg, 0.36 mmol), sodium

HOo o, & Br| methoxide (78 mg, 1.44 mmol), product 13a was isolated as
OH ﬂf@ a white solid (30 mg, 20%): "H NMR (400 MHz, CDsOD):

5 8.21- 8.17 (m, 1H), 7.85 — 7.83 (M, 1H), 7.59 - 7.54 (m,
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2H), 4.65 (d, J = 8.2 Hz, 1H), 3.82 (dd, J = 11.3, 1.9 Hz, 1H), 3.64 (dd, J = 11.9, 5.0 Hz, 1H),
3.34 (d, J = 8.9 Hz, 1H), 3.28 — 3.22 (m, 2H), 3.16 (dd, J = 8.9, 8.3 Hz, 1H) ; 3C NMR (100
MHz, CDs0D): 6 137.8, 136.5, 136.0, 134.6, 129.1, 123.3, 107.9, 78.1, 77.9, 73.0, 71.2, 62.5;
HRMS (ESI): m/z for C12H16BrNOsS [M+Na]* calcd., 435.9672, found, 435.9678.

5-(dimethylamino)-N-(((2S,3R,4S,5S,6R)-3,4,5-trihydro-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)oxy)naphthalene-1-sulfonamide (13b):

OH o Starting with compound 12b (210 mg, 0.35 mmol),

Hﬂmo\ o sodium methoxide (76 mg, 1.40 mmol), product 13b

OH ::’? O was isolated as a yellow solid (33 mg, 22%); 'H

O /N/ NMR (400 MHz, CDs0D): 6 8.61 (d, J = 8.5 Hz,

1H), 8.51 (d, J = 8.6 Hz, 1H), 8.37 (d, J = 7.2 Hz, 1H), 7.65 (q, J = 10.1Hz, 2H), 7.42 (d, J =

7.5 Hz, 1H), 4.52 (d, J = 8.1 Hz, 1H), 3.72 (d, J = 10.8 Hz, 1H), 3.55 (dd, J = 11.8, 4.9 Hz,

1H), 3.26 — 3.09 (m, 4H), 2.99 (s, 6H); 3C NMR (100 MHz, CD3;0D): § 134.1, 133.3, 131.5,

131.4, 130.4, 129.2, 125.1, 122.2, 117.2, 107.7, 78.0, 77.9, 73.1, 71.1, 62.5, 46.1; HRMS
(ESI): m/z for C1gH24N20sS [M+H]" calcd., 429.1326, found, 429.1331.

4-methoxy-N-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-
pyran-2-yl)oxy)benzenesulfonamide (13c):

OH Starting with compound 12¢ (300 mg, 1.3 mmol), sodium

Hﬂo o P methoxide (150 mg, 3.09 mmol), product 13c was isolated

OH ﬂ’(’? as a white solid (30 mg, 21%); 'H NMR (400 MHz,

Q CD30D): 6 7.94 —7.92 (m, 2H), 7.11 - 7.07 (m, 2H), 4.69

/] (d,J=8.2Hz, 1H), 3.89 (s, 3H), 3.85 (dd, J = 11.9, 1.6

Hz, 1H), 3.69 — 3.64 (m, 1H), 3.37 (t, J = 9.0 Hz, 1H), 3.29 — 3.27 (m, 2H), 3.21 (dd, J = 9.0,

8.3 Hz, 1H); C NMR (100 MHz, CDs;0D): § 132.1, 129.8, 115.2, 107.6, 78.2, 78.1, 73.2,

71.3, 62.6, 56.3, 30.7; HRMS (ESI): m/z for C13H19NOgS [M+H]" calc., 366.0859, found,
366.0858.

2-nitro-4-(trifluoromethyl)-N-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)benzenesulfonamide (13d):
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OH Starting with compound 12d (800 mg, 1.3 mmol),

o
H%&/O\ o NO, sodium methoxide (281 mg, 5.2 mmol), product 13d

OH N’,IS : ; os)- 1
HO was isolated as a pale yellow solid (600 mg, 98%); “H
NMR (400 MHz, CD30D): § 8.46 (d, J = 8.2 Hz, 1H),

8.32(d, J=1.1Hz),8.17 (dd, J = 8.2, 1.1 Hz, 1H), 4.76
(d, J = 8.2 Hz, 1H), 3.85 (dd, J = 11.8, 2.0 Hz, 1H), 3.67 (dd, J = 11.8, 5.1 Hz, 1H), 3.40 —
3.34 (m, 2H), 3.27 —3.25 (m, 1H), 3.17 (dd, J = 9.0, 8.2 1H) ); *C NMR (100 MHz, CD30D):
8 150.1, 135.4, 135.1, 130.2, 123.3, 122.5, 78.1, 78.0, 73.3, 71.2, 62.5; HRMS (ESI): m/z for
C13H15F3N2010S [M+Na]* calcd., 471.0292, found,471.0299.

2,4,6-trifluoro-N-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-
2H-pyran-2-yl)oxy)benzenesulfonamide (13e):

OH Starting with compound 12e (350 mg, 1.3 mmol), sodium

HOo o 9 ¢ | methoxide (145 mg, 3.09 mmol), product 13e was isolated

OH ﬂf@ as pale yellow solid (32 mg, 13%); 'H NMR (400 MHz,

CD30D): 6 7.12 (t, J = 9.0 Hz, 2H), 4.68 (d, J = 8.1 Hz,

1H), 3.85 (dd, J = 11.9, 1.9 Hz, 1H), 3.66 (dd, J = 11.9,

5.1 Hz, 1H), 3.39 — 3.34 (m, 1H), 3.27 — 3.29 (m, 2H), 3.23 — 3.19 (m, 1H); 3C NMR (100

MHz, CD30OD): § 107.9, 103.5, 103.3, 103.0, 78.2, 77.9, 73.1, 71.2; *F NMR (376 MHz,

CDs0OD): 6 -103.4 (d, J = 11.8 Hz), -99.5 (t, J = 11.9 Hz); HRMS (ESI): m/z for
C12H14F3NQOgS [M+H]" calcd., 390.0465, found, 390.0427.

Synthesis of 2-bromobenzenesulfinic acid (14):

o

s To a solution of 2-bromobenzenesulfonyl chloride (100 mg, 0.39 mmol) in

©:S‘0H THF (5 mL) was added NaBHa (85 mg, 2.24 mmol) in portion at 0 °C. The
Br reaction mixture was stirred for 2- 3 h. Upon completion of the reaction (TLC

analysis), the reaction mixture was quenched by aqueous HCI to maintain acidic pH <2 on an
ice bath and the resulting mixture was extracted with CHCIs. The organic layer was washed
with brine, dried over Na SO, filtered and the filtrate was concentrated under reduced
pressure to yield the crude product which was purified by prep-HPLC to give compound 14
as white crystalline solid (60 mg, 69%): *H NMR (400 MHz, DMSO-de): & 7.85 —7.82 (dd, J
=7.7,1.6 Hz, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.61 (t, J = 7.3 Hz, 1H), 7.51 — 7.47 (m, 1H); 13C
NMR (100 MHz, DMSO-ds): 6 147.2, 133.4, 133.2, 128.4, 125.2, 119.9; HRMS (ESI): m/z
for CeHsBrO.S [M+H]" calcd., 220.9266, found, 220.9268.

126



Chapter 3

3.4.2. HNO detection by fluorescence study

Stock solutions of 5 (1 mM), 13a-13e, and 4 (5 mM) in DMSO. A stock solution of -
glucosidase from almonds (50 U/mL) in phosphate buffer saline (10 mM, pH 7.4) was
prepared. The reaction mixture was prepared by adding 10 uM of 5 (2 uL, 1 mM), 50 uM of
13a-13e (2 puL, 5 mM) along with 10 U/mL B-glucosidase (40 uL, 50 U/mL) from the stock
solution and the volume was adjusted to 200 pL using phosphate buffer saline (10 mM, pH
7.4) in a 96-well plate and then incubated for 6 h at 37 °C. The fluorescence (excitation at 370
nm; emission at 460 nm) was measured using an Ensight Multimode Plate Reader
(PerkinElmer) (Figure 3.2).

3.4.3. Nitric oxide detection by Griess assay

5 mM stock solution of compound 13a and 4 in DMSO was prepared. A typical reaction
mixture consisted of compounds 13a or 4 by mixing 2 uL from 5 mM stock solution and in
the presence or absence of 10 U/mL B-glucosidase (40 pL, 50 U/mL) with phosphate buffer
saline (pH 7.4, 10 mM) to make 200 uL final volume in 96 well plates (with lid) and incubated
for 6 h at 37 °C. To this, 14 uL of Griess reagent was added in each well and incubated for 25
min at 37 °C. Absorbance was measured at 540 nm on the Ensight Varioskan microtiter plate
reader. The amount of NO released was estimated using a standard calibration curve generated
with different concentrations of sodium nitrite (NaNO>) solution (0 — 50 uM) using Ensight
Multimode Plate Reader (PerkinElmer). The data represented here is average of 3 repeats
(Figure 3.3).

3.4.4. Decomposition study by HPLC

A stock solution of 13a and 14 (10 mM) was prepared in DMSO and B-glucosidase (10 U/mL
from 50 U/mL stock solution in PBS pH 7.4). The reaction mixture contained compound 13a
(5 pL, 10 mM), in the presence or absence of B-glucosidase (200 uL, 50 U/mL) in PBS pH
7.4 (ImL) and incubated at 37 °C. 100 pL aliquots of the reaction mixture were taken out at
pre-determined time points and the reaction mixture was quenched by adding 100 puL of
methanol. The samples were centrifuged at 10000 rpm for 10 min at 4 °C and injected (100
uL) in high-performance liquid chromatography (HPLC Agilent Technologies 1260 Infinity)
at different time points. The mobile phase was water (0.1% TFA)/Acetonitrile (0.1% TFA).
The stationary phase was a C-18 reverse phase column (Phenomenex, 5 um, 4.6 x 250 mm).
A multistep gradient was used with the flow rate of 1 mL/min starting with 70:30 — 0 min,
70:30 to 60: 40 — 0 - 3 min, 60:40 to 50: 50 — 3 - 6 min, 50:50 to 40: 60 — 6 — 9 min, 40:60
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to 30: 70 — 9 - 10 min, 30:70 to 50: 50 — 10 - 12 min, 50:50 to 60: 40 — 12 - 13 min, 60:40
to 70: 30 — 13 - 15 min, 70:30 to 70: 30 — 15 - 18 min. The retention time for 13ais 6.1 min
and for 14 is 8.4 min. The decomposition of 13a and formation of 14 was monitored at 230
nm. Authentic 14 (50 uM) in phosphate buffer saline was injected in HPLC and used as a
control (Figure 3.6).

3.4.5. Cell viability Assay

Breast cancer cells (MCF-7) were seeded at a concentration of 1x10* cells/well overnight in
a 96-well plate in complete DMEM medium supplemented with 5% FBS (fetal bovine serum)
and 1% antibiotic solution in an atmosphere of 5% CO> at 37 °C. Cells were exposed to
varying concentrations of the test compounds prepared as a DMSO stock solution so that the
final concentration of DMSO was 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 and 100 pL of the resulting solution was added to each well.
After 4 h incubation, the media was removed carefully and 100 pL of DMSO was added.
Spectrophotometric analysis of each well using a microplate reader (Thermo Scientific

Varioscan) at 570 nm was carried out to estimate cell viability (Figure 3.12 — Figure 3.13).
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'H NMR spectra for compound 10

3.5. NMR spectra

SINL 000 —

€0Z
507
90z
g
6L€
ARG
eLy
Ly
9Ly
eey
vm.v%
9ty
1877

0L's
:.mW
[4%°}
ve's
92'S
9¢'S
8¢S
0€’s
2]
1e°g
[45%°]

854
8L
6LL
082
182
982
181
88,
882

-0.5

1.0 05 0.0

1.5

Water

N

chemical shift (ppm)
13C NMR spectra for compound 10

90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

SNL 00—

1'0¢
pal
8'0¢

8’19
2’89
169
#.NnW
¢l
8'9LT
Vil

¢'S0L —

6'€Cl
8'8¢cl —
6VEL

N.Nov
v.mm:/
9691

coLL T
n.owr\

60 50 40

70

170 160 150 140 130 120 110 100 90 80
chemical shift (ppm)
129

Il

OAc
180

190




Chapter 3

'H NMR spectra for compound 12a
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'H NMR spectra for compound 12b
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'H NMR spectra for compound 12¢
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'H NMR spectra for compound 12d
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'H NMR spectra for compound 12e

[e2] © O N LANMNOTN N0 T“TOONMNOMNUTON OMDO o
> No0® ANSSOONRX MANNT - - QN OO D@ S
~ N~ © oo LLOLLOLLIITIT T TITTITTTITITOMNANN T — o
| N e N B e \
0OAc

& ¥ Bl TR
S S -~ oo - ISR Eake)
-~ I e - - - ™o oA

90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 1
chemical shifts(ppm)

5 10 05 00 -05

13C NMR spectra for compound 12e

sl
(@]
a
0 O © © NOOMm o
Scoo o 0N AN LWANGOT LT DQ —O-ONN®
NKO© ©oooo NNdaNNSoN < dowvooow
- - - NN ~NRK©o© ODANNN N~
—5N — —] = N
0OAc
0
AcD
ﬁcm,o‘ 2 F
DAc N-S
HO
r
F
S ~~
© o ©© o oo
ocooo N NN
NN OO | N/
-~
|

T W %

20.8
171 170 169 chemical shift (ppm)
chemical shift (ppm)

WMWM

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0o -10
chemical shift (ppm)

Grease

n-Hexane

134



Chapter 3

'H NMR spectra for compound 13a
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'H NMR spectra for compound 13b
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'H NMR spectra for compound 13c
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'H NMR spectra for compound 13d
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'H NMR spectra for compound 13e
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1%F NMR spectra for compound 13e
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Chapter 4: pB-galactosidase triggered Nitroxyl (HNO) donors
4.1. Introduction

The development of B-glucosidase sensitive HNO donors is outlined in Chapter 3. This tool
will be useful for the study of the role of HNO in cancer biology. Further, we were interested
to study the role of HNO in aging (senescence cells). In an evolutionary biological system,
aging is defined as a steady state loss in a particular fitness component of an organism caused
by internal physiological deterioration.* Senescence shows all the typical signs of organismal
aging such as cell growth arrest,? increased oxidative stress,® and inflammation.*® Cellular
senescence is a state of irreversible loss of proliferating capacity of cells, and it drives aging.
Several biomarkers such as reactive oxygen species (ROS),? reactive nitrogen species (RNS),
iNOS, senescence-associated secretory phenotypes,* B-galactosidase,®’ and HIF-10® are
overexpressed in senescent cells. Previous reports have shown that ROS can initiate and

activate cellular senescence.®1°

Aging is not only limiting cellular functions but also increases the susceptibility to
cardiovascular diseases,!! cancer,'? osteoarthritis,'® osteoporosis,** type 2 diabetes,® and
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease.®!” Hence, animal
models show that reduction in oxidative stress and inflammation burden in senescent cells is
a therapeutic approach to delaying the effects of aging.!® As the level of B-galactosidase is
associated with such pathological conditions, hence, several [(-galactosidase sensitive
fluorogenic molecules have been reported. Such molecules also help to measure the
intracellular levels of the enzyme.*® Also, B-galactosidase is widely used as a trigger for the

delivery of prodrugs in cancer cells as well as in E. coli, a gram-negative bacterium (Figure
4 1) 20,21,22,23
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Figure 4.1. B-galactosidase sensitive prodrug strategies

Given that senescent cells have a higher level of B-galactosidase, ROS, HIF-1a and iNOS and

HNO is known for quenching the ROS, inhibition of HIF-1a (involved in angiogenesis),

inhibition of INOS. Collectively, these characteristics of HNO make it an interesting

candidate for reducing inflammation and oxidative stress in senescent cells.

Since B-galactosidase is overexpressed in senescent cells,®” it makes a suitable trigger to

develop a new HNO prodrug. B-galactosidase is known to cleave the glycosidic bond to

release an aglycon. Also, ASGPR (Asialoglycoprotein receptor) is overexpressed on the cell

wall of the senescent cells, it has a high affinity towards sugars, and it helps in the targeted

delivery of HNO prodrug. Based on this, we designed a B-galactosidase activated HNO

prodrug.
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The design contained B-galactose moiety attached to an HNO donor (derivatives of Piloty’s
acid). Here, B-galactose moiety will act as a gate pass for the HNO prodrug to permeate
senescent cells. Upon entry of the prodrug, senescence-associated 3-galactosidase (SA B-Gal)
IS expected to cleave the glycosidic bond to release HNO (Figure 4.2).

&«
B-Galactose moiety
O«
O« O
O_G HNO
B-Gal-HNO prodrug &
ASGPR

Senescent cells

Figure 4.2. Design of B-galactosidase triggered nitroxyl (HNO) donor. (1) The interaction of
HNO prodrug with ASGPR, (2) Entry into the senescent cells, and (3) B-galactosidase
mediated cleavage of the glycosidic bond to release HNO.

The following mechanism was proposed for HNO generation from B-galactosidase activated
nitroxyl (HNO) donors. It is well known that active site residues of the enzyme interact with

the galactose moiety to cleave the anomeric C-O bond to release an active drug (Scheme 4.1).

m ? p-Galactosidase Qg | | TN xS o
HO \ g 0., % — (HNO) + ||
OH\ NS\ _ oH 7.4 L«H S »
HO i S X
—
07,0
B-Gal

Scheme 4.1. Proposed mechanism of HNO generation upon activation by p-galactosidase

145



Chapter 4

4.2. Result and discussion
4.2.1. Synthesis

Firstly, HNO prodrugs were synthesized to test the hypothesis. Synthesis was started with
pentaacetate galactose, and the anomeric acetate group was converted into a bromo substituent
using hydrobromic acid to afford compound 16.2* Next, the bromoside was coupled with N-
hydroxyphthalimide under basic conditions to provide compound 17 which was later
hydrolyzed using hydrazine hydrate to obtain 18.2° Further, N-sulfonation was performed in
basic conditions to furnish compounds 19a and 19b.2% which were later deacetylated to obtain
20a and 20b (Scheme 4.2 and table 4.1).%

OAcoac OAcoac OAcoac

o] . o o}
HBr in AcOH
ACO&/OAc AcO Br _NWPL_ Aco&o\ 0
OAc DCM OAc  Et,N, DCM, OAc N
0°C-RT 0°C-RT o
16 17
OAcoac OAcoac
NH,-NH,.H,0 ° ArS0,CI ° o
- . AcO o, ———————>  AcO o J
DCM, 0 °C- RT OAc  NH, DMAP, Pyridine OAc N7\
H o Ar
18 0 °C-RT

Ar = 2-Br-Ph; 19a
Ar = 2-NO,, 4-CF;-Ph; 19b

OH
NaOMe, MeOH &/
Ty o
°C. HO o u
0°C-RT oH N’/§\
Ho Ar

Ar = 2-Br-Ph; 20a;
Ar = 2-NO,, 4-CF3-Ph; 20b

Scheme 4.2. Synthesis of compounds 20a and 20b
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Table 4.1: Synthesis of compounds 19a-19b and 20a-20b

Entry Product Ar Yield, %
1 19a 2-Br-Ph 63
2 19b 2- NO2-4-CF3-Ph 76
3 20a 2-Br-Ph 43
4 20b 2- NO,-4-CF3-Ph 41

Next, HNO probe NAT was synthesized using the following reported procedure. Here,
tryptophan was acetylated using acetyl chloride in a basic condition to obtain NAT (Scheme
4.3)%8

0
NH, HN’[k

COOH o COOH
N\ + )l\ 2N NaOH N\
N ci N
H Acetone, RT H
Tryptophan N-acetyl tryptophan (NAT)

Scheme 4.3. Synthesis of compound NAT

4.2.2. HNO generation study
4.2.2.1. Detection of HNO generation using 5

To test the hypothesis of HNO generation from prodrug using 5,2° compounds 20a and 20b
was co-incubated with the p-galactosidase from E. coli and 5 for 4 h. The time-dependent
enhancement in fluorescence intensity from compounds 20a and 20b was recorded using an
Ensight Multimode Plate Reader (excitation 370 nm; emission 460 nm) (Scheme 4.4 and
figure 4.3). The fluorescence intensity corresponds to the amount of HNO release; compound

4 was used as a positive control; the dye used in this study refers to 5.
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Scheme 4.4: Proposed mechanism for HNO generation and trapping HNO by 5

In the absence of -galactosidase, HNO release was not observed from compounds 20a and
20b in buffer. Whereas, compound 20a showed a higher yield of HNO generation than
compound 20b in the presence of B-galactosidase (Figure 4.3). The rate constant (pseudo-
first-order kinetics) for HNO release with 20a was found to be 0.016 min™ (R? = 0.9855).

09— ok 84 20a + B-Gal
3 - p-Gal
B+ 3-Gal

RFI (x10%), au
RFI (x10%), au

°‘D;I Hza H"

a 20b 4

Figure 4.3. HNO Detection from compounds 20a and 20b in the presence B-galactosidase of

using 5 in buffer.

4.2.2.2. Detection of N2O by GC/MS analysis

HNO is known to react with itself, where one molecule of HNO acts as a nucleophile and
another molecule acts as electrophile and dimerized to form hyponitrous acid which

spontaneously decomposed to nitrous oxide and water (Scheme 4.5).%°
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HNO + HNO —— [HO-N=N-OH] — N,0 + H,0

Hyponitrous acid Nitrous oxide

Scheme 4.5. The mechanism for dimerization of HNO

In this experiment, compound 4 was used as a positive control and N2O formation with 4 was
measured in buffer (pH 7.4) for 15 h using headspace GC analysis. The N20O yield with 4 was
100% which was not affected by the B-galactosidase. Under similar conditions, the yield of

N20 from 20a in the presence of B-galactosidase was 94% (Figure 4.4).
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Q, 504
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4 4 20a

+ BGal

Figure 4.4. N>O detection from 20a by headspace GC analysis. The experiment was
performed by Dr. Vinayak Khodade (Prof. J. Toscano’s lab, John Hopkins University,

Baltimore, MD).
4.2.2.3. Detection of HNO using N-acetyl tryptophan

Trapping of HNO using N-acetyl tryptophan is another method that has been previously used
for the detection of HNO.3! It is known that tryptophan derivatives (NAT) can react with HNO
to form the N-hydroxylamine derivative of tryptophan, which can then undergo aerobic
oxidation to produce the N-nitroso derivative of tryptophan (NAT-NO) in a buffer with a pH
of 7.4. (Scheme 4.6). The formation of NAT-NO can be monitored at 335 nm.
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Scheme 4.6. The reaction of NAT with HNO to form NAT-NO

Firstly, to test this hypothesis, 4 and NAT were incubated in the absence and presence of 8-
galactosidase in  buffer (pH 7.4) for 1 h. The time-dependent formation of NAT-NO was
monitored at 335 nm. Similarly, the formation of NAT-NO was evaluated from compound
20a and as expected, a comparable formation of NAT-NO was achieved (Figure 4.5).

In the control experiment, N-acetyl cysteine was used as an HNO quencher. N-acetyl cysteine
was co-incubated with compounds 20a, 4, NAT, and the formation of NAT-NO was

measured. As expected, the diminished yield of NAT-NO was observed (Figure 4.5).
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Figure 4.5. Detection of HNO from compound 20a using N-acetyl tryptophan.
4.2.3. Detection of Nitric oxide (NO)

Next, Griess assay was performed to detect NO release from prodrug 20a and 20b.>? 20a and
20b were incubated with B-galactosidase in buffer (pH 7.4) at 37 °C for 4 h and further
incubated with Griess reagent for 25 min. The formation of the pink color azo product was
observed and monitored at 540 nm. The improved selectivity for HNO over NO was achieved

from compounds 20a and 20b compared to 4 (Figure 4.6).
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Figure 4.6. NO detection from 20a using Griess assay.

4.2.4. HPLC study
4.2.4.1. Stability of compound 20a in buffer (pH 7.4)

In order to check the stability in the buffer, 20a was incubated in the buffer (pH 7.4) at 37 °C
for 48 h. As monitored by the HPLC, compound 20a was stable in these conditions (Figure
4.7).

A B
10094 = —
J\ 20a, 48 h 2
E
£ 50
e
b=
20a,0h
I I 1 1 0 1 1
5 7 9 11 0 48
RT, min f, h

Figure 4.7. (A) HPLC traces of 20a (RT = 6.9 min); (B) AUC for the stability of 20a in
buffer (pH 7.4).
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4.2.4.2. Decomposition of 20a in the presence of p-galactosidase

In order to study the decomposition, compound 20a was incubated with B-galactosidase (10
U/mL) in buffer (pH 7.4) at 37 °C. As monitored by HPLC, the gradual disappearance of
compound 20a (RT = 6.9 min) and the formation of compound 14 (RT = 8.9 min) were
observed over 48 h (Figure 4.8) and rate constants for decomposition of 20a as well as the

formation of 14 were found to be 0.039 h*and 0.018 hL.

A B
e 14
100
N 48 h
AN 24 h 5
)\ 20a + «
S 12h | B-Gal Q
=] -
A 2 50
R
l\ 0h i 20a
i : - ;  20a in buffer 0O— r ;
5 7 9 11 0 12 24 36 48
RT, min th

Figure 4.8. (A) HPLC traces of 20a and 14; (B) AUC for decomposition of 20a (RT = 6.9
min) and formation of 14 (RT = 8.9 min) in the presence of B-galactosidase in buffer (pH 7.4).

4.2.4.3. Decomposition of 20b in the presence of p-galactosidase

To study the decomposition, compound 20b was incubated with the -galactosidase (10
U/mL) in buffer (pH 7.4) at 37 °C for 48 h. Surprisingly, compound 20b (retention time (RT)

= 12.2 min) was found to be stable under these conditions (Figure 4.9).

152



Chapter 4

A B
I
1004 T
=)}
c
c
48 h -E
20b o 507
+ X
B-Gal
Oh
I I 1 0 | 1
8 12 16 0 48
RT, min t h

Figure 4.9. HPLC traces and AUC for decomposition of 20b (RT = 12.2 min) in the presence
of B-galactosidase in buffer (pH 7.4).

HPLC analysis revealed that compound 20a was gradually cleaved and formed byproduct 14
in the presence of B-galactosidase in buffer whereas, compound 20b was stable under these

conditions.
4.2.5. Computational studies

Computational studies were carried out to understand the interaction of the compounds into
the active site of the enzyme and explain the unusual behavior of structurally similar analogs,
20a and 20b.

The mechanism by which B-galactosidase cleaves the glycosidic bond has been described in
detail by Matthews and coworkers.®® The galactosyl moiety is observed to covalently bind to
the nucleophilic Q537. E461 and Mg?* are two potential acids, however, E461 is better
positioned to directly help in the departure of an aglycon. It indicates that metal ion acts in a

secondary role (Figure 4.10).
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Figure 4.10: Plausible mechanism of hydrolysis of the glycosidic bond by [-galactosidase
from E. Coli.

In silico molecular docking studies were carried out to examine the probability of hydrolysis
of the allolactose and compounds 20a and 20b mediated by [3-galactosidase (Figure 4.11). In
this study, allolactose was used as a positive control to validate the docking simulations. The
structures of compounds (20a and 20b) were built with standard bond lengths and angles
using ChemDraw and then energy minimized with Chem3D using the integrated MM2 energy
minimization script. The X-ray crystal structure of B-galactosidase from E. coli (PDB ID:
1JYN; resolution = 1.80 A) was retrieved from PDB and used for the docking studies. The
protein and ligand PDBQT files were prepared using AutoDock Tools 1.5.6 (ADT) following
the standard protocol.3* The best-scored docking pose with the lowest binding energy (Table
4.2) was selected for analysis and figures were visualized using PyMOL (The PyMOL
Molecular Graphics System, Version 2.0 Schrddinger, LLC) (Figure 4.12 and Figure 4.13).
LigPLOT was used to depict the 2D interactions of ligands and proteins (Figure 4.12 and
Figure 4.13).%® These results were provided by T. Anand Kumar (Prof. Harinath Chakrapani
Lab, IISER Pune).
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Figure 4.11: Structures of compounds used for docking analysis

Table 4.2: Comparative analysis of the docking results of prodrugs 20a and 20b

Entry Ligand/ Affinity Distance from O
Prodrug (kcal/mol) | (RCOOH) of Q537 (A)*
1 Allolactose -1.7 4.4
2 20a -8.1 3.7
3 20b -8.0 10.4
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Figure 4.12. (A) Cartoon representation of docked compound allolactose into the active site
of B-galactosidase from E. coli (PDB ID: 1JYN; resolution = 1.80 A). The docked ligands
were shown in the stick model and the active site residues are indicated by a 1-letter code.
The hydrogen, hydrophobic and pi-pi interactions are drawn as blue, red and gray dotted lines,
and the lengths are indicated. The figure was generated using PyMOL v 2.0. (B) LigPlot
shows the 2D interactions of allolactose with B-galactosidase. The molecule is represented in
a stick model. Active site residues are labeled by a 3-letter code and represented as a ball and
stick model. The residues forming hydrophobic interactions are shown as red arcs while the

hydrogen bonds are shown as blue dashed lines with indicated bond lengths.
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Figure 4.13. (A-B) Cartoon representation of docked compounds (A) 20a and (B) 20b into
the active site of B-galactosidase from E. coli (PDB ID: 1JYN; resolution = 1.80 A). The

docked ligands were shown in the stick model and the active site residues are indicated by a
1-letter code. The hydrogen, hydrophobic and pi-pi interactions are drawn as blue, red and
gray dotted lines, and the lengths are indicated. The figure was generated using PyMOL v 2.0.
(C-D) LigPlot shows the 2D interactions of compounds (C) 20a and (D) 20b with -
galactosidase. The molecule is represented in a stick model. Active site residues are labeled
by a 3-letter code and represented as a ball and stick model. The residues forming hydrophobic
interactions are shown as red arcs while the hydrogen bonds are shown as blue dashed lines

with indicated bond lengths.

As anticipated, positive control allolactose fitted into the active site (AG = -7.7 kcal/mol) and
was found closer to catalytic active site residues (4.4 A from Q537). The affinity and distance
of allolactose with the active site of the enzyme enable favorable orientation and spacing for
hydrolysis of the glycosidic bond. Similarly, compounds 20a and 20b were also fitted into the
active site with varying docking scores ranging from -8.1 to -8.0 kcal/mol. It was noteworthy that
the glycosidic moiety of 20a was in proximity to the active site residues (3.3 A from Q537) than
20b. (Table 4.3, Figure 4.11 and Figure 4.12). Altogether, the docking studies revealed that
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20a is a more suitable substrate of B-galactosidase than 20b. This suggests that 20a is more

prone to hydrolysis by the B-galactosidase (Figure 4.13).

4.2.6. Polysulfide measurement by LC/MS analysis

HNO is known to react with hydrogen sulfide (H-S) to enhance persulfide/polysulfide levels,
or sulfane sulfur pool (cellular antioxidant reservoir).%® It has been reported that H,S is
overexpressed in senescent cells.3” Hence, it is important to study the cross-talk between HNO
and HS. To study the formation of persulfide/polysulfide, compound 20a was incubated with
B-galactosidase in buffer for 15 min, followed by the addition of an electrophilic HPE-IAM
probe to trap persulfide and further incubated for 15 min. The formation of HPE-AM adduct
of sulfur species was monitored by LC/MS. Interestingly, the formation of H>S>, H2S3 and
H>Ss was observed during the reaction of 20a and H>S in the presence of f-galactosidase in
buffer (Scheme 4.7; Figure 4.14-4.19).
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Scheme 4.7: Structures of sulfur species trapped by HPE-IAM probe
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Figure 4.14: LC/MS study. Polysulfide formation was measured by detection of trapped
HPE-IAM species from NazS and 20a + NazS upon incubation with -galactosidase in PBS

159



Chapter 4

(pH 7.4) at 37 °C for 15 min. (A) Formation of HS-HPE-AM (Expected, m/z = 212.0740 [M
+ H]"; observed, m/z = 212.0715); (B) Formation of Bis-SS-HPE-AM (expected, m/z =
421.1250 [M + H]"; observed, m/z = 421.1151); (C) Formation of Bis-SSS-HPE-AM
(expected, m/z =453.0971 [M + H]"; observed, m/z = 453.0865); (D) Formation of Bis-SSSS-
HPE-AM (expected mass = 485.0692; observed mass = 485.0714).
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Figure 4.15: (A) Representative LC trace for HS-HPE-AM adduct from NazS and 20a + Na,S
with HPE-IAM; (B) Mass spectra for HS-HPE-AM (expected, m/z = 212.0740 [M + H];
observed, m/z = 212.0715).
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Figure 4.16: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-S-HPE-AM
formation from Na.S, 20a + Na.S; (B) Mass spectra for Bis-S-HPE-AM (expected, m/z =
389.1530 [M + H]*; observed, m/z = 389.1441).
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Figure 4.17: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-SS-HPE-AM
formation from NazS, 20a + NaxS; (B) Mass spectra for Bis-SS-HPE-AM (expected, m/z =

421.1250 [M + H]"; observed, m/z = 421.1151).
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Figure 4.18: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-SSS-HPE-
AM formation from NazS, 20a + NazS; (B) Mass spectra for Bis-SSS-HPE-AM (expected,

m/z = 453.0971 [M + H]"; observed, m/z = 453.0865).
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Figure 4.19: (A) Extracted ion chromatograms from an LC/MS analysis of Bis-SSSS-HPE-
AM formation from NazS, 20a + Na.S; (B) Mass spectra for Bis-SSSS-HPE-AM (Expected,
m/z = 485.0692 [M + H]"; observed, m/z = 485.0714).

4.2.7. Cell viability assay

Next, an MTT assay was performed to check the cell viability. MCF-7 (Breast cancer cells)
were treated with varying concentrations of 20a and 20b for 24 h. These compounds were

well tolerated by the MCF-7 cells (Figure 4.20).
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Figure 4.20: Cell viability assay carried out with varying concentrations of 20a and 20b on
MCF-7 cells for 24 h. All data are presented as mean + SD (n =3/group).
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4.2.8. ROS quenching by compound 20a in senescent cells

Senescent cells always have large levels of ROS, which are crucial for cell viability. Hence,
a selective delivery of ROS quenchers to mitigate ROS in senescent cells can be a therapeutic
approach to treat senescent cells. Cells were treated with 4 (10 uM) and 20a (50 puM)
independently for 48 h and followed by incubation with an H.DCFDA probe for 40 min and
the fluorescence enhancement was recorded at excitation 492 nm and emission 525 nm. Cells
were counted to express DCFDA fluorescence per cell. Compounds 4 and 20a were able to
reduce the ROS levels in senescent cells (Figure 4.21).

In another control experiment, cells were treated with compound 20a and co-incubated with
BCA (CSE inhibitor, 10 uM) or BCA alone for 48 h. The cells were then incubated with an
H>DCFDA probe for 40 min and an enhancement in fluorescence response was observed
(Figure 4.21).

The results demonstrated that HNO induced an enhancement of the sulfane sulfur pool by

reacting with intracellular H.S, which resulted in ROS mitigation.
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Figure 4.21: ROS quenching assay was conducted on senescent A459 cells with compounds
4, 20a, and BCA for 48 h; Ctrl refers to DMSO treated cells; 4 refers to 2-bromopiloty’s acid;
BCA refers to CSE inhibitor. An assay for ROS detection in senescent A549 cells was
performed by Abraham Mathew (Dr. Deepak Saini lab, 11Sc, Bangalore).
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4.3. Summary

To summarize, B-galactosidase activated HNO donors were designed and synthesized. The
HNO generation was confirmed using three independent assays. In the first assay, HNO
release was confirmed using 5, and the quantitative yield of HNO generation from compound
20a was observed. Surprisingly, HNO generation from compound 20b was not observed. The
generation of HNO was detected in the form of dimerized product N2O in the second assay.
Interestingly, a comparable yield of NoO from compound 20a was observed. In the third assay,
HNO was trapped using N-acetyl tryptophan and the formation of NAT-NO was monitored.
A similar profile for NAT-NO formation was observed from compounds 20a and 4. Next,
nitric oxide (NO) generation from compounds was evaluated using the Griess assay and
diminished NO release was observed compared to compound 4. The decomposition profiles
of the compounds were then investigated using HPLC. Here, compound 20a gradually
decomposes with a concomitant formation of 14 in the presence of B-galactosidase. However,
compound 20b was quite stable under these conditions. These results were complemented by
docking studies, which again suggested that the orientation of the galactose moiety of
compound 20a is in proximity to the active site residues of the enzyme. Whereas, the galactose

moiety of compound 20b is oppositely oriented to the active site residues of enzyme.

Since HNO is known to enhance the sulfane sulfur pool by reacting with H,S, we evaluated
the persulfide formation from 20a using an HPE-IAM probe and the formation of H2Sz, H2Ss3
and H2>S4 were observed. Next, cell viability assay was performed with compounds 20a and
20b to check the cytotoxicity in MCF-7 cells and compounds were well tolerated by cells.
Finally, the mitigation of ROS by 20a was studied in the senescent A549 cells. Interestingly,

compound 20a showed antioxidant properties by quenching the ROS in cells.

Collectively, these results demonstrated the utility of water-soluble f-galactosidase sensitive
nitroxyl (HNO) donors in a controlled generation of HNO and its selective delivery to

senescent cells.
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4.4. Experimental protocols

4.4.1. Synthesis and characterization

Compound 16 was synthesized using the reported protocol and data were consistent with
reported values.?*

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-((1,3-dioxoisoindolin-2-yl)oxy)tetrahydro-2H-
pyran-3,4,5-triyl triacetate (17):2°

OAcqa . N-hydroxyphthalimide (7 g, 42.35 mmol, 3.5 eq.) and EtsN (5
ACO ° o 0 mL, 4 eq.) were dissolved in anhydrous DCM. To this solution,
OAc N compound 16 (5 g, 12.1 mmol, 1 eq.) was added and the

o reaction mixture was stirred for 16 h at RT. Upon completion

of the reaction (TLC analysis), the reaction mixture was
quenched by adding water and extracted with dichloromethane. The combined organic
extracts were dried over Na>SO4 and the filtrate was concentrated under reduced pressure and
the product 17 was isolated as a light yellow solid (5.4 g, 90 %); *H NMR (400 MHz, CDCls):
5 7.88—7.86 (m, 2H), 7.70 — 7.78 (m, 2H), 5.48 (dd, J = 10.4, 8.2 Hz, 1H), 5.43 (dd, J = 0.9,
3.4 Hz, 1H), 5.12 (dd, J = 10.4, 3.4 Hz, 1H), 5.0 (d, J = 8.2 Hz, 1H), 4.26 — 4.15 (m, 2H), 3.95
—3.92 (m, 1H), 2.22 (s, 3H), 2.20 (s, 3H), 2.02 (s, 3H), 1.99 (s, 3H). The analytical data are

consistent with the previously reported values.

General procedure: Synthesis of (2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-
(aminooxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18):2°

To a solution of compound 17 (1 eg.) in anhydrous DCM (5 mL), hydrazine monohydrate (1
eq.) was added dropwise at 0 °C. The reaction mixture was slowly warmed to room
temperature and stirred for ~1 h. The white suspension was filtered off. The filtrate was
washed with water and the aqueous layer was extracted with dichloromethane. The combined
organic extracts were dried over Na>SOs, filtered and the filtrate was concentrated under
reduced pressure to yield a crude product 18, which was used for the next step without further

purification.
General procedure A: Synthesis of 19a and 19b:%

A mixture of compound 18 (1 eq.) and DMAP (1.2 eq.) in pyridine (5 mL) was independently
added to aryl sulfonyl chloride derivatives (1.2 eq.) at 0 °C. The reaction mixture was warmed

to RT and stirred for 2 - 3 h. Upon completion of the reaction (TLC analysis), the reaction
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was quenched by adding 1 N HCI and extracted with EtOAC. The combined organic extracts
were dried over Na>SOs, filtered and the filtrate was concentrated under reduced pressure to

yield crude product 19a and 19b, which was purified by silica column chromatography.

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(((2-bromophenyl)sulfonamido)oxy) tetrahydro-
2H-pyran-3,4,5-triyl triacetate (19a):

OAcqHac Starting with 18 (300 mg, 0.82 mmol), 2-
ACO o 9 & bromobenzenesulfonyl chloride (210 mg, 0.82 mmol),
OAc N7 DMAP (100 mg, 0.82 mmol) and the product 19a was

@ isolated as a pale yellow solid (300 mg, 63%); *H NMR (400
MHz, CDCls): 6 8.35 (s, 1H), 8.07 — 8.06 (m, 1H), 7.78 — 7.76 (m, 1H), 7.53 — 7.52 (m, 1H),
5.38 — 5.37 (m, 1H), 5.05 — 5.01 (m, 2H), 4.99 — 4.97 (m, 1H), 4.14 — 4.05 (m, 2H), 3.98 —
3.95 (m, 1H), 2.11 (s, 6H), 2.07 (s, 3H), 1.97 (s, 3H); *C NMR (100 MHz, CDCl3): § 170.4,
170.0, 169.9, 169.3, 135.4, 135.3, 135.2, 133.0, 127.8, 104.9, 71.7, 70.6, 69.9, 66.7, 61.1,
20.8, 20.7, 20.6, 20.5. HRMS (ESI): m/z for C20H23BrNO1,S [M+Na]" calcd., 604.0100,

found, 604.0096.

(2R,3S,4S,5R,6S)-2-(acetoxymethyl)-6-(((2-nitro-4-
(trifluoromethyl)phenyl)sulfonamido)oxy) tetrahydro-2H-pyran-3,4,5-triyl triacetate
(19b):

OAchac Starting with 18 (86 mg, 0.24 mmol), 2-nitro-4-
AcO ° o, o NO, (trifluoromethyl)benzenesulfonyl chloride (82 mg, 0.28
OAc :’(I)/SCZ mmol), DMAP (30 mg, 0.28 mmol) and product 19b was
isolated as a pale yellow solid (110 mg, 76%); *H NMR
(400 MHz, CDCls): & 8.68 (br, 1H), 8.19 (d, J = 8.1 Hz,
1H), 8.14 (d, J = 1.4 Hz, 1H), 8.09 — 8.06 (M, 1H), 5.41 —5.40 (m, 1H), 5.10 — 5.09 (m, 2H),
5.05-5.03 (m, 1H), 4.17 — 4.15 (m , 2h), 4.03 — 4.00 (m, 1H), 2.20 (s, 3H), 2.10 (s, 3H), 2.08
(s, 3H), 1.99 (s, 3H); 3C NMR (100 MHz, CDCls): § 170.5, 170.1, 170.0, 169.9, 148.7, 137 .4,
137.1, 134.6, 133.3, 129.8, 123.0, 106.1, 71.3, 70.6, 67.2, 66.6, 61.2, 32.0, 29.8, 22.9, 21.1,
20.8, 20.6, 14.2; HRMS (ESI): m/z for C21H1s8F3N2014S [M+Na]" calcd., 639.0814, found,
639.0811.

CF;
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General procedure B: Synthesis of 20a and 20b:?’

Compound 19 (1 eq.) was dissolved in methanol (5 mL) under a nitrogen atmosphere. Sodium
methoxide (4 eq.) in methanol (2 mL) was added to the solution at 0 °C. The mixture was
warmed at RT and stirred for ~3 h. Upon completion of the reaction (TLC analysis), cation-
exchange resin (H") was added, filtered and washed with MeOH. The solvent was evaporated
under reduced pressure. The crude product 20a and 20b was purified by prep-HPLC column
chromatography (MeOH/H0) to give the desired compounds.

2-bromo-N-(((2S,3R,4S,5R,6R)-3,4,5-trihydro-6-(hydroxymethyl)tetrahydro-2H-pyran-
2-yl)oxy)benzenesulfonamide (20a):

OH 44 Starting with 19a (300 mg, 0.51 mmol), sodium methoxide

HO o 9 g (111 mg, 2.05 mmol) and the product 20a was isolated as a

OH N7 pale yellow solid (90 mg, 43%); 'H NMR (400 MHz,

@ CDsOD): § 8.20 — 8.17 (m, 1H), 7.85 — 7.83 (m, 1H), 7.59 —
7.53 (M, 2H), 4.63 (d, J = 7.7 Hz, 2H), 3.81 (s, 1H), 3.73 — 3.65 (m, 2H), 3.54 — 3.51 (m, 1H),
3.47 — 3.46 (m, 1H); *C NMR (100 MHz, CDsOD): § 135.9, 134.5, 133.9, 132.5, 127.0,
119.3, 106.6, 74.9, 72.9, 68.5, 68.0, 60.2; HRMS (ESI): m/z for C12H11BrNOeS [M+H]*
calcd., 413.9853, found, 413.9876.

2-nitro-4-(trifluoromethyl)-N-(((2S,3R,4S,5R,6R)-3,4,5-trihydro-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)benzenesulfonamide (20b):

OH 4y Starting with 19b (100 mg, 0.16 mmol), sodium

HO o 9 NO, methoxide (36 mg, 0.65 mmol) and the product 20b was

OH 'N-9 isolated as a light yellow solid (30 mg, 41%); 'H NMR

@ (400 MHz, CDsOD): § 8.47 (d, J = 8.3 Hz, 1H), 8.32 (s,
1H), 8.17 (d, J = 8.3 Hz, 1H), 4.74 (d, J = 7.6 Hz,1H),
3.84 (d, J = 2.6 Hz, 1H), 3.75 — 3.67 (m, 2H), 3.59 — 3.56 (m, 1H), 3.52 — 3.44 (m, 2H); 13C
NMR (100 MHz, CD30OD): 6 150.1, 135.5, 134.9, 130.3, 123.3, 122.4, 108.8, 79.5, 77.0, 75.0,
70.7, 70.0, 62.2; HRMS (ESI): m/z for C13H10F3N2010S [M+H]" calcd., 471.0292, found,
471.0220.
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Synthesis of N-acetyl tryptophan (NAT): Compound N-acetyl tryptophan was synthesized

using a previously reported procedure and analytical data was consistent with reported

values.?®
o] Tryptophan (200 mg, 1leq.) was dissolved in acetone and 2N NaOH (6
HNJ« mL) was added, the reaction mixture was stirred for 10 min. Acetyl
COOH| chloride (0.2 mL, 2 eq.) was added dropwise to the reaction mixture
r: and stirred for a further 1 h at room temperature. Completion of the
H reaction was monitored by TLC. The reaction was quenched by adding

1IN HCI and maintaining acidic pH. Evaporate the acetone and the aqueous layer were
extracted with ethyl acetate (3 x 10 mL). The organic layer was washed with brine, dried over
Na>SOq, filtered and the filtrate was concentrated under reduced pressure to yield the crude
product which was purified by prep-HPLC to give NAT as a white solid (62 mg, 26%): *H
NMR (400 MHz, CDsCOCD3): 6 11.04 (s, 1H), 9.93 (s, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.23
(d, J =8.0 Hz, 1H), 7.07 (s, 1H), 6.95 (t, J = 7.3 Hz, 1H), 6.88 (t, J = 7.5 Hz, 1H), 4.68 — 4.63
(m, 1H), 3.20 (dd, J = 14.7, 5.2 Hz, 1H), 3.06 (dd, J = 14.6, 8.6 Hz, 1H), 1.75 (s, 3H).

4.4.2. HNO detection by using 5

A stock solution of 5 (1 mM), 20a, 20b and 4 (5 mM) in DMSO. B-galactosidase from E. coli
(50 U/mL) stock solution in phosphate buffer saline (10 mM, pH 7.4) was prepared. The
reaction mixture was prepared by adding 10 uM of 5 (2 uL, 1 mM), 50 uM of 20a, 20b or 4
(2 uL, 5 mM) along with 10 U/mL of B-galactosidase (40 uL, 50 U/mL) from the stock
solution and the volume was adjusted to 200 puL using phosphate buffer saline (10 mM, pH
7.4) in a 96-well plate and then incubated for 4 h at 37 °C. The fluorescence (excitation at 370
nm; emission at 460 nm) was measured using an Ensight Multimode Plate Reader
(PerkinElmer) (Figure 4.3).

4.4.3. Analysis of Nitrous Oxide (N20) by Headspace Gas Chromatography

Stock solutions of 4 and 20a (10 mM) were prepared in DMSO and used immediately after
preparation. 3-Galactosidase (100 U/mL) stock solutions were prepared in pH 7.4 PBS. In a
10 mL vial sealed with a rubber septum, 4.45 mL PBS (pH 7.4, 100 mM) containing DTPA
as a metal chelator (100 uM) was purged with argon for 30 min. These vials were placed in a
heated cell block, which was held at 37 °C. 20a (100 uM) and B-galactosidase (10 U/ml)
solution were added to each vial to obtain 5 mL total volume, and the resulting solutions were

incubated for 15 h at 37 °C. A 100 pL gastight syringe with a sample lock was used for all
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gas injections. Headspace gas samples (60 uL) were injected into an Agilent 8860 GC with a
Restek column (ShinCarbon ST 80/100, 2m, 1/8”” OD) to analyze for N2O. These experiments
were carried out in triplicate with three injections performed for each vial. The N2O yield was
averaged and reported relative to the standard 4 (2-bromo Piloty’s acid) (Figure 4.4).

4.4.4. NAT-NO detection

A 1 mM stock solution of N-acetyl tryptophan (NAT), 5 mM stock solution of compound 20a
and 4, N -acetyl-cysteine (NAC) in DMSO and B-galactosidase (10 U/mL from 100 U/mL)
stock solution in PBS pH 7.4 were prepared. A reaction mixture of NAT (50 uM, 1 eq.) and
compound 20a or 4 (250 uM, 5 eq.) was prepared by mixing 3 pL of NAT and 3 pL of
compound 20a or 4 from the stock solutions and p-galactosidase (150 pL from 100 U/mL) in
presence or absence of 3 uL of NAC (250 pM, 5 eq.) to phosphate buffer saline (pH 7.4, 10
mM) to make final volume 300 pL in a 96 well plate at 37 °C for 1 h. Absorbance was

measured at 335 nm on the Ensight VVarioskan microtiter plate reader (Figure 4.5).

4.4.5. Nitric oxide (NO) detection by Griess assay

A5 mM stock solution of compounds 20a, 20b and 4 in DMSO were independently prepared.
A typical reaction mixture consisted of compounds 20a, 20b, 4 and NaNOz by mixing 2 pL
from 5 mM stock solution and in the presence of B-galactosidase (20 pL from 100 U/mL stock
solution in PBS pH 7.4) with phosphate buffer saline (pH 7.4, 10 mM) to make 200 pL final
volume in a 96 well plate (with lid) and incubated for 4 h at 37 °C. Then, 14 pL of Griess
reagent was added to each well and incubated for 25 min at 37 °C. Absorbance was measured
at 540 nm on the Ensight VVarioskan microtiter plate reader. The amount of NO released was
estimated using a standard calibration curve generated with different concentrations of sodium
nitrite (NaNO) solution (0 — 50 uM) using an Ensight Varioskan microtiter plate reader
(Figure 4.6).

4.4.6. Decomposition study by HPLC

A stock solution of 20a and 14 (10 mM) was prepared in DMSO and -galactosidase (20
U/mL from 100 U/mL stock solution in PBS pH 7.4). The reaction mixture contained
compound 20a (5 puL, 10 mM), in the presence or absence of 3-galactosidase in PBS pH 7.4
(Total volume = 1mL) and incubated at 37 °C. The resulting mixture (100 puL) was taken out

at predetermined time points and quenched by adding methanol (100 puL) subsequently
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samples were subjected to high-performance liquid chromatography (HPLC Agilent
Technologies 1260 Infinity). The mobile phase was water (0.1% TFA)/ Acetonitrile (0.1%
TFA). The stationary phase was the C-18 reverse phase column (Phenomenex, 5 um, 4.6 x
250 mm). A multistep gradient was used with the flow rate of 1 mL/min starting with 70:30
— 0 min, 70:30 to 60: 40 — 0 - 3 min, 60:40 to 50: 50 — 3 - 6 min, 50:50 to 40: 60 — 6 — 9
min, 40:60 to 30: 70 — 9 - 10 min, 30:70 to 50: 50 — 10 - 12 min, 50:50 to 60: 40 — 12 - 13
min, 60:40 to 70: 30 — 13 - 15 min, 70:30 to 70: 30 — 15 - 18 min. The retention time for
20a was 6.9 min and for 7 was 8.9 min. The decomposition of 20a and formation of 14 were
monitored at 230 nm (Figure 4.7 and Figure 4.8).

The decomposition study of compound 20b was performed using the aforementioned
protocol. 20b was incubated in the presence of the p-galactosidase in buffer for 24 h.
Compound 20b appeared at RT 12.2 min (Figure 4.9).

4.4.7. Polysulfide measurement using LC/MS

Stock solutions of 20a (5 mM) and HPE-IAM (100 mM) were prepared in DMSO. A stock
solution of NazS (20 mM) was prepared in DI water. A stock solution of B-galactosidase (10
U/mL from 50 U/mL stock solution in PBS pH 7.4). The reaction mixture was prepared by
adding 50 uM of 20a (5 pL, 10 mM) independently with 200 uM of NazS (10 uL, 20 mM)
along with 10 U/mL of B-galactosidase (200 puL, 50 U/mL stock) and the volume was adjusted
to 1 mL using phosphate buffer saline (10 mM, pH 7.4) in an eppendorf then incubated for 15
min at 37 °C on thermomixer (400 rpm). An aliquot (100 uL) was taken off the reaction
mixture and then incubated with an HPE-IAM (2 uL, 100 mM) for a further 15 min. The
reaction was quenched by adding 100 pL of acetonitrile. The samples were centrifuged at
10000g for 10 min at 37 °C, the supernatant was collected and assessed thereafter by LC/MS.
All measurements were done using the following protocol: Acetonitrile (A) and 0.1% formic
acid in water (B) were used as the mobile phase. A gradient was used with the flow rate of
0.3 mL/min starting with 100:0 — 0 min, 100:0 to 0:100 — 0 - 30 min. The MRM-HR mass
spectrometry parameters for measuring compounds are m/z precursor ion mass (M + HY)
215.0740 (HS-HPE-AM), 389.1530 (Bis-S-HPE-AM), 421.1250 (Bis-SS-HPE-AM),
453.0971 (Bis-SSS-HPE-AM) (Figure 4.14 — 4.19).

4.4.8. Cell viability Assay
Cytotoxicity of compounds 20a and 20b was studied in MCF-7 cells using the same protocol
as outlined in Chapter 3 (Figure 4.20).
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4.5. NMR spectra

'H NMR spectra for compound 17
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13C NMR spectra for compound 19a
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13C NMR spectra for compound 19b
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13C NMR spectra for compound 20a
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13C NMR spectra for compound 20b
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Synthesis and Evaluation of Enzyme-Activated Nitroxyl (HNO) Generators
Chapter 1. Introduction

Nitroxyl/nitroxyl anion (HNO/NO"), also known as azanone, nitrosyl hydride, hydrogen
oxonitrate and hydridooxidonitrogen. It is a redox sibling, a 1-electron-reduced and
protonated form of nitric oxide.! Nitroxyl was first reported by Angeli et al in 1896.2 It is a
short-lived species that rapidly dimerizes with a second-order rate constant (k = 8 x 10® M
s1) to give hyponitrous acid in an aqueous solution. Hyponitrous acid forms nitrous oxide

(N20) and water upon decomposition (Eg. 1)® (Scheme 1).

HNO + HNO —= [HON=NOH] — > N,O + H,0 )
Hyponitrous acid Nitrous
oxide

Scheme 1. The mechanism for the dimerization of HNO to form N2O

Interestingly, HNO is believed to be endogenously synthesized by various biosynthetic
pathways like its sibling, NO. Several plausible biosynthetic pathways for the endogenous
generation of HNO has been proposed; (1) Oxidation of L-arginine by NOS in the absence of
tetrahydrobiopterin (BHa) cofactor;* (2) Interconversion between NO and HNO facilitated by
superoxide dismutase;® (3) Reduction of NO to HNO by cytochrome c;® (4) Oxidation of
hydroxylamine by heme protein;’ (5) Reduction of nitrite by hydrogen sulphide (H2S) in the
presence of heme protein;® (6) the reaction of thionitrous acid (HSNO) with hydrogen sulfide
(H2S)® and (7) the reaction between NO and H2S*° (Figure 1).
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Figure 1. Biosynthesis of HNO generation. NOS: Nitric Oxide Synthase; BHa:
Tetrahydrobiopterin; L-NHA: N-hydroxy-L-arginine; SOD: Superoxide Dismutase

Owing to the thiophilic nature of HNO, it majorly targets the thiols and thiol-containing
proteins. Recently, the reaction of HNO with H»S and persulfides have studied by Toscano’s
research group. Upon reaction between HNO and H.S formed persulfides and elemental sulfur
while reaction with persulfides, generation of polysulfides were reported.!! Similarly, thiols
react with HNO to form sulfinamide or disulfide depending on the thiol concentration
(Scheme 2).%2

H,S
HZ(S)n or SB
n>1
Va \ RSH
'f'_HNO .‘ RS-SR and RS(O)-NH,
RSSH

RSSS,R and RSS-NH-S,R

Scheme 2. The reaction of HNO with sulfur species
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HNO has a unique and potentially important effects on the heart including vasorelaxation and
enhanced cardiac contractility. Paolocci and coworkers reported that HNO has not only a
positive inotropic (myocardial contractility) but also positive lusitropic (myocardial
relaxation) effect on the heart. These effects were independent of B-adrenoceptor signaling, a
potentially novel mechanism for modulating heart function.*® Further, several research groups
particularly, Several research groups showed that HNO can increase myocyte Ca?* cycling by
activation of the SARCA2A (sarcoplasmic Ca®* reuptake pump) via interacting with the
phospholamban (SARCAZ2A regulating protein) and activation of ryanodine receptor-2
(RyR2). These characteristics have led to the current pharmaceutical development of HNO

donors as heart failure therapies (Figure 3).141516.17

: \
HNO
SH
/\f B-agonists
- ™S Vp Ryanodine receptor
O ca2+
O . SARCA2
a
\ SR Q |
\ /
o / \ i Phosphalamban
f ca? Actin
HS Ns \ (%) Tropomyosin
{ HNO |
V we
ARG
sh° HNO U ke
5%  Myosin

Figure 3: HNO in the cardiovascular system.

The most commonly used strategies to generate HNO at physiological conditions involves

(i) -OH deprotonation; (ii) cleavage of PG by a specific stimulus and (iii) nucleophilic attack
on acyl nitroso moiety. In the first case, -OH deprotonation takes place at physiological pH
7.4 and undergoes further decomposition to release HNO. Next, the stimulus was used for the
cleavage of the protecting group to generate HNO. Finally, the formation of acyl nitroso

intermediate takes place, which on nucleophilic attack or hydrolysis to release nitroxyl anion
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(NO). In the second and third strategies, different stimuli such as light, thiol, heat, and

enzymes were used to generate HNO (Scheme 3).

a) b)
N-0 pH 7.4 :_.'HNO Stimuli k\N o
/ \ | | N
T TR
- H PG
X X
c) Nu
N\ = i
x<N=0 X = Leaving group

PG = Protecting group

Scheme 3: General strategy for the HNO generation

The reported approaches to generating HNO have some limitations. Reported HNO donors
generate HNO in an uncontrolled manner (burst HNO release) leading to the dimerization of
HNO.218 These donors have no selectivity in the delivery of HNO. To overcome these
limitations, UV light-triggered HNO donors have been developed.*? However, UV light can
enhance the oxidative stress in the cellular system and affect the function of vital cellular
biomolecules. Since low tissue penetration of UV light, in vivo studies become more
challenging. Hence, UV light-triggered HNO donors are unsuitable for study of the HNO
biology and pharmacology. Next, thiol activated HNO donor was reported and HNO is
thiophilic in nature, the effective concentration of HNO will be less and the donor is not
selective.?! Retro Diels-Alder reaction-based HNO donor needs quite heating conditions to
generate HNO, making it unsuitable in cellular studies.?#?® Recently, an esterase triggered
donors were developed, however, the issues with these donors are low HNO vyield and
concurrent generation of NO.24? To achieve the selective delivery of HNO, p-galactosidase
sensitive IPA/NO-based HNO donors are reported.?® Given that, IPA/NO gives concomitant
release of HNO/NO, the studies become more complicated.

For the detection of HNO, several types of probes are reported such as phosphine, thiol, and
Cu(ll) based probes.?”?82%3031 However, these probes consume HNO during the time of
detection. Also, phosphine-based probes are sensitive to cellular conditions. Reported probes

do not have selectivity between HNO and NO, unsuitable to use in physiological conditions.
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Hence, to overcome these limitations of existing prodrug strategies and HNO probes, the
development of versatile HNO donors along with the concurrent release of fluorescent
reporters is in urgent need.

We aim to design and develop a new HNO donor with the following characteristics: (i) the
donor should be triggerable and the trigger should be selective; (ii) HNO release should be in a
controlled manner to minimize dimerization; (iii) Fluorescence reporter should be turn ON and
stable for the extended period; (iv) Fluorophore should not consume HNO during the detection
(Figure 4).

Activation

i;o ?>+ZCK

Figure 4: Design of the real-time monitoring of HNO

In order to achieve the aforementioned goals, in Chapter 2, we develop the HNO donor along
with the fluorescence reporter. Upon activation by esterase, it generates HNO and
fluorescence signals without the consumption of HNO during its detection. In addition, we
synthesized a focused small library of compounds to achieve the tunable HNO release. Here,
we used esterase as a trigger which is present ubiquitously in all types of cells. It offers a
broad scope to study HNO biology and pharmacology in nearly all cell lines. Since, cancer
cells produce a higher level of B-glucosidase enzyme, in Chapter 3, we designed B-Glu-HNO
donors. These donors can generate HNO in a controlled manner upon activation by f-
glucosidase. Further, to make specific delivery of HNO in aging (senescent cells), in Chapter
4, we developed B-galactosidase sensitive HNO donors. The presence of the ASGP receptors
on the aged cells allowed the specific delivery of the donor. The B-Gal-HNO donor can

generate HNO in a steady state and can mitigate the ROS level in the senescent cells.

Altogether, the studies described in this thesis address the several awaited problems associated
with the existing HNO donors such as real-time monitoring of HNO in cells, triggerable and
tunable HNO release, site-specific delivery of HNO, low concurrent generation of NO, benign
byproducts. These tools will play an important role in exploring HNO biology and

pharmacology, which is yet to be completely understood.

184



Synopsis

Chapter 2: Esterase-triggered Nitroxyl (HNO) Donors with a Fluorescence Reporter

We designed an HNO prodrug based on N,N,O-protected hydroxylamine. The oxygen of
hydroxylamine was protected with cylcopropylcarboxylic ester, and on the nitrogen, a leaving
group and Boc/H substituent was placed. Esterase is expected to cleave the ester linkage and
further decomposition leads to HNO release (Scheme 4).

o o o (Step 2
S o % ES,pH 7.4 Y o €O,
A’ N — AFENSTH +
|
R O R ‘BuOH

(o] (o}
0 R B SN}
Ar” ~OH (o) N
R =COO0OBu; 2 OH m 6
R=H;3

common
intermediate

Scheme 4. Proposed mechanism of HNO generation upon activation by esterase

We synthesized the focused small library of compounds 2a-2g and 3a-3g to study the tunable
HNO generation (Scheme 5). Next, compounds from series 2 and 3 were incubated
independently with 5 and esterase from the porcine liver (0.5 U/mL) in phosphate buffer saline
(pH 7.4), fluorescence enhancement was recorded using an Ensight Multimode Plate Reader
(excitation 370 nm; emission 460 nm) (Table 1).

o X 0
// 1]
,,S V)L SN
: @6
PPh,
2a-2g 3a-3g

Scheme 5: Structures of compounds 2a-2g and 3a-3g
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Table 1: Compounds 2a-2g and 3a-3g with the % HNO yields

Entry X Y Compd No. | % HNO
1 H H 2a 98
2 Br H 2b 89
3 H Br 2C 98
4 CF3 H 2d 100
5 Br CF3 2e 89
6 NO: H 2f 70
7 H NO2 29 75
8 H H 3a 27
9 Br H 3b 92

10 H Br 3c 77
11 CF3 H 3d 98
12 Br CF3 3e 100
13 NO: H 3f 76
14 H NO: 39 17

During the HNO detection, the cleavage of 5 was observed upon incubation with esterase,

which can limit the use of the HNO probe.

Further, to overcome the limitation associated with the probe, we designed dansyl based HNO

donor (Figure 5 and Scheme 6).

| HNO = OFF

ol ® i
pEl B RIEE

\Fluorescence = OFF

Fluorescence ON

Figure 5. Design of stimuli-responsive concomitant release of nitroxyl (HNO) and

fluorescence reporter by the HNO donor.

186



Synopsis

DY
x

0._0
NP
Aot AN

o

2h

3

v 20
S

(0]

h

I
- HO ¢ O N
6
7

Scheme 6: Structures of compounds 2h, 3h and 7

Upon incubation with esterase, the donor showed concomitant release of HNO and fluorescent

reporter (Table 2). The incorporation of latent fluorophore in the donor eliminates the need

for a secondary assay for monitoring HNO (Figure 6).

Table 2: Compounds 2h and 3h with the % yields of HNO and 7

Entry Compd No. % HNO %7
1 2a 74 95
2 2b 30 98
A B
1.04 @ HNO 10] - HNO
= 7 o 7

Normalised RFI, au
o
o
1

e
o

20 30
t, min

Normalised RFI, au
o
[&)]
1

o
o

10 20 30
t, min

Figure 6. Time-dependent release of HNO and 7: (A) Compounds 2h (50 uM); (B) 3h (50
MM) were incubated in the presence of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C.

Fluorescence enhancement was monitored over 30 min.

Since, persulfides/polysulfides are the reservoirs of antioxidants, known to mitigate ROS

levels. Hence, it is important to study the cross-talk between HNO and H.S to generate the

persulfides/polysulfides (Figure 7).
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5 5
w© ©
g 1_ Q|0 g 2_
x x
Q Q
2 o 2
<C o <
0- 0-
H,S 2h 3h
C D
_ Bis-SS-HPE-AM
. o)
3
©
- (o]
G o]
S 44
X
Q
2
<L
0_
H,S 2h 3h H,S 2h 3h

Figure 7: LC/MS study. Polysulfide formation was measured by detection of trapped HPE-
IAM species from NazS, 2h and 3h upon incubation with esterase in PBS (pH 7.4) at 37 °C
for 15 min; (A) Formation of HS-HPE-AM; (B) Formation of Bis-S-HPE-AM; (C) Formation
of Bis-SS-HPE-AM; (D) Formation of Bis-SSS-HPE-AM.

Next, we aimed to monitor the release of HNO and 7 in a cellular system. The following

compounds were used for cellular imaging (Scheme 7).

NC
CN
\’/ NC 7
| o
[0 Age] X2
REOY wo, LI i
vooey v* v T L
0 0 PPh,
2h 7 6 (HNO-TCF)

Scheme 7: Structures of compounds 2h, 3h, 4 and 6 used for the cellular imaging

Cells were incubated with compounds 2h, 3h and 4 independently with and without the HNO
probe 6 (HNO-TCF dye) for 2h and cells were imaged on the Carl Zeiss LSM710 laser

scanning confocal microscope with anisotropy (Figure 8).
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Figure 8: Confocal microscopy images of HNO and 7 in breast cancer cells (MCF-7).
HNO detection: MCF-7 cells were pre-incubated with HNO-TCF dye 6 (20 uM) for 30 min
followed by treatment of (i) 4 (2-bromo-Piloty’s acid); (ii) 2h (iii) 3h (200 uM) independently

VII

for 2 h. The cells were imaged on Carl Zeiss LSM710 laser scanning confocal microscope
with anisotropy. The cells were imaged in the RED channel (Alexa fluor 568 for HNO
detection). (iv) 7 (200 uM); (v) 2h (vi) 3h. The cells were imaged in the DAPI channel
(Detection of 7). (vii) Merged image of (ii and v); (viii) Merged image of (iii and vi).

As expected, compounds 2a-2g and 3a-3g show the tunable generation of HNO. Next,
compounds 2h and 3h showed a concurrent generation of HNO along with fluorescence
reporter. In addition, compounds 2h and 3h can generate persulfide/polysulfide by reacting

with the H2S. Further, we successfully imaged the release of HNO and 7 in a cellular system.
Chapter 3: pB-glucosidase activated Nitroxyl (HNO) donors

Designing a tool for specific HNO delivery is desirable to overcome the limitations associated
with the esterase-based strategy. To achieve this goal, glucoside was chosen as protecting
group for hydroxylamine. Glucose with free hydroxyl groups that are expected to enhance
aqueous solubility. The expression and activity of B-glucosidase enzymes were significantly

upregulated in breast cancer tissues and hepatocellular carcinoma (HCC) cell lines.3232
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Design and development of B-glucosidase sensitive HNO prodrug was considered. Since

glucose transporters were overexpressed in cancer cells.

It is expected that a nucleophilic attack of B-glucosidase takes place on the anomeric carbon
of glucoside resulting in the cleavage of the glucosidic bond to release an anionic
intermediate. Further, the intermediate undergoes subsequent decomposition in pH 7.4 to

release HNO and aryl sulfinic acid (Scheme 8).

oH X 2
HO ~ o B-Glucosidase _ 0\0 ~ | P N S\OH
HO (0] 1 {
N (Op< —— (HNO) + |
H 2\

OH N-P X pH 7.4 ko)

Scheme 8. Design and proposed mechanism of HNO generation upon activation by -

glucosidase

With this design, we synthesized the five derivatives by appending the different groups on the

aromatic ring (Table 3).

Table 3: Compounds 13a-3e with the % HNO yields

Entry Product Ar % HNO
1 13a 2-Br-Ph 95
2 13b Dansyl 0
3 13c 4-OMe-Ph 0
4 13d 2- NO2-4- CFs-Ph 0
5 13e 2,4,6-trifluoro-Ph 0

To test the HNO generation from prodrug, a fluorescence-based experiment was performed

using B-glucosidase from almonds and 5.2” Compounds 13a-13e are expected to the cleaved
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by B-glucosidase to release HNO, which can be trapped by 5 to release fluorescent
umbelliferone (excitation = 370 nm; emission = 460 nm). Compound 13a was shown the
comparable release of HNO with positive control 4 (2-bromo-Piloty’s acid, known HNO
generator). While HNO generation from compounds 13b-13e was not detected (Figure 9).

A B
1x10° I wio p-Glu 7%10°9
i B with B-Glu
T
] ]
E.. 5!105— E. 4)(105—
4 i'a
O—D'rl [I H I H I H I DI 0+ =
T T T T T T T T T T 1
5 13a 13b 13¢ 13d 13 4 0 180 360

f, min

Figure 9: Detection of HNO using 5. (A) Compounds 13a-13e were incubated with 5 and in
the presence and absence of the B-glucosidase in buffer (pH 7.4) at 37 °C for 6 h; (B) Time-
dependent release of HNO from compound 13a in the absence and presence of 3-glucosidase
in buffer (pH 7.4) at 37 °C for 6 h. Dye refers to 5; 4 refers to 2-bromo-piloty’s acid (hex =
370 nm; Aem = 460 Nm).

Further, a decomposition study was carried out using HPLC. Compound 13a was incubated
with the B-glucosidase (10 U/mL) in buffer and the decomposition of the compound was
monitored over 36 h. As expected, the decomposition of compound 13a with concomitant

formation of 14 was observed only in the presence of B-glucosidase (Figure 10).
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Figure 10: HPLC traces and AUC for decomposition of 13a (RT = 6.1 min) and formation
of 14 (RT = 8.4 min) in the presence of B-glucosidase in buffer (pH 7.4).

Further, we performed the docking analysis with compounds 13a-13e to study the interaction
of compounds with the active site residues of B-glucosidase. The docking studies revealed
that 13a binds well to the B-glucosidase over other derivatives. The residues involved in
catalysis were also appropriately aligned (13a-13e). Together, these model data suggest the
importance of binding of the substrate to the active site and also permit to the sensitivity of
the active site to minor modification in the substrate. Further, the cytotoxicity of compounds

13a — 13e was checked and the compounds were found to be non-toxic.

Chapter 4: p-galactosidase triggered Nitroxyl (HNO) donors

We expanded our goal to design and synthesize water-soluble HNO donors which are
selective to the senescent cells (Figure 11). Given that senescent cells have a higher level of
ROS, HIF-1a, iNOS and B-galactosidase. As HNO is known for ROS quenching, inhibition
of HIF-1a and iNOS. Collectively, these characteristics of HNO make it an interesting
candidate for reducing inflammation and oxidative stress in senescent cells. Since p-
galactosidase is overexpressed in senescent cells,3*3% it makes a suitable trigger to develop a
new HNO prodrug. Also, ASGPR (Asialoglycoprotein receptor) is overexpressed on the cell
wall of the senescent cells, it has a high affinity towards sugars, and it helps in the targeted
delivery of HNO prodrug. Based on this, we designed a B-galactosidase activated HNO
prodrug.
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The design contained B-galactose moiety attached to an HNO donor (derivatives of Piloty’s
acid). Here, B-galactose moiety will act as a gate pass for the HNO prodrug to permeate
senescent cells. Upon entry of the prodrug, senescence-associated [3-galactosidase (SA B-Gal)

is expected to cleave the glycosidic bond to release HNO.

4
B-Galactose moiety
O
On < O
O_G HNO
B-Gal-HNO prodrug &
ASGPR

Senescent cells

Figure 11. Design of 3-galactosidase triggered nitroxyl (HNO) donor. (1) The interaction of
HNO prodrug with ASGPR, (2) Entry into the senescent cells, and (3) p-galactosidase

mediated cleavage of the glycosidic bond to release HNO.

The following mechanism was proposed for HNO generation from p-galactosidase activated
nitroxyl (HNO) donors. It is well known that active site residues of the enzyme interact with

the galactose moiety to cleave the anomeric C-O bond to release an active drug (Scheme 9).

o -Galactosidase lo) S
G G o
OH), 'N-% X pH7.4 L"\Hé‘b ' |/\,
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HO / S X
—
o -
?,O
B-Gal

Scheme 9. Proposed mechanism of HNO generation upon activation by -galactosidase

To test the hypothesis of HNO generation from prodrug using 5,’ compounds 20a and 20b

was co-incubated with the p-galactosidase from E. coli and 5 for 4 h. The time-dependent
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enhancement in fluorescence intensity from compounds 20a and 20b was recorded using an

Ensight Multimode Plate Reader (excitation 370 nm; emission 460 nm).

Upon incubation with B-galactosidase, compound 20a showed a higher yield of HNO than

compound 20b (Figure 12).
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Figure 12. HNO Detection using 5

HNO is known to react with itself, where one molecule of HNO acts as a nucleophile and
another molecule acts as electrophile and dimerized to form hyponitrous acid which

spontaneously decomposed to nitrous oxide and water (Scheme 4.5).°

HNO + HNO —— = [HO-N=N-OH] = —> N,0 + H,0

Hyponitrous acid Nitrous
oxide

Scheme 10. Dimerization of HNO

In this experiment, compound 4 was used as a positive control and N2O formation with 4 was
measured in buffer (pH 7.4) for 15 h using headspace GC analysis. The N20O yield with 4 was
100% which was not affected by the B-galactosidase. Under similar conditions, the yield of

N20 from 20a in the presence of B-galactosidase was 94% (Figure 13).
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Figure 4.4. NoO detection from 20a by headspace GC analysis. The experiment was

performed by Dr. Vinayak Khodade (Prof. J. Toscano’s lab, John Hopkins University,
Baltimore, MD).
Next, to study the decomposition, compound 20a was incubated with B-galactosidase (10

U/mL) in buffer (pH 7.4) at 37 °C. As monitored by HPLC, the gradual disappearance of
compound 20a (RT = 6.9 min) and the formation of compound 14 (RT = 8.9 min) were

observed over 48 h (Figure 14).
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Figure 14. (A) HPLC traces of 20a and 14; (B) AUC for decomposition of 20a (RT = 6.9
min) and formation of 14 (RT = 8.9 min) in the presence of B-galactosidase in buffer (pH 7.4).

Similarly, the decomposition of 20b in the presence of B-galactosidase was monitored by
HPLC and decomposition of 20b was not observed over an extended period. Also, these

results were confirmed by docking studies. The docking studies revealed that 20a is a more

suitable substrate of 3-galactosidase over 20b.
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It has been reported that H,S is overexpressed in senescent cells.®® Hence, it is important to
study the cross-talk between HNO and H>S. To study the formation of persulfide/polysulfide,
compound 20a was incubated with B-galactosidase in buffer for 15 min, followed by the
addition of an electrophilic HPE-IAM probe to trap persulfide and further incubated for 15
min. The formation of HPE-AM adduct of sulfur species was monitored by LC/MS.
Interestingly, the formation of H>S,, H2S3 and H2Ss was observed from during the reaction of

20a and H»S in the presence of (3-galactosidase in buffer (Figure 15).

A B C D
HS-HPE-AM Bis-(S),-HPE-AM Bis-(S)s;-HPE-AM Bis-(S)4-HPE-AM
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Figure 15: LC/MS study. Polysulfide formation was measured by detection of trapped HPE-
IAM species from Na>S and 20a + NaxS upon incubation with pB-galactosidase in PBS (pH
7.4) at 37 °C for 15 min. (A) Formation of HS-HPE-AM; (B) Formation of Bis-SS-HPE-AM;
(C) Formation of Bis-SSS-HPE-AM; (D) Formation of Bis-SSSS-HPE-AM.

Senescent cells are known to have large levels of ROS. Hence, selective delivery of ROS
quenchers in senescent cells can be a therapeutic approach to treat senescent cells. Next, our
objective was to study the consequences of cross-talk between HNO and H»S in senescent
cells. Senescent cells were treated with 4 and 20a independently for 48 h and followed by
incubation with an H.DCFDA probe for 40 min and the fluorescence enhancement was
recorded at excitation 492 nm and emission 525 nm. Cells were counted to express DCFDA
fluorescence per cell. Interestingly, reductions in the ROS levels were observed upon
treatment of compounds 4 and 20a in senescent cells (Figure 16). In another control
experiment, cells were treated with compound 20a and co-incubated with BCA (CSE
inhibitor, 10 uM) or BCA alone for 48 h. The cells were then incubated with an H.DCFDA

probe for 40 min and an enhancement in fluorescence response was observed (Figure 16). The
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results demonstrated that HNO induced an enhancement of the sulfane sulfur pool by reacting

with intracellular H2S, eventually resulting in ROS mitigation.
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Figure 16: ROS quenching assay was conducted on senescent A459 cells with compounds 4,
20a, and BCA for 48 h; Ctrl refers to DMSO treated cells; 4 refers to 2-bromopiloty’s acid;
BCA refers to CSE inhibitor. An assay for ROS detection in senescent A549 cells was
performed by Abraham Mathew (Dr. Deepak Saini lab, 11Sc, Bangalore).

In summary, a series of stimuli-responsive HNO donors have been developed, which may
help to solve a few problems which were associated with the reported donors. Here, we
developed triggerable and tunable HNO generation along with the fluorescence reporter,
which will avoid the use of external HNO probes for HNO detection. Further, we developed
water-soluble donors with controlled HNO generation and selective delivery in cancer and
senescent cells. These donors exhibited an important role in ROS quenching in senescent

cells.
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Figure 2.5 The UV absorption spectrum of 7 (100 uM) was measured in 43
buffer (pH 7.4).

Figure 2.6 The fluorescence spectrum of 7 was measured in buffer (pH 7.4) 44
(Aex = 308 nm; Aem = 320 - 700 nm).

Figure 2.7 Fluorescence stability of 7 (50 uM) was measured in buffer (pH 45
7.4) upon excitation at 308 nm.

Figure 2.8 Fluorescence stability of 7 (50 pM) was measured in buffer (pH 45
7.4) for 12 h. (hex = 308 nm; Aem = 497 nm).

Figure 2.9 Time-resolved (lifetime) PL studies of 7 (10 uM) were measured 47

by TCSPC (Time-Correlated Single Photon Counting) in PBS pH
7.4 for 200 ns. The data were fitted by second exponential and
the tavg Was observed at 13.82 ns. CHISQ is a chi-square, used to
compare observed results with expected results.
Figure 2.10 (A) Monitoring of fluorescence signals (Aex = 370 nm; Aem = 460 48
nm) corresponding to HNO generation using 5 from compounds
2h and 3h (50 pM) were incubated in the absence and presence
of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C for 30 min. 5
refers to PCM probe; 4 refers to 2-bromopiloty’s acid; + PMSF
refers to esterase inhibitor; (B) Time course of HNO generation
from compounds 2h and 3h (50 uM) over 30 min.
Figure 2.11 Concentration-dependent release of compound 7: (A) 49
Compounds 2h and 3h (50 puM) were incubated in the presence
of esterase (0.5 U/mL) in buffer (pH 7.4) at 37 °C for 2 hours. 7
refers to dansylsulfinic acid; + PMSF refers to esterase inhibitor;
(Aex = 308 nm; Aem = 497 nm).

Figure 2.12 (A) Time-dependent release of 7 from 2h in buffer; (B) Time- 50
dependent release of 7 from 3h in buffer.
Figure 2.13  Time-dependent release of HNO and 7: (A) Compounds 2h (50 51

uM); (B) 3h (50 uM) were incubated in the presence of esterase
(0.5 U/mL) in buffer (pH 7.4) at 37 °C. Fluorescence
enhancement was monitored over 30 min.

Figure 2.14  Calibration curve for varying concentrations of NaNO. 52
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Figure 2.15 Griess assay for NO detection. Compounds 2a-2h and 3a-3h 54
were incubated with esterase in buffer (pH 7.4) at 37 °C for 30
min and NO release was at 540 nm. Ctrl refers to the NaNO2 and
the data was normalized with NaNO2 (50 uM).

Figure 2.16 LC/MS study. (A) Decomposition of 2h upon incubation with 54
esterase (0.5 U/mL) as monitored by LC/MS. (B) Extracted ion
chromatograms from an LC/MS analysis of 2h (C) Mass spectra
for compound 2h (expected, m/z = 435.1582 [M + H]"; observed,

m/z = 435.1584).

Figure 2.17 LC/MS study. (A) Formation of intermediate | (or 11) during the 55
decomposition of 2h upon incubation with esterase (0.5 U/mL)
as monitored by LC/MS. (B) Extracted ion chromatograms from
an LC/MS analysis of intermediate I (or 11) (C) mass spectra for
intermediate 1 (or 1) (expected, m/z = 367.1329 [M + H]";
observed, m/z = 367.1322).

Figure 2.18 LC/MS study. (A) Formation of 3h during the decomposition of 55
2h upon incubation with esterase (0.5 U/mL) as monitored by
LC/MS. (B) Extracted ion chromatograms from an LC/MS
analysis of intermediate 3h; (C) Mass spectra for 3h (expected,

m/z = 335.1060 [M + H]"; observed, m/z = 335.1058).

Figure 2.19 LC/MS study. (A) Formation of 8 during the decomposition of 56
2h upon incubation with esterase (0.5 U/mL) as monitored by
LC/MS. (B) Extracted ion chromatograms from an LC/MS
analysis of 8; (C) Mass spectra for 8 (expected, m/z = 267.0798
[M + H]"; observed, m/z = 267.0805).

Figure 2.20 LC/MS study. (A) Formation of 7 during the decomposition of 56
2h upon incubation with esterase (0.5 U/mL) as monitored by
LC/MS; (B) Extracted ion chromatograms from an LC/MS
analysis of 7; (C) Mass spectra for 7 (expected, m/z = 236.0739
[M + H]"; observed, m/z = 236.0742).

Figure 2.21 LC/MS study. Stability of compound 3h in buffer (pH 7.4) for 0 57
and 5 h.
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Figure 2.22 Extracted ion chromatograms from an LC/MS analysis of 57
decomposition of 3h upon incubation with esterase (0.5 U/mL) in
PBS (pH 7.4). The time points considered were 0 min, 60 min,

120 min and 240 min.

Figure 2.23 LC/MS study. (A) Decomposition of 3h and formation of 7 upon 58
incubation with esterase (0.5 U/mL) in PBS (pH 7.4) at 37 °C as
monitored by LC/MS. 3h (expected, m/z = 335.1060 [M + H]*;
observed, m/z = 335.1058), 7 (expected, m/z = 236.0739 [M +
H]*; observed, m/z = 236.0742). (B) Formation of 8 during the
decomposition of 3h upon incubation with esterase (0.5 U/mL)
as monitored by LC/MS. 8 (expected, m/z = 267.0798 [M + H]";
observed, m/z = 267.0805). All data are presented as mean + SD
(n = 3 per group).

Figure 2.24 LC/MS study. Polysulfide formation was measured by detection 62

of trapped HPE-IAM species from NaxS, 2h and 3h upon
incubation with esterase in PBS (pH 7.4) for at 37 °C for 15 min;
(A) Formation of HS-HPE-AM (expected, m/z = 212.0740 [M +
H]*; observed, m/z = 212.0719); (B) Formation of Bis-S-HPE-
AM (expected, m/z = 389.1530 [M + H]"; observed, m/z =
389.1489); (C) Formation of Bis-SS-HPE-AM (expected, m/z =
421.1205 [M + H]*; observed, m/z = 421.1214); (D) Formation
of Bis-SSS-HPE-AM (expected, m/z = 453.0971 [M + H];
observed, m/z = 453.0923).

Figure 2.25 (A) Representative LC trace; (B) Mass spectra for the HS-HPE- 63
AM adduct from Na>S with HPE-IAM (expected, m/z = 212.0740
[M + H]"; observed, m/z = 212.0719).

Figure 2.26  (A) Extracted ion chromatograms from an LC/MS analysis of 63
Bis-S-HPE-AM formation from Na.S, 2h and 3h; (B) Mass
spectra for Bis-S-HPE-AM (expected, m/z = 389.1530 [M + H]*;
observed, m/z = 389.1489).

Figure 2.27 (A) Extracted ion chromatograms from an LC/MS analysis of 64
Bis-SS-HPE-AM formation from NaxS, 2h and 3h; (B) Mass
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spectra for Bis-SS-HPE-AM (expected, m/z = 421.1250 [M +
H]*; observed, m/z = 421.1205).

Figure 2.28 (A) Extracted ion chromatograms from an LC/MS analysis of 64
Bis-SSS-HPE-AM formation from NazS, 2h and 3h; (B) Mass
spectra for Bis-SSS-HPE-AM (expected, m/z = 453.0971 [M +
H]*; observed, m/z = 453.0927).

Figure 2.29 A comparison of sulfur species measured by detection of trapped 65

HPE-AM species from H>S with 4 and structures of polysulfide
adduct with HPE-IAM. HS-HPE-AM (expected, m/z = 212.0740
[M + H]*; observed, m/z = 212.0720); Bis-S-HPE-AM (expected,
m/z = 389.1530 [M + H]*; observed, m/z = 389.1489); Bis-SS-
HPE-AM (expected, m/z = 421.1250 [M + H]*; observed, m/z =
421.1203): Bis-SSS-HPE-AM (expected, m/z = 453.0971 [M +
H]*; observed, m/z = 453.0923).

Figure 2.30  Compounds 2h, 3h and 7 were incubated in A549 cell lysate (1 66
mg/mL) in the presence and absence of PMSF (esterase inhibitor)
for 3 h; cell ctrl refers to untreated cell lysate; + PMSF refers to
cell lysate were preincubated with PMSF for 30 min.
Fluorescence measurement (hex = 308 nm; Aem = 497 nm) was
carried out by varying concentrations of 2h and 3h; 7 refers to
dansylsulfinic acid.

Figure 2.31 Cell viability assay was carried out with varying concentrations 67
of compounds 2h, 3h and 7 on MCF-7 cells for 24 h. All data are
presented as mean + SD (n =3/group).

Figure 2.32 Cell viability assay was carried out with varying concentrations 67
of compounds 2h, 3h and 7 on MEF cells for 24 h. All data are
presented as mean + SD (n =3/group).

Figure 2.33 Cell viability assay was carried out with varying concentrations 68
of compounds 2h, 3h and 7 on A549 cells for 24 h. All data are
presented as mean + SD (n =3/group).

Figure 2.34 Confocal microscopy images of HNO and 7 in breast cancer cells 69
(MCF-7). HNO detection: MCF-7 cells were pre-incubated with
HNO-TCF dye 6 (20 uM) for 30 min followed by treatment of (i)
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4; (i) 2h (iii) 3h (200 uM) independently for 2 h. The cells were
imaged on Carl Zeiss LSM710 laser scanning confocal
microscope with anisotropy. The cells were imaged in the RED
channel (Alexa fluor 568 for HNO detection). (iv) 7 (200 uM);
(v) 2h (vi) 3h. The cells were imaged in the DAPI channel
(Detection of 7). (vii) Merged image of (ii and v); (viii) Merged
image of (iii and vi).

Figure 2.35 Bright-field images for (i) 4; (ii) 2h; (iii) 3h and (iv) 7 were 70
imaged on Carl Zeiss LSM710 laser scanning confocal
microscope with anisotropy.

Figure 3.1 B-glucosidase activated prodrugs 107

Figure 3.2 Design of B-glucosidase stimulated nitroxyl (HNO) donor 107

Figure 3.3 Detection of HNO using PCM 5. (A) Compounds 13a-13e were 111
incubated with PCM 5 and in the presence and absence of the -
glucosidase in buffer (pH 7.4) at 37 °C for 6 h. Dye refers to PCM
5; 4 refers to 2-bromo-piloty’s acid (Aex = 370 nm; Aem = 460 nm).

Figure 3.4 NO detection by Griess assay 111

Figure 3.5 Stability of prodrug 13a in buffer. (A) HPLC trace of stability of 112
13a (RT = 6.1 min; (B) Area under the curve corresponding to
13a (absorbance 230 nm).

Figure 3.6 HPLC traces and AUC for decomposition of 13a (RT = 6.1 min) 112
and formation of 14 (RT = 8.4 min) in the presence of -
glucosidase in buffer (pH 7.4).

Figure 3.7 Sequence alignment of B-glucosidase from white clover leaf 113
(Uniprot no. P26205) and almonds (Uniprot no. H9ZGDS).
Computational studies were performed by T. Anand Kumar
(Prof. Harinath Chakrapani Lab, IISER Pune).

Figure 3.8 The ligand binding pocket of B-glucosidase (PDB: 1CBG from 114
white clover [Trifolium repens]) was predicted using the CASTp
web server with a cartoon representation of the protein and probe
radius 1.4 A. The pocket was shown as surface colored as warm
pink. (B) Zoom view of the active site of pocket 1 containing

catalytic residues of $-glucosidase.
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Figure 3.9 Structures of compounds 15 and 13a-13e used for docking 116
analysis

Figure 3.10 Cartoon representation of docked compounds (A) 15; (B) 13a; 117
(C) 13b; (D) 13c; (E) 13d; (F) 13e into the active site of
cyanogenic B-glucosidase from white clover (Trifolium repens
L.; PDB = 1CBG). The docked ligands were shown in the stick
model and the active site residues are indicated by a 1-letter code.

The hydrogen, hydrophobic and pi-pi interactions are drawn as
blue, red and gray dotted lines, and the lengths are indicated. The
figures were generated using PyMOL v 2.0.

Figure 3.11 LigPlot shows the 2D interactions of compounds (A) 15; (B) 13a; 118
(C) 13b; (D) 13c; (E) 13d; (F) 13e with B-glucosidase. The
molecule is represented in a stick model. Active site residues are
labeled by a 3-letter code and represented as a ball and stick
model. The residues forming hydrophobic interactions are shown
as red arcs while the hydrogen bonds are shown as blue dashed
lines with indicated bond lengths (Table 3.4).

Figure 3.12 Cell viability assay was carried out with varying concentrations 119
of compound 13a-13c on MCF-7 cells for 24 h. All data are
presented as mean £ SD (n =3/group).

Figure 3.14 Cell viability assay was carried out with varying concentrations 119
of compound 13d-13e on MCF-7 cells for 24 h. All data are
presented as mean £ SD (n =3/group).

Figure 4.1 [-galactosidase sensitive prodrug strategies 144

Figure 4.2 Design of B-galactosidase triggered Nitroxyl (HNO) donor. (1) 145
The interaction of HNO prodrug with ASGPR, (2) Entry into the
senescent cells, and (3) B-galactosidase mediated cleavage of the
glycosidic bond to release HNO.

Figure 4.3 HNO Detection from compounds 20a-20b in the presence f- 148
galactosidase of using PCM 5 in buffer.

Figure 4.4 N20 detection from 20a by GC/MS analysis. N2O detection by 149
GC/MS analysis was performed by Dr. Vinayak Khodade (Prof.

J. Toscano’s lab, John Hopkins University, Baltimore, MD).
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Figure 4.5 Detection of HNO from compound 20a using N-acetyl 150
tryptophan.

Figure 4.6 NO detection from 20a using Griess assay. 151

Figure 4.7 (A) HPLC traces of 20a (RT = 6.9 min); (B) AUC for the stability 151
of 20a in buffer (pH 7.4).

Figure 4.8 (A) HPLC traces of 20a and 14; (B) AUC for decomposition of 152
20a (RT = 6.9 min) and formation of 14 (RT = 8.9 min) in the
presence of B-galactosidase in buffer (pH 7.4).

Figure 4.9 HPLC traces and AUC for decomposition of 20b (RT =12.2 min) 153
in the presence of B-galactosidase in buffer (pH 7.4).

Figure 4.10 A plausible mechanism of hydrolysis of the glycosidic bond by 154
[-galactosidase from E. Coli.

Figure 4.12 (A) Cartoon representation of docked compound allolactose into 155

the active site of B-galactosidase from E. coli (PDB ID: 1JYN;
resolution = 1.80 A). The docked ligands were shown in the stick
model and the active site residues are indicated by a 1-letter code.
The hydrogen, hydrophobic and pi-pi interactions are drawn as
blue, red and gray dotted lines, and the lengths are indicated. The
figure was generated using PyMOL v 2.0. (B) LigPlot shows the
2D interactions of allolactose with -galactosidase. The molecule
is represented in a stick model.

Figure 4.13 (A-B) Cartoon representation of docked compounds (A) 20a and 156
(B) 20b into the active site of B-galactosidase from E. coli (PDB
ID: 1JYN; resolution = 1.80 A). The docked ligands were shown
in the stick model and the active site residues are indicated by a
1-letter code. The hydrogen, hydrophobic and pi-pi interactions
are drawn as blue, red and gray dotted lines, and the lengths are
indicated. The figure was generated using PyMOL v 2.0. (C-D)

LigPlot shows the 2D interactions of compounds (C) 20a and (D)
20b with p-galactosidase. The molecule is represented in a stick
model. Active site residues are labeled by a 3-letter code and
represented as a ball and stick model. The residues forming

hydrophobic interactions are shown as red arcs while the
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hydrogen bonds are shown as blue dashed lines with indicated
bond lengths.

Figure 4.14 LC/MS study. Polysulfide formation was measured by detection 158
of trapped HPE-1AM species from NaS and 20a + NaS upon
incubation with B-galactosidase in PBS (pH 7.4) at 37 °C for 15
min. (A) Formation of HS-HPE-AM (Expected, m/z = 212.0740
[M + H]"; observed, m/z = 212.0715); (B) Formation of Bis-SS-
HPE-AM (expected, m/z = 421.1250 [M + H]"; observed, m/z =
421.1151); (C) Formation of Bis-SSS-HPE-AM (expected, m/z =
453.0971 [M + H]*; observed, m/z = 453.0865); (D) Formation
of Bis-SSSS-HPE-AM (expected mass = 485.0692; observed
mass = 485.0714).

Figure 4.15 (A) Representative LC trace for HS-HPE-AM adduct from NaxS 159
and 20a + NazS with HPE-IAM; (B) Mass spectra for HS-HPE-
AM (expected, m/z = 212.0740 [M + H]"; observed, m/z =
212.0715).

Figure 4.16 (A) Extracted ion chromatograms from an LC/MS analysis of 159
Bis-S-HPE-AM formation from NazS, 20a + NazS; (B) Mass
spectra for Bis-S-HPE-AM (expected, m/z = 389.1530 [M + H]*;
observed, m/z = 389.1441).

Figure 4.17 (A) Extracted ion chromatograms from an LC/MS analysis of 160
Bis-SS-HPE-AM formation from NazS, 20a + Na.S; (B) Mass
spectra for Bis-SS-HPE-AM (expected, m/z = 421.1250 [M +
H]*; observed, m/z = 421.1151).

Figure 4.18 (A) Extracted ion chromatograms from an LC/MS analysis of 160
Bis-SSS-HPE-AM formation from NazS, 20a + NaxS; (B) Mass
spectra for Bis-SSS-HPE-AM (expected, m/z = 453.0971 [M +
H]*; observed, m/z = 453.0865).

Figure 4.19 (A) Extracted ion chromatograms from an LC/MS analysis of 161
Bis-SSSS-HPE-AM formation from NaS, 20a + NazS; (B)
Mass spectra for Bis-SSSS-HPE-AM (Expected, m/z =
485.0692 [M + H]"; observed, m/z = 485.0714).
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Figure 4.20

Figure 4.21

Cell viability assay was carried out with varying concentrations 161
of compound 20a — 20b on MCF-7 cells for 24 h. All data are

presented as mean = SD (n =3/group).

ROS quenching assay was conducted on senescent A459 cells 162
with compounds 4, 20a, and BCA for 48 h; Ctrl refers to DMSO

treated cells; 4 refers to 2-bromopiloty’s acid; BCA refers to CSE

inhibitor. An assay for ROS detection in senescent A549 cells

was performed by Abraham Mathew (Dr. Deepak Saini lab, 11Sc,

Bangalore).
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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

' 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 @=n
H-NO
b gu o H7.4
N-O— B ——— B Pl
d Activation d Collapse o
4
HNO Donor O#H d
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intermediate
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G
Step 1
o0 o
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x S,
R=H; 1 OH o
R = COO'Bu; 2
intermediate

Fig. 1 (A) Amodular 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.

Chem. Commun., 2023, 59, 3415-3418 | 3415
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Certain N,N,0-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).*° 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
1a 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
ESI,i 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 ESLF
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

O. .. Ar

0 %5l
V)J\O,N\I(o
o
2

Scheme 1 Synthesis of 2. Ar refers to mono or di-substituted phenyl
groups.

b HO-NH-Boc ? B oo ArS0,-CI
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Table 1 Synthesis of N,O-protected hydroxylamines (1) from N,N,O-
protected hydroxylamines (2)

Entry ¥ Yield, %
1 H H 2a l1a 56
2 Br H 2b 1b 53
3 H Br 2c 1c 92
4 CF; 2d 1d a1
5 Br CF; 2e 1e 40
6 NO, H of 1f 95
7 H NO, 2g ig 65

A B "

.10 a+ES . 2EES

b ™~ 8

% <4

%05 ! x 2

g % B /

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, aknown HNO generator and yield of
HNO from this compound was assigned as 100%.

dansyl derivatives 1h and 2h (Fig. 3A, for synthesis see ESIL,
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, ESIf), extended
lifetime (7. = 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 ESL Fig. S7A). In the presence of esterase, in

This journal is © The Royal Society of Chemistry 2023
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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, T 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
177 h™* (see ESI,F 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 ESI, i 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 ESL{ Fig. S8) in aerobic conditions. The
donors 1h and 2h produced significantly lower amounts of NO
when compared with 3b (see ESL 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 ESL T
Fig. $10 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 ESI, Fig. S11C) and HNO (see
ESI,T 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 74) at 37 °C as monitored by LC/MS. 1h (expected,
mfz = 3351060 [M + H]*; observed, m/z = 335.1058), 4h (expected,
miz = 236.0739 [M + H]*; 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 + H]*; 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,f 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 ESILj 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 ¢-Boc group under these conditions (see ESI, Fig.
$12). LC/MS analysis of 2h + ES revealed the disappearance of
this compound (see ESL{ Fig. S13) and the formation of the
intermediate I (see ESLj Fig. S14), as well as the gradual
formation of 4h (see ESLj Fig. S15C). However, due to the
conditions used for LC/MS analysis (formic acid in the eluant),
we also observed the loss of the t-Boc group and the formation of
1h (Fig. S15A, ESIf) 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.
Theyield 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 Il is 8-9, see ESL}
Table S2). This observation supports a sulfinate leaving group-
independent mechanism for HNO generation, which is consistent

Chem. Commun., 2023, 59, 3415-3418 | 3417



Published on 17 February 2023. Downloaded by Indian Institute of Science Education & Research Pune on 3/20/2023 1:37:28 AM.

Communication

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 1hand 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 ESL{ 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,i 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{ 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 ESI i 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 ESL{ Fig. S16D and S20).
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. 523) as well as a fluorescence signal attributable to the
formation of 4h (DAPI channel, see ESLj Fig. S23, bright field
images, see ESL Fig. $24). 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 uM in
MCF-7 cells but higher cytotoxicity in MEF and A549 cells was
observed (see ESL, T 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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