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General remarks

'H NMR spectra were recorded on JEOL ECX 400 MHz spectrometer using
tetramethylsilane (TMS) as an internal standard. Chemical shifts are expressed in
ppm units downfield to TMS.

3C NMR spectra were recorded on JEOL ECX 100 MHz spectrometer.

Mass spectra were obtained using HRMS-ESI-Q-Time of Flight LC-MS (Synapt
G2, Waters) or MALDI TOF/TOF Analyser (Applied Biosystems 4800 Plus).
FT-IR spectra were obtained using NICOLET 6700 FT-IR spectrophotometer as
KBr disc or Bruker Alpha-FT-IR spectrometer and reported in cm™.

All reactions were monitored by Thin-Layer Chromatography carried out on
precoated Merck silica plates (F254, 0.25 mm thickness); compounds were
visualized by UV light.

All reactions were carried out under nitrogen or argon atmosphere with freshly
dried solvents under anhydrous conditions and yields refer to chromatographically
homogenous materials unless otherwise stated.

All evaporators were carried out under reduced pressure on Bichi and Heildoph
rotary evaporator below 45 °C unless otherwise specified.

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

Semi-preparative HPLC purification was performed using high performance
liquid chromatography (HPLC), Dionex ICS-3000 model and preparative HPLC
with C-18 preparative column (21.2 mm x 250 mm, 10 um; Kromasil C18).

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

NO was detected using Sievers Nitric Oxide Analyzer (NOA 280i).
Spectrophotometric and fluorimetric measurements were performed using Thermo
Scientific Varioscan microwell plate reader.

Scheme, Figure and Compound numbers in abstract and individual chapters are
different.
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ABSTRACT
Nitric oxide (NO) is an endogenously produced gaseous signalling molecule with cancer
therapeutic potential. Since NO is unstable under ambient conditions, it is difficult to
generate as well as reliably detect this gas. Although a number of methodologies for
enhancement as well as detection of NO are available, these events are typically mutually
exclusive. The most common problem during NO delivery and concomitant detection is
consumption of NO. Thus, a strategy where a small molecule can generate NO in a
controlled manner to the cancer cells selectively along with a fluorescence reporter for
NO would be useful for NO based cancer therapy. As a proof-of-concept, we first
designed and synthesized FLUORO/NO, a new class of triggerable NO donors with an
in-built fluorescence reporter. Upon activation by an esterase enzyme the compound
produces NO as well as a fluorescence signal simultaneously, without NO consumption.
Cellular studies with a FLUORO/NO derivative revealed a dose-dependent enhancement
of NO as well as fluorescence. Next, in order to deliver NO selectively to cancer cells, a
second stimulus for activation was chosen: hydrogen peroxide (H20,), a reactive oxygen
species (ROS). As ROS is frequently found to be elevated in rapidly dividing cells such
as cancers, H,O, has been previously used to specifically activate prodrugs and latent
fluorophores (as imaging agents) in cancers. Boronate ester is known to react with H,O;
to produce an alcohol; hence this functional group was chosen as the metabolic stimulus.
We designed and synthesized a series of arylboronate ester based diazeniumdiolates
(BORO/NO). Having established that BORO/NO derivatives are capable of generating
NO when triggered by H,0,, next we synthesized Thera/NO, a H,0, activated NO donor
with fluorescence reporter. Upon activation by H,O, in buffer, a nearly quantitative
correlation between fluorescence signal and NO generation is observed. When
encountered with cellular situations with varying ROS levels, Thera/NO is observed to
preferentially generate NO in cell lines with elevated ROS levels. Together, we have
developed a convenient tool to enhance NO selectively in cancer cells and allows real-
time monitoring of NO release without collateral consumption of NO. Further adaption of

this technology to better direct NO to cancers is possible.

In addition to NO, a number of other redox active reactive species have important

biological roles. Controlled generation as well as reliable detection of these species is

X1
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challenging. In order to assess the generality of the method developed herein, we aimed
to develop a ROS generator with a fluorescence reporter. This tool would be useful to
deliver and real-time monitor ROS generation in cells without the need for secondary

assays.
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Chapter 1

CHAPTER 1: Introduction
1.1. Nitric oxide

Nitric oxide (NO) is a colourless paramagnetic free radical gas, discovered by Joseph
Priestley in 1772. NO, initially considered as a toxic and carcinogenic air pollutant produced
from fuel burning, became the ‘molecule of the year’ in 1992 on the cover story of Science
due to the discovery of its wide range of biological functions, including smooth muscle
relaxation, inhibition of platelet aggregation, neurotransmission and host defense
mechanisms.'™ This remarkable discovery was honoured with the Nobel Prize in the field of
Medicine and Physiology to Ferid Murad, Loius J. Ignarro and Robert F. Furchgott for
discovering NO as major signalling molecule in the cardiovascular system. Subsequently,
extensive research started in order to explore the role of NO in physiological processes other
than cardiovascular system. It is the first gaseous molecule that acts as a biological messenger

in mammals.>%’

1.2. Biosynthesis of nitric oxide

NO is produced in nearly all the living cells and mediates numerous physiological processes.®
It is endogenously synthesized by a class of enzyme called nitric oxide synthases (NOS),
through the stepwise oxidation of L-arginine into L-citrulline, during this process NO is
produced (Scheme 1.1).2’3’9 In mammalian cells, there are three major distinct isoforms of
NOS are present: endothelial NOS (eNOS or NOS 3), neuronal NOS (nNOS or NOS 1) and
inducible NOS (iNOS or NOS 2). The eNOS and nNOS are constitutively expressed in the
endothelial cells and in the neuronal cells, respectively and release NO in nanomolar range
(calcium-dependent isoforms). Whereas, iNOS is expressed upon stimulation of immune cells
and produce a burst of NO in micromolar range for long time (calcium-independent isoform).
The catalytic activity of NOS depending on the availability of several cofactors and
cosubstrates, such as nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine

dinucleotide (FAD), and tetrahydrobiopterin (BH,).»'?

HO HO HO
(e} NOS (e} o
HoN 0, HO  H,N 0, HO0  HoN
NADP
N NADPH uy VZNADPH  12NADPT
o ' o
H,N H,N  OH HoN
L-Arginine N-Hydroxyarginine L-Citrulline  Nitric oxide

Scheme 1.1. Biosynthesis of nitric oxide from L -arginine
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Under hypoxia, reduction of nitrite (NO, ) can provide an alternative, oxygen-independent

source of low levels of NO (Scheme 1.2).'%!!

Hypoxia Reduction

Normoxia 0, Oxidation

Scheme 1.2. Biosynthesis of nitric oxide. NO is generated from L-arginine by the enzyme NOS under
normoxic conditions. Under these conditions, NO is oxidized to nitrite and nitrate. Under hypoxia,

nitrite is reduced to NO in a NOS-independent pathway.
1.3. Biological effects of nitric oxide

NO mediates various physiological processes in the body, and its effects are largely
concentration-dependent.® The biological effects of NO are divided into direct and indirect
effects, which highly rely on the concentration of NO (Figure 1.1). At low concentrations,
NO exerts direct effects on cellular systems. One of the most important biochemical effects of
NO is the activation of soluble guanylate cyclase (sGC), which catalyzes the conversion of
guanosine triphosphate (GTP) to 3',5'-cyclic guanosine monophosphate (cGMP), a secondary
messenger. This, in turn, leads to the activation of cGMP-dependent protein kinases,
phosphodiesterases and cyclic nucleotide gated ion channels, which ultimately promote the
main biological functions of NO, including vasodilation, inhibition of platelet aggregation

. 12
and smooth muscle relaxation.
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(o) ‘ Signaling

eNOS sGC

nNOS

INOS GTP Direct effect
-Arglnme— _____________________________________________________

Indirect effect

(o) @ | S
Nitrotyrosine DNA Strand breaks
Nitroquanosine : : Lipid peroxidation

Hydroxylation
Nitrosothiols
Nitrosamines

ON JO uoeIU3IUO0D

Nitrosative stress

Figure 1.1. Concentration dependent biological effects of NO

In contrast, at higher concentration, NO reacts with various reactive oxygen species (ROS) to

produce reactive nitrogen species (RNS), which exert indirect effects such as, oxidation,

nitration and nitrosation (Figure 1.1 and 1.2)."™™

1)

2)

7,8,10,12-14
For example,

The reaction of NO with molecular oxygen (O;) forms nitrogen dioxide (NO,), which
further reacts with NO to form unstable species dinitrogen trioxide (N,O3). In
physiological media N,Os3 forms nitrosonium ion (NO") and nitrite (NO, ). Thus,
nitrosonium ion can nitrosylate nucleophiles in cells like thiols, metals, secondary
amines and can form oxidized species like S-nitrosothiols, metal-nitrosyl complexes,
N-nitrosamines.

NO reacts with superoxide anion (O,*") in a diffusion-controlled manner to form a
strong oxidant species, peroxynitrite (ONOO ), which is short-lived molecule (<10
ms) in aqueous medium, forms peroxynitrous acid (ONOOH) and is rapidly oxidized
to nitrite (NO,") and hydroxyl (*OH) radicals. The nitrite radical can lead to nitrate
biomolecules especially nitration of protein that contain tyrosine. On the other hand,
the formation of hydroxyl radical (*OH) leads to hydroxylation, peroxidation of lipids
and DNA damage.
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Deamination

of DNA;
0, 2NO . DNA Damage
2NO 2NO, N0; — > 2NOT —
Nitrogen Dinitogen oNO,- Nitrosonium
dioxide trioxide o2 ion H8&-S. Protein
Nitrite NO Nitrosylation
Nitrosylating species
H+
NO + O,~ ONOO® =——— NO, + ‘OH
Superoxide  Peroxynitrite Nitrogen Hydroxyl Q0H
N . dioxide radical
Nitrating species /l\ \ Lipid Peroxidation
% J /S
. HO
—NO,  O,N
2 /%Q Protein
DNA Protein  DNA Oxidation
Nitration Nitration =~ Damage

Figure 1.2. Cytotoxic effects of NO mediated by reactive nitrogen species (RNS).
1.4. Nitric oxide and cancer

The importance of nitric oxide (NO) in mediating numerous cellular processes is by now well
established. The relationship between NO and cancer is complex and is largely dependent on
the location, concentration, duration of release as well as the presence or lack thereof of other
reactive entities.>”'*"> Several investigations have shown that low levels of NO promote
cancer growth, while higher concentrations of NO induce cancer cell death.'®"® Numerous
studies have shown that cancers have elevated levels of NO in comparison with paired
normal cells. So, the tumour cells required an optimal concentration of NO for its
proliferation. However, very low levels of NO or very high levels of NO is toxic to tumour
cells. This provide a therapeutic opportunity to target cancer either by lowering the
concentration of NO using NOS inhibitors to inhibit tumor growth or by increasing the level
of NO using NO donors to induce tumor cell death (Figure 1.3)."" Thus, a number of studies
have focused on dissipating NO within tumours by using inhibitors of NOS such as L-
NAME." Due to the decreased levels of NO, tumour growth is slowed. However, the use of
NOS inhibitors requires long term, systemic administration that may result in hypertension

and tumour regrowth if treatment is come to end prior to complete eradication.
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f
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—
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Figure 1.3. Concentration dependent effect of NO in tumor.

J

Meanwhile, numerous parallel studies focused on increasing NO concentrations at the tumor
site to induce tumor cell death. Due to increased metabolism associated with rapidly dividing
cells, tumors also have elevated levels of reactive oxygen species (ROS) including
superoxide radical anion. Thus, enhancement of NO within cancers is expected to produce
peroxynitrite (ONOO ), a product of rapid combination of NO and superoxide anion radical,

that may be highly toxic to cancers.”'*

Furthermore, NO synergized with established drugs
including doxorubicin and cis-platin and contributed to inhibition of drug efflux pumps that
decreased intracellular availability of the drug. Multidrug resistance (MDR) is the one of the
major problems associated with failure of cancer chemotherapy. *>** Cancer cells are known
to overexpress efflux pumps that reduce the intracellular accumulation of a drug, which leads
to MDR.*"* P-glycoprotein (P-gp), multidrug resistance related proteins (MRPs) and breast
cancer resistance proteins (BCRP-1) are the primary efflux pumps involved in this process.*”
3 One of the strategies to reverse MDR is co-administration of anticancer drugs with efflux
pump inhibitors. These agents inhibit the efflux pump thus allowing the intracellular
accumulation of the anticancer drug, which consequently restores the antitumoral activity in
resistance cell lines. These complex molecules belong to the third generation of P-gp
inhibitors that have been studied in clinical trials.** P-gp inhibitors have some limitations
including immunosuppressive effects and cardiovascular effects.”>’ NO has been reported to
inhibit efflux pumps and may therefore become an alternative to these P-gp inhibitors.*®
Extensive studies confirm that the antitumor effect of cancer chemotherapy agents was
enhanced by the use of NO donors. The major reason is that NO donors generate reactive
nitrogen species, which nitrate tyrosine residue of the efflux pumps which leads to increased
intracellular drug accumulation and enhanced anticancer effect against drug resistant cancer
cells.**** Solid tumours have significant regions where oxygen concentration is diminished,

41,42

hypoxia. This condition is rather difficult to treat and hypoxic cells have an increased

. . .. . . 4
propensity to develop resistance to doxorubicin, for example NO can reverse this resistance.*’
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Furthermore, NO can also act as a hypoxic radiosensitizer, due to low oxygen concentrations,
solid tumors becomes less sensitivity towards radiation therapy. NO mimics the oxygen role
and sensitize solid tumors to the radiation therapy.

Increase of intracellular
Drug accumulation

Cancer Cells

Decreased
drug efflux

ROS
S # —> O,N
VTN e
St B T

DNA mutation Protein Nitration Lipid
and damage Nitrosylation  Peroxidation

Hypoxic
radiosensitizer

Figure 1.4. Cellular effects of nitric oxide
1.5. NO Delivery system

The relationship between NO and cancer is complex and depends on the concentration of NO
and duration of release.® A number of efforts towards delivering NO to cancer cells as a
tumoristatic agent are in development, which is mainly consists of iNOS gene therapy and
NO donors (alone or in combination or in hybridization with an anticancer drug) based

therapy.
1.5.1. iNOS gene therapy

Enhancement of intracellular NO can be achieved by increased expression of NOS.
Transfection of the relevant gene should result in increased NOS levels. Among the isoforms
of NOS, iNOS has the capacity to increase high levels of NO.*** Efforts have been made to
encapsulate the plasmid encoding the iNOS protein. Delivery and subsequent expression of

46-48 -
Exposure of such cancer cells to cytotoxic

this protein will produce NO within cells.
agents including doxorubicin revealed the enhanced sensitivity of drug-resistant cells to
doxorubicin. Subsequent studies have shown nitration of tyrosine residues in drug efflux
pumps results in decreased efflux capacity resulting in larger accumulation of the drug within
cells. Currently, many types of vectors have been employed for iNOS gene delivery,
including adenoviral vectors, cationic liposomes, bioinspired recombinant vectors, and

retroviral vectors. The effects of iINOS gene therapy have been demonstrated on various

cancer cells and numerous animal models.**** Although iNOS gene therapy is highly
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effective in enhancing NO in cancer, this strategy must overcome many problems such as
selectivity, toxicity and the requirement of cofactors for NOS.’®® Furthermore, the

concentration of NO produced may be difficult to control and may present challenges.
1.5.2. NO donors based therapy

NO is unstable under ambient conditions, it is difficult to generate NO directly within cells.
Other strategy of NO delivery is use of exogenous donors to generate NO within cells.
Different classes of NO donors are available to enhance NO in cells, including organic
nitrates, metal-NO  complexes,  S-nitrosothiols, furoxans, sydnonimines and
diazeniumdiolates (Figure 1.5).">*"¢"® These NO donors have been investigated as potential
medicinal agents for cardiovascular, cancer, antibacterial, and wound healing. Among the
current NO donors, only organic nitrates and sodium nitroprusside (SNP) are available for
clinical use.®*® However, taking nitrates for long-term showed side effect such as
hypotension, headache and evolving tolerance. The metal nitrosyl complex SNP is a potent
vasodilator but prolonged administration of SNP leads to cyanide accumulation in the
body."*'>% Recently, 1-Bromoacetyl-3,3-dinitroazetidine (2) releases high levels of NO
selectively under hypoxic conditions at a sustained but accelerated speed to exert potent
antitumor activity.®”” Several lines of evidence suggest that the antitumor effect of certain
cancer chemotherapy agents enhanced by nitric oxide treatment. However, the use of co-
treatment with NO donors and an anticancer drug while effective may again suffer for
differences in bio distribution of the NO donor and the drug. The NO donor must co-localize
in the tumour and must be able to produce NO concurrently with the drug and only in the
tumour. This may be challenging, which can be overcome by covalent modification of NO
donor with anticancer drugs called NO donor-drug hybrids. This approach has numerous
advantages including delivery of NO at the site of drug action. The challenges would be to
localize the conjugate at the tumour site and future work will focus on directed delivery of
drug conjugates. For therapeutic purpose, need a triggerable NO donors, should release NO
in a controlled and sustained manner selectively at cancer site to avoid the drawbacks
associated with traditional NO donors. Therefore, researchers are actively looking for a new
NO donor vehicles capable of delivering precise NO doses directly to specific tissues for

improved therapeutic output and reduced side effects.
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Figure.1.5. Structural representation of various classes of NO donors
1.6. Cancer targeted delivery of NO

As NO is a free radical, short-lived, highly diffusible and reactive gas that easily gets
oxidized to inactive forms, namely, nitrate and nitrite, therefore delivering NO within the
target is a challenging job. Although, number of NO donors has been reported to enhance
NO, diazeniumdiolates are the highly efficient, reliable and versatile class of NO donors over
others. Each molecule of diazeniumdiolate spontanecously generates upto two moles of NO
under physiological conditions with half-lives ranging from a few seconds to several hours
depending on the groups present on the amine nitrogen.””*"”! The different rates of NO
release of these salts could be leveraged to develop NO donors for very specific needs.
Diazeniumdiolates release NO in a non-specific manner in aqueous solution, which cannot be
used to selectively deliver NO within cancer due to their non-specific activation which may
result in systemic side-effects. In order to overcome this problem, the O*-protected
diazeniumdiolates are developed by derivatizing the terminal oxygen with a protecting group
(Scheme 1.3). Generally, the protecting groups incorporated for derivatizing
diazeniumdiolates are substrates for cellular enzymes. Thus, unlike free diazeniumdiolates,
the protected diazeniumdiolates are more stable in physiological solutions. Further, the 0*-
protected diazeniumdiolates are converted into an active NO-donor by specific enzymes

present within cells and thus ensure intracellular release of NO (Scheme 1.3).%
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Scheme 1.3. Mechanism of activation of O’-protected diazeniumdiolates based NO prodrug by
specific trigger for delivery of NO within cells

For cancer target delivery, need to select an appropriate protecting group, which should be
metabolically removed by enzymes that are highly overexpressed in cancer cells. Based on
this concept number of O’-protected diazeniumdiolates based NO-prodrugs have been
reported to deliver NO to the cancer site. For example, NO donors that are activated by

77 and DT-diaphorase’® are known (Figure 1.6). Although

esterase (2a)’?, B-galactosidase
some of these enzymes are over-expressed in tumours, cancer-selectivity data for these NO
donors are not available. Lastly, glutathione/glutathione S-transferase (GSH/GST) NO
prodrugs such as JS-K”” and PABA/NO’® are reported (Figure 1.6). Although these thiol-
activated NO donors have limited cancer specificity, they have potent anti-proliferative
activity in animal models, supporting the further development of NO as a tumoristatic agent.
R N R pH 7.4
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Figure 1.6. Selective examples of diazeniumdiolate based NO donors R’ and R” = various groups

However, in order to infer the production of NO from these NO donors, secondary assays are
required.””®! In addition to the site directed NO delivery, real-time monitoring of NO in cells
is another important challenge needs to be addressed, which will be discussed in the

following section.
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1.7. Monitoring of NO in cells

Since the concentration, and spatial and temporal information of NO in living cells are crucial
for its functions, enormous efforts have been directed towards the development of sensitive
methods to analyse NO generation and distribution in living cells. NO is a short lived
(lifetime in seconds)®, highly diffusible (diffusion coefficients approaching 3300 pm?®.s' in

physiological buffer)®***

and highly reactive towards biomolecules, precise detection of NO
in a biological systems is highly challenging. For example, the colorimetric Griess assay is
the most popular method for the analysis of NO. First developed in 1879, the Griess assay
measures NO indirectly as nitrite (NO5 ), a product of NO’s autooxidation.*> NO produced
from the compound is converted into nitrite, which subsequently reacts with the Griess
reagent (i.e., Sulfanilamide and N-(1-napthyl) ethylene diamine) to form an azo dye with an
absorbance maximum at 540 nm which can be detected using conventional UV-visible

absorption spectroscopy (Figure 1.7).”**® The amount of nitrite released was estimated

from a standard calibration curve generated using sodium nitrite (NaNO;) solution.

2NO, + *—» N2O; + H0 —» 2NOy 7'—> 0, /©/
\
T /\/NH2

HoN \\

HM*S@NHZ
s N-1- naphthylethylenedlamlne

Sulfanilamide

: Oy
Ol

NO-Releasing Material Azo Dye

Figure 1.7. The reaction of nitrite (NO, ) with Griess assay reagents forms an azo dye.

Although inexpensive, readily available commercially, and useful for the indirect
determination of NO totals, the limit of detection for Griess is only ~2.5 uM. Proteins and
other additives interfere with the Griess assay, acting as either positive or negative
interferents. For example, positive interferents such as NOS and hemoglobin absorb light
around 540 nm. Nitrite can react with cysteine, tyrosine, ascorbate, and NADPH which leads
to negative interference to the assay. Additionally, NO and nitrite are readily oxidized to
nitrate resulting in superficially low NO values. Furthermore, acidic environment is required
to perform this assay, which is not biocompatible.”**** Real-time analysis of NO generation

using the Griess assay is not possible. Despite such drawbacks, the commercial availability of
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reagent kits and the ability to employ high throughput 96-well microtiter plates make it a
useful method for studying NO release.

Several other methods such as chemiluminescence, electron paramagnetic resonance (EPR)
spectroscopy, amperometry and magnetic resonance imaging (MRI) have been applied for
NO detection in vivo, but they suffer from low spatial resolution and in some cases require
complicated instrumentation.******** Furthermore, all the above methods require invasive
procedures to detect NO in in vivo. Compared to all other NO detection techniques,
fluorescence imaging has many advantages in view of its sensitivity, selectivity,
spatiotemporal resolution, and experimental feasibility. Furthermore, this method can provide
in vivo and in situ visualization of NO in cells and tissues in a non-invasive way.”* Therefore,

fluorogenic methods have been recognized as a reliable approach for the monitoring of NO.

Nagano’s group first developed a series of o-diamine functional groups containing

95-98

fluorescence probes. This probes work based on the principle of photo induced electron

transfer (PET). Here o-diamine acts as a fluorescence quencher. Under aerobic condition NO
reacts with o-diamine to produce an electron deficient triazole adduct, which dissipates the

PET pathway and restores the fluorescence (Figure 1.8).”

NH; HN-N
NH; N
PET
eT *ig@t
4>
0;

Fluorophores Fluorophores
Weak Fluorescent Highly Fluorescent

Figure 1.8. Mechanism of fluorescence response of o-diamine based NO probe

Based on this concept, number of o-diamine probes were developed and applied to detect NO
in living cells, including o-diaminofluoresceins (DAFs), o-diaminorhodamine (DARs),

DAMBO and o-diaminocyanines (DACs) (Figure 1.9).%°
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DAF DAR-4

Figure 1.9. Structure of o-diamine based NO probes

Among these probes, DAF is a commercially available and frequently used secondary assay
to measure intracellular NO. In this assay, the cells were treated with weakly fluorescent
DAF-2 DA dye, which gets hydrolysed upon its entry inside cells to form a weakly
fluorescent species DAF-2. DAF-2 reacts with oxidized product of NO (N,0O;) and forms a
highly fluorescent triazole moiety, DAF-2T (Figure 1.10).

/ m Cell\
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R /L\\ —
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Weak Fluorescent
DAF-2
wak Fluorescent Fluorescent ex: 495 nm, em: 53W

Cell Permeable
Figure 1.10. Detection of intracellular NO using a fluorescence based DAF assay

Major limitation with o-diamine based probes is that, these probes react with oxidized NO
products and not with NO itself, resulting in the inability to reflect real-time NO production
(Figure 1.11). Diaminofluorescein probes are susceptible to the interference by both oxidants
and antioxidants such as dehydroascorbic acid (DHA), ascorbic acid (AA), glutathione,
certain phenolic compounds, possibly due to the highly electron rich o-diaminophenyl group.
Efflux of DAF-2 was commonly seen in cultured endothelial cells, which is another

limitation of this probe. '®°
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Figure 1.11. Mechanism for triazole formation

In order to address this limitation, Lippard and coworkers have developed a copper (CuFL)

%1 This probe

based fluorescence probes for selective image NO in living cells (Figure 1.12).
is non-toxic, cell permeable and rapidly reacts with NO in a selective manner compared to a
wide range of ROS, RNS and other additives. This probe showed an excellent fluorescent
property as well.

= =

N NS

N N
N i’@ J-No
CI/CU
cl cu(l cl
l COOH O COOH

CuFL (non-fluorescent) FL-NO (fluorescent)

Figure 1.12. CuFL based fluorescence probes for NO
1.8. NO donor with a fluorescence reporter

The therapeutic value of NO is well documented, and a complete realisation of its potential
relies on precise spatiotemporal control over NO generation.**' Exogenous sources of NO
(“NO donors”) are used for this.®"”" Some NO donors spontaneously dissociate to produce
NO, whereas others are triggered intracellularly and dissociate to produce NO (Scheme

102-1 . . .
1.x)."%19%1% However, in order to infer the production of NO, secondary assays are used,
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typically fluorescence-based cellular assays for reactive nitrogen species (Scheme
1.4.a).51910L110 gince, NO is a free radical and highly reactive species, once released inside
the cell, it can react with different molecules that are present inside cell, as a result of which
measurement of NO by secondary assays might be inaccurate. All the secondary dyes are
used to detect only free NO (unbound) in living cells and treatment of cells with these
secondary dyes often renders them unsuitable for further study. Furthermore, measurement of
NO with these secondary dyes invariably associated with consumption of NO. Enhancement
of NO within cells as well as simultaneous detection is cumbersome. So real-time monitoring
of NO in cells is challenging. One possibility to address this task is to introduce a fuorescent
reporter in the NO donor. Thus, a strategy where a small molecule can generate NO along
with a fluorescence reporter, for the produced NO would be useful (Scheme 1.4.b), which

will eliminates the need for the secondary assays to monitor the release of NO.

(a) Turn-ON NO
% NO Probe
Trigger F/uoégsncaelnce
(b) Turn-ON Fluorescence & NO
PO
Trigger fluéfc;‘;zgre Flucg‘zsr::aelnce

Scheme 1.4. (a) Stimuli responsive nitric oxide generation by a NO donor requires a secondary probe
for detection of NO produced. (b) Incorporation of a latent fluorophore in the donor eliminates the
need for the secondary probe for monitoring of NO.

It is therefore necessary to develop a reporter linked NO donors. A photochemical trigger
offers a high degree of spatiotemporal control over NO generation and useful for ON-
Demand NO generation.''™""7 A number of methodologies for light-activated generation of
NO with a fluorescence reporter are known. For example, Mascharak and coworkers have
developed a light-triggered ruthenium based NO donors with fluorescencent reporter
(resorufin or dansyl chromophores) to track NO in cells (Figure 1.13).""®!'" However, this

system displays turn-OFF fluorescence signal upon NO release.

14
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Figure 1.13. Photosensitive Metal-based NO donor with a fluorescence reporter

For real-time monitoring of NO, turn ON fluorescence signal would be useful. Same group
developed a turn ON system to track NO release in cells. But because of the fluorescence
bands (metal bound and free dye) overlapping, monitoring of NO in cells is difficult with this

method.'?°

Next, Sortino and coworkers have developed a light activated NO donor with
fluorescence reporter.'*''*° Although, this system is fluorescence turn ON type, nitroaniline
derivative was used as a NO donor, which is not an efficient NO donor. Recently, a
nanoplatform for light triggered target specific NO delivery methods also reported but this
system generates NO as well as singlet oxygen.'>” Several materials-based methods for NO
generation are known, but they have limitations, such as consumption of NO or being a turn-
off fluorescence methodology.'**'* However, all the above methods required light as a
trigger, most optically triggered approaches utilize UV light, which limits tissue permeability

and triggers toxic side effects. A nitric oxide delivery system with a fluorescence reporter for
broad applicability is not yet available.
Therefore, we need a new NO donor, which should have the following characteristics,

1) It should be a triggerable NO donor

2) The trigger should be cancer selective

3) Fluorescence reporter signal should be turn ON type

4) Fluorophore should not consume NO during its detection

5) It should release NO in a controlled and sustained manner at a cancer site

15
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Weinstein et al. reported real-time monitoring of drug release using a reporting drug delivery
system (RDDS) where a 7-hydroxycoumarin linker was used as a fluorescent reporter. 7-
hydroxylcoumarin derivative was attached to the peptidase substrate to one end and to the
drug molecule on the other end. Upon activation of RDDS, a spontaneous 1, 8- elimination

reaction takes place and release the drug and reporter molecule (Figure 1.14)."°

" o O@ Activation /E:EI\OH HO@
\O o Yo AN > HO o~ Yo +

Fluorescence: OFF Fluorescence: ON

Figure 1.14. 7-Hydroxycoumarin was used as a fluorescence reporter for real time monitoring of drug
release

Therefore, based on the above strategy of real-time monitoring of drug release, in Chapter 2,
we propose FLUORO/NO, a nitric oxide donor with fluorescence reporter. In the presence of
esterase it produces NO and fluorescence signal without consumption of NO during its
detection. The trigger that we had is esterase, which is present in nearly all cells, and
therefore the compound will be suitable for a range of cell biology studies. In order to study
the precise role of NO in cancer, we need a cancer specific trigger. Since cancer cells produce
higher level of H,O, compared with normal cells, as a proof of concept in Chapter 3, we
propose BORO/NO, a NO donor without fluorescence reporter, which are capable of
generating NO when triggered by H,O,. Next, in Chapter 4, we propose Thera/NO, a H,0,
activated NO donor that can be used for selectively delivering and monitoring the release of

NO in cancer cells.

The versatility of this scaffold for real-time monitoring of NO release was demonstrated by
incorporating two distinct triggers and can, in principle, be extended to other stimuli of
interest as well. Altogether, the results presented in this thesis address important problems
associated with real-time monitoring of NO in cells and site-specific delivery of NO as well.
It is anticipated that these tools will find use in interrogating NO biology, which is yet to be

completely understood.

Finally, Superoxide is also endogenously generated by NADPH oxidase and further single
electron reduction produces H»>O,, which converts into highly toxic hydroxyl radial in the
presence of metals ions. Superoxide and hydrogen peroxide and hydroxyl radial are

24,131,132

collectively called reactive oxygen species (ROS). During immune response both
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ROS and NO are produced to counter pathogens.'®**'*3"1** NO and ROS are interconnected
with each other and plays very important role in the biological system."**"*’ Like NO,
reactive oxygen species are short half-life, highly unstable under ambient condition.
Controlled and localized generation of ROS in cells is challenging. Number of ROS donors
have been reported, however in order to infer the production of ROS in cells, multiple
independent assays are required.”**'* Finally, in chapter 5, using the coumarin based
strategy, we proposed an esterase sensitive ROS donor with a fluorescent reporter. This tool
would be useful to deliver and real-time monitor ROS release in cells without the need for

secondary assays.
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CHAPTER 2: FLUORO/NO: A Nitric Oxide Donor with a Fluorescence Reporter

2.1. Introduction

Nitric oxide (NO) is a key biomolecule that is produced in nearly all cells and can mediate
numerous cellular processes including vasodilation, neurotransmission and immune
response.'* The therapeutic value of NO is well documented, and a complete realisation of its
potential relies on precise spatiotemporal control over NO generation.> Exogenous sources of
NO (“NO donors”) are used for this.** Some NO donors spontaneously dissociate to produce
NO, whereas others are triggered intracellularly and dissociate to produce NO (Scheme
2.1.2).°"* However, in order to infer the production of NO, assays are used, typically
fluorescence-based cellular assays for reactive nitrogen species (Scheme 2.1.a).">'* As NO
and its derivatives are short lived and highly reactive towards biomolecules, precise detection
of NO in biological systems is highly challenging. Furthermore, the measurement of NO is
invariably associated with consumption of NO.'” Thus, a strategy where a small molecule can
generate NO along with a fluorescence reporter, for the produced NO would be useful
(Scheme 2.1.b), which will eliminates the need for the secondary assays to monitor the

release of NO.

(a) Turn-ON NO
’_@\ o Probe
) Fluorescence
Trigger Signal
(b) Turn-ON Fluorescence & NO
—_— + NO
; Latent Fluorescence
Trigger fluorophore Signal

Scheme 2.1. (a) Stimuli responsive nitric oxide generation by a NO donor requires a secondary probe
for detection of NO produced. (b) Incorporation of a latent fluorophore in the donor eliminates the

need for the secondary probe for monitoring of NO.

Derivatives of 7-hydroxycoumarins have been previously used as latent fluorophores suitable

for drug delivery as well as imaging.'®"

Here, when substituted by an alkyl or aryl group,
fluorescence of the compound is diminished. However, upon cleavage of the group to
produce a free alcohol, a significant increase in fluorescence is seen. Using this property, a
number of probes for a variety of analytes have been designed and developed (Scheme

2.2).18:20
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Activation
ﬁ'

Trlgger
Fluorescence OFF Fluorescence ON

Scheme 2.2. 7-Hydroxycoumarin was used as a latent fluorophore in drug delivery as well as imaging
of various analytes

In addition, substitution at the 3-position of 7-Hydroxycoumarin with a methylene
functionality containing a suitable leaving group has been reported to undergo rearrangement
to release the leaving group. For example, Weinstein et al. reported real-time monitoring of
drug release using a reporter where 7-hydroxycoumarin derivative was used as a fluorescent
reporter. The phenolic alcohol of 7-hydroxycoumarin derivative was connected to the trigger
and the hydroxymethyl substituent was attached to the drug molecule. Upon trigger
activation, a spontaneous 1,8-elimination reaction takes place, leading to the release of drug
and generation of coumarin quinone-methide. Addition of water molecule to the reactive

quinone methide leads to the formation of the highly fluorescent coumarin derivative

(Scheme 2.3)."°

X o

Fluorescence OFF Trlgger

1,8-Elimination

*%ﬁf o D

Fluorescence ON quinone-methide

Scheme 2.3. 7-Hydroxycoumarin was used as a fluorescence reporter for real time monitoring of drug
release

Using the coumarin-based strategy, FLUORO/NO (5) was designed the compound was
expected to permeate cells to be cleaved by esterase to produce the highly fluorescent 12 and
the nitric oxide-releasing DEA/NO. If the release of NO and the fluorescent 12 is nearly

concurrent, a secondary assay for NO would not be necessary to monitor NO generation
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(Scheme 2.4). The triggers that we chose were metabolically relevant, esterases are present in

nearly all cells, and therefore the trigger would have broad relevance.

Fluorescence: OFF Fluorescence: ON Nitric oxide: ON
o, /—
N-N
%’LO/\O o o C 707'\]/N7N\7 -
pH 7.4
5, FLUORO/NO
DEA/NO
Nitric oxide: OFF
074r Ve

- N=-N
i P
N-N -

NoN M N ‘o 0o

HO O o Yo \, Self-Immolation
HCHO

Scheme 2.4. FLUORO/NO (5), a class of triggerable nitric oxide donors with an in-built fluorescence
reporter. FLUORO/NO is expected to have diminished fluorescence. Upon activation by esterase,
followed by self-immolation and reaction with water will produce 12, which is highly fluorescent and
DEA/NO, which dissociates in pH 7.4 buffer to produce NO.

2.2. Results and Discussion

2.2.1. Synthesis

H

o Propionic
o anhydride A
+ \)J\ 3 ; ;» /@\/I
O Na Piperidine,
HO OH HO (O e}

Reflux, 6 h, 70 %

Scheme 2.5. Synthesis of 1

0 Nal, ACN, o
>HJ\O/\CI ﬁ» %ko/\l

2
Scheme 2.6. Synthesis of 2

In order to test this hypothesis, esterase activated NO donor with a fluorescence reporter was
synthesized in five steps. Compound 1 and 2 were synthesized using previously reported
methodology where 2,4-dihydroxy benzaldehyde was reacted with sodium propionate in the
presence of propionic anhydride with catalytic amount of piperidine to produce compound 1
in 70% vyield (Scheme 2.5).*' Next, Iodomethylpivalate (2) was synthesized from

choloromethylpivalate using sodium iodide in quantitative yield (Scheme 2.6).”* Reaction of
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3-methylumbelliferone (1) with iodomethylpivalate (2) in the presence of K,CO;3 produced 3
in excellent yield. Next, 3 was reacted with N-bromosuccinamide (NBS) in the presence of a
radical initiator azo-isobutyronitrile (AIBN) in carbon tetrachloride to produce corresponding
bromide 4 in 75% yield, which was then reacted with sodium N, N-(diethylamino)diazen-1-
ium-1,2-diolate (DEA/NO) in THF in the presence of 15-crown-5 to afford desired compound
5, in 24% yield (Scheme 2.7).

N )
. _ KyCO3 ACN
HO 0 o o %
1 2

RT, 3 h, 89 %

NBS, AIBN, CCly,
Reflux, 3 h, 75 %

.N
B S —
%O/\O o X0
4

%:o
b
o
O
@]
Z
O‘Z+

THF, 15-Crown-5,
DMF, 0 °C-RT,
3h,24%

Scheme 2.7. Synthesis of FLUORO/NO (5)
In addition, esterase sensitive NO donor 6 was synthesized as a control compound, which

upon activation by esterase, produces NO without enhancing fluorescence. The reaction of

DEA/NO with 2 afforded 6 in 15% yield (Scheme 2.8).>

0
%O/\I _ DEANO oo N N
15- Crown 5, DMF,

2 THF, 0 °C - RT,
12h,15%

‘OAZ

Scheme 2.8. Synthesis of control compound 6

Based on the proposed mechanism, compound 12 is expected to be formed from S5 upon
activation by esterase. Compound 12 was synthesized by the reported procedure.'® 2,4-
dihydroxy benzaldehyde was reacted with diethyl glutaconate to form the compound 7 in
85% yield (Scheme 2.9), which was acetylated using acetic anhydride to give compound 8 in
94% yield. Next, olefin 8 was oxidized to diol 9 by using osmium tetraoxide (OsO,) in the
presence of N-methyl morpholine N-oxide (NMO). The resulting diol 9 was cleaved by
sodium periodate (NalO4) to obtain corresponding aldehyde 10 in 97% yield. Deacetylation
of 10 was achieved using NH4OH to get compound 11 in 63% yield, which on further
reduction by a reducing agent NaBH4 gave compound 12 in excellent yield (Scheme 2.9).

After confirming the product formation by NMR, the fluorescence quantum yield (®f) of
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compound 12 in buffer (Of = 0.50) was determined, 2-Aminopurin (O = 0.68) was used as a
standard in this experiment (Table 2.1). Compound 12 was found to be highly fluorescent.

(0]

Piperidine, EtOH,
H Reflux, 24 h, 85 % SZN COOEt
+ EtOOC\/\PCOOEt >
HO OH HO o X0

7

O O
Pyridine, DCM,
Aok l RT, 50 min, 94 %

0s0,4, NMO, 'BuOH,

COOEt . COOEt
o) /@\/ik( DCM, RT, 10 h, 61 % 0 m
)ko o o M )ko o~ Yo

9 8

A

RT, 30 min, 97 %

M NH,OH, CAN /@\/j:L NaBH4 MeOH N oH
HO o o

RT 20 min, RT 30 min,
63 % 95 % 12

l Si0,, NalO,, DCM, Hy0

Scheme 2.9. Synthesis of fluorophore 12
2.2.2. Nitric oxide release and fluorescence emission in buffer
2.2.2.1. Nitric oxide release from 5

The ability of compound 5 to produce NO was tested using a chemiluminescence based Nitric
Oxide Analyzer (NOA). In this assay, nitric oxide that is produced from the compound is then
carried by continuously flowing stream of inert gas (argon) to a reaction cell within the
chemiluminescence instrument. In the reaction cell NO reacts with ozone (O3) that is
generated in situ to form nitrogen dioxide (NO,*) in its excited state. The subsequent decay
of NO,* to its ground state results in the emission of a photon between 600-800 nm, the
emitted photons are measured by chemiluminescence detector.”* Compound 5 was dissolved
in phosphate buffer (10 mM, pH 7.4), and an aliquot was analyzed by NOA, as expected no
evidence for NO generation. Whereas, in the presence of esterase, a signal attributable to NO
was seen confirming the ability of 5 to produce NO (Figure 2.1). The amount of NO released
was estimated using a standard calibration curve generated using sodium nitrite (NaNO,)
solution (Figure 2.13). The yield of NO in this experiment was found as 93%. When similar
experiment was conducted with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-

3-oxide potassium salt (c-PTIO, a known quencher of NO)*, nearly complete disappearance
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of NO signal was observed (Figure 2.1). Together, these data show that § generated NO upon

activation by esterases.

450 -
= 5| 5+ES
: + | +cPTIO
= 5 ES
=
(]
0 1

5 10 15 20
Time (min)

o

Figure 2.1. Nitric oxide produced during incubation of 5 (25 uM) alone or in the presence of esterase
(ES, 0.5 U/mL), with and without c-PTIO (250 uM) in phosphate buffer pH 7.4 solution at 37 °C;
analysis was conducted after 10 min incubation and arrow indicates approximate point of injection of

analyte.
2.2.2.2. Fluorescence response from 5

Next, in order to study if this compound was capable of fluorescing upon cleavage by
esterase, fluorescence emission spectra of 5 with and without esterase was recorded in buffer
using fluorescence spectrophotometer (excitation 315 nm; emission 325 to 600 nm). In the
absence of esterase, no significant fluorescence signal was seen at 460 nm (Figure 2.2.a).
When incubated with esterase, we found a significant increase in fluorescence signal at 460
nm attributable to 12 (Figure 2.2.a). The yield of 12 in this assay was found to nearly
quantitative, which was estimated through a calibration curve generated using authentic 12
(Figure 2.2.d), suggesting an efficient conversion of 5 to 12 (Scheme 2.4) in the presence of
esterase. When the concentration of 5§ was varied, a dose-dependent increase in fluorescence
signal was observed (Figure 2.2.b). Together these experiments suggest that this compound

was cleaved by esterase to turn on fluorescence.
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Figure 2.2. (a) Fluorescence emission spectra of 5 (10 uM) recorded in the absence and presence of
ES (0.5 U/mL) in buffer; analysis was conducted after 10 min. (b) Enhancement of fluorescence
signal at 460 nm with different concentration of 5 in the presence of ES (0.5 U/mL) in buffer; analysis
was conducted after 10 min. (c), (d) Calibration curve with authentic 12 in buffer (All the experiments

were conducted in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm; emission 325 to 460 nm).
2.2.2.3. Time course of NO generation and fluorescence emission

Having established that compound 5 is able to enhance NO and fluorescence signal in the
presence of ES, next time course of NO generation and fluorescence enhancement were
independently monitored. The fluorescence signal at 460 nm was measured using
fluorescence spectrophotometer, while NO released was measured using a nitric oxide
analyzer. The time course of NO generation corresponded well with the time course of
fluorescence enhancement (Figure 2.3), thus suggesting that once the pivaloyl group is
cleaved, the rearrangement of the ensuing intermediate to produce DEA/NO and 12 is rapid
(Scheme 2.4). Hence, once the fluorescence signal is seen, NO generation can be expected
nearly instantaneously. Together, these data demonstrate that fluorescence emission at 460 nm

is a convenient signal for NO release.
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Figure 2.3. (a) Time-course of NO generation from 5 with ES (0.5 U/mL) in buffer (b) Time-course
of fluorescence enhancement from 5 with ES (0.5 U/mL) in buffer (All the experiments were

conducted in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm; emission 325 to 460 nm).
2.2.2.4. Stability of compound 5 in RPMI media

Before performing the cellular study, first we tested the stability of compound 5 in RPMI
media (10 % FBS) through measuring the level of NO release by nitric oxide analyser
(NOA). When compound 5 (25 uM) was incubated for 30 min in RPMI media (10 % FBS),
and an aliquot was analysed using NOA. As expected there was no significant level of NO

observed in the absence of ES, thus supporting the stability of 5 in media (Figure 2.4).
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Figure 2.4. Stability of compound 5 in RPMI medium at 37 °C
2.2.3. Nitric oxide release and fluorescence emission in cells

In order to study the capability of compound 5 to enhance fluorescence signal as well as NO
within the cells, HeLa cells were treated with 25 uM of compounds (4, 5 and 6). After 30
min, the fluorescence signal at 460 nm was measured using a micro-well plate reader, while
nitrite release was measured by Griess assay (Figure 2.5). In this Griess assay, NO produced
from the compound is converted into nitrite, which subsequently reacts with the Griess
reagent (i.e., Sulfanilamide and N-(1-napthyl) ethylene diamine) to form an azo dye with an
absorbance maximum at 540 nm.** 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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With a control compound 4 (does not contain diazeniumdiolate), an increase in the
fluorescence signal was seen but no significant NO generation (Figure 2.5.a, 2.5.b); and with
a control compound 6 (does not contain coumarin), an increase in extracellular nitrite was
observed with no significant fluorescence signal (Figure 2.5.a, 2.5.b). Whereas, compound 5
is able to enhance both fluorescence signal as well as NO was observed (Figure 2.5.a, 2.5.b).
When the dose of 5§ was varied, as expected, a dose-dependent increase in fluorescence signal
as well as nitrite was observed (Figure 2.5.¢), thus supporting the suitability of § to enhance
NO as well as fluorescence within cells. Thus, when cells are treated with 5 and the

fluorescence signal at 460 nm is a reporter for NO generated.
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Figure 2.5. Comparison of fluorescence intensity attributable to 12 (a) and (b) extracellular nitrite
release upon incubation of HeLa cells with 25 uM of 4, 5 or 6. (¢) Comparison of fluorescence
intensity attributable to 12 and extracellular nitrite release during incubation of HeLa cells with 5 at 0,

10 and 25 pM after 30 min at 37 °C (excitation 315 nm; emission 460 nm).

2.2.4. Consumption of NO during its detection

Liji Jin and coworkers reported an O-diamine based fluorogenic probe 15, which is highly
sensitive to NO, and two-photon excitable ability.”® This probe works based on the principle
of photo induced electron transfer (PET). Here O-diamine acts as a fluorescence quencher, in
the presence of NO, due to the formation of triazole adduct the PET process gets blocked,

which leads to enhancement in the fluorescence (Scheme 2.10).
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Scheme 2.10. Formation of the highly fluorescent triazole product from 15 in the presence of NO

The most common problem during NO delivery and concomitant detection is consumption of
NO. In order to demonstrate that, an O-diamine based fluorogenic probe 15 was synthesized
by reported procedure in three steps (Scheme 2.11).® Wherein, 1,4-Diamino-2-nitrobenzene
was reacted with 4-bromo-1,8-naphthalic anhydride to form the compound 13 in 90% yield,
which was then reacted with propylamine gave compound 14 in good yield. Reduction of 14

gave the desired fluorophore 15 with an excellent yield (Scheme 2.11).

0s_0._0 NH, NH,
NO, 2-Methoxyethanol NO,
+ _
OO Reflux, 24 h,
90 %
NH, Os_N_O
Br
13 Br
Propylamine
DMSO, 120 °C,
12 h, 85 %
NH; NH,
NH, NO,
Pd/C
O-__N__O NaBH,, MeOH O _N_ _O
-
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O o O
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Scheme 2.11. Synthesis of NO probe 15

An esterase sensitive NO donor 6 was synthesized (Scheme 2.8) which produces NO in the

presence of ES. Compound 6 was treated with ES in buffer, and nitrite release from 6 was
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measured by Griess assay, a signal attributable to NO was observed. Similar experiment was
conducted in the presence of probe 15, a diminished colorimetric signal was observed when
compared with 6+ES (Figure 2.6.a). At similar time point, when we performed the
fluorescence study, a fluorescence signal at 530 nm attributable to the formation of triazole
adduct was observed (Figure 2.6.b), which confirmed that the diminished colorimetric signal
is due to the formation of highly fluorescent triazole adduct. In a cellular assay, co-treatment
of 6 along with probe 15 resulted in diminished yield of nitrite when compared with a similar
concentration of 6 alone (Figure 2.6.c). Together, these data show that using a NO donor
along with a probe for NO invariably leads to collateral consumption of NO during detection.
This major limitation is overcome by the use of FLUORO/NO (5) as NO is released along

with a fluorescence signal at 460 nm in buffer, without collateral consumption of NO.
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Figure 2.6. (a) Griess assay for the formation of nitrite upon incubation of 6 in the presence/absence
of ES, and with and without NO dye 15 in buffer (pH 7.4) at 37 °C. (b) Detection of NO by 15 during
incubation in buffer (pH 7.4) at 37 °C (excitation 430 nm; emission 530 nm). (c) Griess assay for the

formation of nitrite upon incubation of 6 with and without NO dye 15 in HeLa cells.
2.2.5. Intracellular activation of 5
2.2.5.1. Confocal microscopy imaging

Having established that 5 is a reliable source of NO within cells, the fluorescence signal at
460 nm can now be used as a surrogate for NO generation. In order to study the cellular
uptake of 5, HeLa cells were treated with different concentrations of 5 for 30 min and the
fluorescence signal attributable to the formation of 12 at 460 nm was monitored by confocal
microscopy. A dose-dependent increase in fluorescence signal was observed (Figure 2.7). The
fluorescence signal was nearly uniformly distributed within cells, possibly due to the
ubiquitous nature of esterase. These results supporting that, the compound 5 permeate cells

and get activated by cellular esterase to produce fluorescence signal attributable to 12.
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Figure 2.7. Confocal microscopy images of HeLa cells treated with 5 (10 and 25 pM) after 30 min at
37 °C. The excitation and emission channels were 405 nm and 460 nm respectively. Scale bar = 10

pm.
2.2.5.2. Two-photon microscopy imaging

The release of NO is reported by a fluorescent signal attributable to 12 at 460 nm, which is
sufficient to monitor the release of NO in vitro. In one photon imaging, shorter wavelength
was used to excite the coumarin derivative 12, which is associated with less tissue
penetration, auto fluorescence and photo-toxicity. In order to infer the production of NO in
vivo model, longer wavelength excitation would be useful. Since two-photon imaging tool
has more advantages over the one-photon ones, such as localized excitation, increased tissue
penetration, decreased light scattering, reduced tissue auto-fluorescence, photo-bleaching
and therefore, we adopted the two-photon fluorescent spectroscopy tool for cellular
imaging.”” As coumarin-based fluorophores are compatible with two-photon excitation
microscopy, we carried out live-cell imaging experiment with 5 (Figure 2.8).® HeLa cells
were treated with different concentration of 5§ and the fluorescence signal attributable to 12
was monitored by two-photon microscopy. As expected, we found a dose-dependent increase
in the fluorescence signal at 460 nm with 740 nm excitation (Figure 2.8). Thus, this
compound is expected to have deep tissue penetration and reduced phototoxicity during

imaging of NO in in vivo model.
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Figure 2.8. Two photon microscopy images of HeLa cells treated with 5 (10 and 25 uM) after 30 min.

The excitation and emission channels were 740 nm and 460 nm respectively. Scale bar = 10 um.
2.2.5.3. Fluorescence-activated cell sorting (FACS)

Next, in order to further verify the intracellular activation of 5, we used fluorescence-
activated cell sorting (FACS) to track the release of 12 within the cells. FACS analysis of
HeLa cells treated with 5 (0, 10, 25 uM), similarly showed a dose-dependent increase in
fluorescence signal attributable to 12 (Figure 2.9). Together, these results suggest the

suitability of 5 in flow-cytometry as well as live-cell imaging experiments.
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Figure 2.9. FACS analysis of HeLa cells incubated with 5 (0, 10 and 25 pM) after 30 min at 37 °C

(excitation 355 nm; emission 460 nm).
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2.2.6. Activation of cGMP by NO released from 5

One of the most important biological roles of NO is activation of soluble guanylate cyclase
(sGC), which results in the production of secondary messenger cGMP from GTP, which
ultimately promotes the main biological functions of NO, including smooth muscle
relaxation, platelet aggregation and gene expression. In order to test if 5 was capable of
activating sGC within cells, cGMP levels were measured by using a bioluminescence
resonance energy transfer (BRET) assay in human embryonic HEK293T cells.”” BRET is
based on energy transfer between luminescence donor and fluorescent acceptor proteins, for
example, Renilla luciferase (Rluc) and green fluorescence protein (GFP). Here, the ratio
between GFP fluorescence and chemiluminescence was determined. An increase in the BRET
ratio is an indication of the conformational change that occurred in the GAF domain on
cGMP binding (Figure 2.10). First, a known NO donor, sodium nitroprusside (SNP, 50 uM)
was tested as the positive control and a significant enhancement in ¢cGMP levels was
observed (Figure 2.11). When a similar assay was conducted with 5 (25 uM), as expected, a
signal for cGMP was observed. This assay was conducted with the negative control
compound 4 and as expected no significant enhancement in cGMP levels was observed
(Figure 2.11). Thus, other than NO, the by-products produced during decomposition of 5
were incapable of inducing NO-like signalling. This result suggesting that FLUORQ/NO (5)

was suitable for use as a tool to enhance NO for cellular signalling studies.
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Figure 2.10. The BRET sensor consists of the cGMP binding sites (GAF domain) GFP and Rluc.
Binding of cGMP to GAF domain leads to a conformational change, decreasing the distance between

Rluc and GFP, which results in an enhanced BRET signal.
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Figure 2.11. Formation of NO in cells was inferred by measurement of cyclic GMP, a secondary
messenger for NO, by a BRET assay at 37 °C. *p value = 0.022; **p value = 0.007. Control 1=cells
only, Control 2=cells containing DeepBlueC (luciferase substrate) without any treatment. Data

provided by Meisam Bagheri & Deepak Saini, [ISc Bangalore.
2.2.7. DNA damage induced by NO released from 5

Nitric oxide and reactive nitrogen species (RNS) are well known to induce DNA damage,
especially double strand breaks (DSBs).*® 53BP1 is one of the DNA damage response
proteins that is recruited very efficiently to sites of DNA double-strand breaks. Its recruitment
can be visualized by monitoring live cells expressing 53BP1 fused to green fluorescent
protein (GFP). Therefore, we monitored the ability of 5 to induce DNA damage by
monitoring 53BP1 foci, which are markers of double strand breaks and accumulate as nuclear
foci.’! HeLa cells stably expressing 53BP1 fused to GFP were seeded on glass-bottom dishes
and independently treated with S and 4, and imaged 24 h post-treatment. As expected, we
found a dose-dependent increase in DNA damage induced by 5 as evidenced by increased
foci, increased foci are indicative of enhanced DNA damage response (Figure 2.12).
Furthermore, 4 did not induce the same level of damage, which indicated that 5 induced DNA
double strand breaks presumably as a result of released NO (Figure 2.12).
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Figure 2.12. Formation of 53BP1 foci at 37 °C upon exposure of A) control, B) 5 uM 5, C) 10 uM 5,
or D) 10 uM 4. Scale bar: 10 um. Increased foci are indicative of enhanced DNA damage response.

Data provided by Meisam Bagheri & Deepak Saini, [ISc Bangalore.

Recently, Prof. Pradeep Singh's lab has developed a coumarin-based strategy for real-time

monitoring of NO release with light as a trigger (Scheme 2.12).*
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Scheme 2.12. Light triggerable NO donor with a fluorescence reporter for real-time monitoring of NO

in cells.
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2.3. Summary

In this chapter, we report FLUORO/NO, a NO donor with a fluoresence reporter for studying
NO biology that eliminates the need for secondary assays to report the formation of NO. The
collateral consumption of NO that is associated with NO delivery and concomitant detection
can be avoided by the use of FLUORO/NO. The versatility of this scaffold for real-time
monitoring of NO released was demonstrated with an esterase and can, in principle, be
extended to other stimuli of interest as well. This compound will be useful for cellular studies
in microwells, confocal microscopy for imaging or flow cytometry. The compatibility of the
fluorophore for use in two-photon imaging where longer wavelength excitation indicates the
possibility of use of FLUORO/NO for in vivo imaging as well. The by-products of
decomposition do not show NO-like activity in signalling as well as DNA damage assays
suggesting the suitability of this compound for NO delivery. To the best of our knowledge,
this is the first example of a small molecule that, when incubated in the presence of an
enzyme, simultaneously produces NO as well as a fluorescence signal without collateral NO
consumption. It is anticipated that this tool will find use in interrogating NO biology, which is

yet to be completely understood.
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2.4. Experimental Section
2.4.1. Synthesis and characterization

Compounds 1%, 2%, 6%, 7-12'® and 13-15%° were synthesized using previously reported

procedures, and the analytical data that we collected were consistent with the reported values.

((3-Methyl-2-0x0-2H-chromen-7-yl)oxy)methyl pivalate (3):

To a solution of compound 1 (50 mg, 0.28 mmol) in

o m ACN (3 mL), K,CO;3 (118 mg, 0.85 mmol) was added
%O/\O oo

followed by a solution of 2 (103 mg, 0.42 mmol) in

ACN (ImL). The reaction mixture was stirred for 3 h

under a nitrogen atmosphere at room temperature. Upon completion of reaction (TLC
analysis), the solvent was removed under reduced pressure. The residue was purified by silica
gel column chromatography using EtOAc/pet ether (0 — 25 %) as the eluent to obtain 3 (73
mg, 89 %) as a white solid: m.p. 98 — 100 °C; FT-IR (Viax, cm‘l): 2969, 1755, 1709, 1615,
1505; "H NMR (CDCls, 400 MHz): & 7.46 (s, 1H), 7.34 (d, J = 8.6 Hz, 1H), 7.00 (d, J = 2.4
Hz, 1H), 6.92 (dd, J = 8.4, 2.4 Hz, 1H), 5.79 (s, 2H), 2.18 (d, J = 1.3 Hz, 3H), 1.20 (s, 9H);
C NMR (CDCls, 100 MHz): § 177.3, 162.4, 158.9, 154.6, 139.2, 128.1, 123.5, 114.8, 113.6,
103.2, 85.2, 39.1, 27.0, 17.2; HRMS (ESI) for C;¢H;305 [M+H]": Calcd., 291.1232, Found.,
291.1234.

((3-(Bromomethyl)-2-0x0-2H-chromen-7-yl)oxy)methyl pivalate (4):

To a solution of compound 3 (50 mg, 0.17 mmol) in
o /@f\/CBr CCly (6 mL), NBS (34 mg, 0.19 mmol) was added along
%OAO 0" "o with a trace amount of AIBN. The reaction mixture was

refluxed for 3 h under a nitrogen atmosphere. After

cooling to room temperature, the solvent was removed under reduced pressure. Then the
residue was purified by column chromatography using EtOAc/Pet ether (0 — 30 %) as the
eluent to obtain 4 (48 mg, 75 %) as a white solid: mp 124 — 126 °C; FT-IR (Viax, cm’l): 2978,
1751, 1725, 1612, 1502; 'H NMR (CDCls, 400 MHz): & 7.80 (s, 1H), 7.44 (d, J = 8.6 Hz,
1H), 7.02 (d, J = 2.4 Hz, 1H), 6.97 (dd, J = 8.6, 2.5 Hz, 1H), 5.81 (s, 2H), 4.42 (s, 2H), 1.20
(s, 9H); °C NMR (CDCl;, 100 MHz): & 177.2, 160.2, 160.1, 155.3, 142.0, 129.4, 123.1,
114.1, 114.0, 103.2, 84.9, 39.1, 28.0, 27.0; HRMS (ESI) for C;sH,7BrOs [M+H]": Calcd.,
369.0337, Found., 369.0336.
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(£)-3,3-diethyl-1-((2-ox0-7-((pivaloyloxy)methoxy)-2H-chromen-3-yl)methoxy)triaz-1

ene 2-oxide (5):

To a solution of DEA/NO (100 mg, 0.65 mmol) in THF

-
o /@\/TO,N\\K‘/N\/ (3 mL) under ice, 15-crown-5 (12 puL) was added and
% PN é
oo 0 Yo -

the mixture stirred at 0 °C for 5 min under a nitrogen

atmosphere. A solution of 4 (200 mg, 0.54 mmol) in

DMF (1 mL) was added to the reaction mixture at 0 °C and stirred at room temperature for 3
h. The solvent was evaporated under reduced pressure, diluted with 10 mL of water and the
aqueous solution was extracted with EtOAc (3x5 mL). The combined organic layer was
washed with brine, dried over Na,SOy4 (5 g), filtered and the filtrate was concentrated to give
a crude compound. This crude was initially purified by silica gel column chromatography
using EtOAc/pet ether (0 — 40 %) as the eluent. The resulting mixture was further purified
using semi-preparative HPLC with C-18 semi-preparative column (9.4 mm % 250 mm, 5 pm;
ZORBAX ODS), using a gradient of ACN and water (60 — 80 %), under ambient temperature
with a flow rate of 2.5 mL/min to obtain 5 (55 mg, 24 %) as a white solid: mp 81 — 83 °C;
FT-IR (Vmax, cm’"): 2980, 1752, 1726, 1614, 1571, 1508, 1392; '"H NMR (CDCl;, 400 MHz):
0 7.71 (s, 1H), 7.40 (d, J = 8.6 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 6.96 (dd, J = 8.7, 2.5 Hz,
1H), 5.81 (s, 2H), 5.22 (d, J= 1.1 Hz, 2H), 3.16 (q, J = 7.2 Hz, 4H), 1.20 (s, 9H), 1.09 (t, J =
7.1 Hz, 6H); °C NMR (CDCl;, 100 MHz): § 177.2, 160.2, 159.9, 155.0, 140.2, 129.2, 121.2,
114.0, 113.9, 103.2, 85.0, 70.0, 48.6, 39.1, 27.0, 11.6; HRMS (ESI) for C20H»7N307 [M+Na]":
Calcd., 444.1746, Found, 444.1743.

2.4.2. NO release and fluorescence emission in Buffer
2.4.2.1. Nitric oxide detection from 5

A 1 mM stock solution of compound 5 in DMSO and a 1 U/mL stock solution of porcine
liver esterase (Sigma-Aldrich) in phosphate buffer pH 7.4 were prepared. A typical reaction
mixture consisted of compound 5 (25 uM) and esterase (0.5 U/mL) was prepared by mixing 5
(12.5 uL, 1 mM) and 250 pL of esterase from the stock solutions with 237.5 uL of pH 7.4
phosphate buffer (10 mM) at 37 °C. An aliquot of the reaction mixture (10 pL) from the
reaction vial was injected into a Sievers nitric oxide analyzer (NOA 280i) using argon as the
carrier gas.33 For the experiment with the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt (250 uM, 10 eq., c-PTIO), an aliquot
of the reaction mixture (10 pL) was injected into the NOA chamber. The amount of NO

released was estimated using a standard calibration curve generated using sodium nitrite
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(NaNO,) solution of concentration from 0 — 100 uM using NOA Analyzer (Y = 68.84X; R*> =
0.998).
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Figure 2.13. Calibration curve for nitrite in phosphate buffer pH 7.4 solution at 37 °C
2.4.2.2. Fluorescence emission spectra
Compounds 5 or 12 in phosphate buffer pH 7.4 (10 mM) was excited at respective lowest
energy absorption maximum with an excitation slit width of 1 nm and emission slit width of 1
nm, and the emission profile was recorded. A solution contained 1% of DMSO. Fluorescence
experiments were performed in a micro fluorescence cell (Hellma, path length 1.0 cm) on a
HORIBA Jobin Yvon, Fluorolog fluorescence spectrophotometer.
2.4.2.3. Quantum yield determination

For determination of fluorescence quantum yield (®r) of compound 12, 2-Aminopurine in
water (Op) = 0.68) was used as a standard.>* The Dy value was calculated according to eq.

1.
Dry = (AJAY) (FulFs) (N/ng)* ) eq. 1

Where s is the standard, x is the compound 12, A is the absorbance at excitation wavelength,
F is the area under the emission curve, n is the refractive index of the solvent and ®r is the

quantum yield.

Table 2.1. Comparison of the quantum yields.

Sample Aabs (NM) A Aem (NM) F Op
2-Amino purine (s) 324 0.0345 377 22110 0.68
Compound 12 (x) 324 0.1605 456 6.87 * 10’ 0.50
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2.4.2.4. Stability of compound 5 in RPMI medium

A 1 mM stock solution of compound 5 in DMSO was prepared and 12.5 pL of 5 (25 uM) was
incubated with 487.5 uL of RPMI medium (10 % FBS) with and without esterase (0.5 U/mL)
at 37 °C. After 30 min, an aliquot of the reaction mixture (10 puL) from the reaction vial was
injected into a Sievers Nitric Oxide Analyzer (NOA 280i) using argon as the carrier gas. The
amount of nitrite release was estimated using a standard calibration curve generated using
sodium nitrite (NaNO,) solution of concentration from 0 — 100 uM using NOA Analyzer (Y =
68.84X; R* = 0.998). The data represented here is average of 3 repeats.

2.4.3. Nitric oxide collateral consumption assay

The nitric oxide donor 6 and NO-sensitive fluorophore 15 was used to demonstrate collateral
consumption of NO during its detection. Here, 6 (25 pM) and 15 (75 pM) was incubated in
pH 7.4 buffer at 37 °C for 15 min with and without esterase (0.5 U/mL) and fluorescence
emission was measured using a Thermo Scientific Varioscan microwell plate reader
(excitation 430 nm; emission 530 nm). For nitrite measurement, after 15 min incubation,
Griess reagent (14 pL for 200 pL reaction mixture, Sigma Aldrich) was added, and incubated
at 37 °C for 25 min before measuring OD at 535 nm using a Thermo Scientific Varioscan

microwell plate reader. The data represented here is average of 3 repeats.
2.4.4. NO release and fluorescence emission in cells
2.4.4.1. Fluorescence emission and nitrite release in cells

Cells were suspended in PBS (1X) and plated in a 96-well plate (0.5 x 10° cells/100 pL).
Compound 4, 5 and 6 in DMSO was added to the cell suspension. Cells were incubated at 37
°C for 30 min and fluorescence emission was measured using a Thermo Scientific Varioscan
microwell plate reader (excitation 315 nm; emission 460 nm). For nitrite measurement, after
30 min incubation, Griess reagent (14 uL for 200 pL reaction mixture, Sigma Aldrich) was
added, and incubated at 37 °C for 25 min before measuring OD at 540 nm using a Thermo
Scientific Varioscan microwell plate reader. The amount of nitrite release was estimated using
a standard calibration curve generated using sodium nitrite NaNO; solution of concentration
from 0 — 50 uM (Y = 0.0145 X; R2 = 0.998). The data represented here is average of 3

repeats.
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Figure 2.14. Calibration curve for nitrite in HBSS Buffer at 37 °C (O.D = Optical Density).
2.4.4.2. Confocal Image of HeLa cells with 5

HeLa cells were seeded at 1x10° cells/well in 4-well chamber 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, old media was removed and the cells were
washed with 500 pL of PBS (1X) buffer. Then 500 pL of fresh DMEM media was added
along with compound 5 (10, 25 pM) and cells were incubated for 30 minutes at 37 °C. After
30 minutes, old media was removed, cells were washed twice with 200 puL of PBS (1X) and
then cells were imaged on a Zeiss LSM 710 confocal microscopy with 405 nm (740 nm was
used for two photon) laser lines at 2% power using a 63X oil immersion objective. Images

were analysed by Imagel software.
2.4.4.3. FACS analysis for 5

HeLa cells were seeded at 1x10° cells/well in 6 well plate for overnight in DMEM media
supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution in an
atmosphere of 5% CO; at 37°C. After incubation, old media was removed and the cells were
washed with 1 mL of PBS (1X) buffer. Then 1 mL of fresh DMEM media was added along
with compound 5 (10, 25 uM) and cells were incubated for 30 minutes at 37 °C. After 30
minutes, media was removed, cells were washed with 1 mL of PBS (1X) and cells were
detached by trypsination. Cells were centrifuged at 1000 rpm, 22 °C for 5 min. Supernatant
were removed and 500 puL of PBS (1X) was added to the cell pellet. Samples were
illuminated with a UV laser at 355 nm on a Flowcytometry (BD LSRFortessa SORP cell
analyser, performed at NCL Innovation Park, Pune). The data represented here is average of 2

repeats.
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2.4.4.4. cGMP measurement?’

Human embryonic kidney (HEK) 293T cells were maintained in DMEM with fetal calf
serum (10%), penicillin (100 mg L") and streptomycin (100 mg L) at 37 °C in a 5% CO,
humidified incubator. HEK 293T cells were transfected with pGFP2-GAFa-Rluc, in a 12-well
plate using Turbofect (Thermo Fisher Scientific) according to the manufacturer's protocol.
After 48 h, cells were harvested, and reseeded (10° cells per well) in a 96-well plate in Live
Cell Imaging Solution (Invitrogen) and treated with various compounds (as indicated). After
10 min, DeepBlueC (5 uM, ThermoFisher, USA) was added and BRET (Bioluminescence
Resonance Energy Transfer) measurements were made in an Infinite M1000 PRO plate
reader (Tecan, Austria) at the channel of BLUEI (luminescence) and Greenl (fluorescence).

The data represented here is average of 3 repeats and statistical analysis was done using t-test.
2.4.4.5. 53BP1 foci formation assay

HeLa cells stably expressing GFP-53BP1 were used for live imaging experiments.*® The cells
were treated with different concentrations of 5 and/or 4 for 5 days and imaged prior to and
after treatment. For imaging, cells were seeded in glass-bottom dishes and treated with
indicated compounds and imaged in an IX83 inverted fluorescence microscope (Olympus)
using 60X objective and data was analysed using Slidebook 6.0 software (Intelligent Imaging
Innovations, Denver, CO). Images were taken in the GFP channel with fixed acquisition

settings.
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2.5. Spectral charts

'H-NMR Spectrum (400 MHz, CDCl3) of Compound 3
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"H-NMR Spectrum (400 MHz, CDCl5) of Compound 4
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 5
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CHAPTER 3: BORO/NO, a Class of Hydrogen Peroxide Inducible Nitric Oxide (NO)

Donors
3.1. Introduction

In chapter 2, we have reported FLUORO/NO, a nitric oxide donor with fluorescence reporter.
In the presence of esterase it produces NO and fluorescence signal without consumption of
NO during its detection.' The trigger that we had is esterase, which is present in nearly all
cells, and therefore the compound will be suitable for a range of cell biology studies. In order
to study the precise role of NO in cancer, we need a specific trigger to target cancer. The
tumour micro environment is different from normal tissues; one feature that has been widely
reported is the high levels of reactive oxygen species (ROS).”® These are reduced forms of
oxygen that mediate certain signalling events within the cell but are harmful at elevated
concentrations and damage bio-macromolecules including DNA, proteins and RNA. The
most common ROS include superoxide anion (O,"), hydrogen peroxide (H,O,), and
hydroxyl radical (HO"). Among these, H,O, was found to be more stable due to its uncharged
in nature and generation of H,O, in several cancer cell lines has been estimated to be 0.5 nM
per 10* cells per h, which are significantly higher than those in normal cells.” Keeping this in

7-12

mind, H,O, has been used as a specific agent to activate prodrugs and latent

13-15

fluorophores (as imaging agents) in cancers. A functional group that has been widely used

is the arylboronate ester, which is known to react with H,O, to produce phenol (Scheme 3.1).

H
|
oo Skt
B N c [0 Juae)

Scheme 3.1. Reaction of boronate ester with H,0,

For example, Chang’s group has used boronic acid and esters for the development of H,O,

activated fluorescent probes for imaging H,O, in vitro and in vivo (Scheme 3.2)."

QL L "’J%
o B O B\o O, (0] OH
O O H,0, O\ O
(6] —_—
Q COOH
: g

Fluorescence: OFF Fluorescence: ON

Scheme 3.2. Boronate-based fluorescent probe for H,O, imaging
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In 2011, Peng and coworkers reported, a first anticancer prodrug, which is activated by H,O,

and releases DNA cross linking agent selectively to cancer cells over normal cells (Scheme

7
3.3).
Me
No Reaction = o J/NJ - S
Elevated
Cl Cl
cl + H,0,
\/\N‘M DNA Cross
CI\) e Active Drug Linking

Scheme 3.3. Hydrogen peroxide inducible DNA cross-linking agent

Hence, this functional group was chosen as a substrate for the metabolic stimulus, i.e. H,O,
to specifically generate NO in cancer cells. Furthermore, due to the complexity associated
with the detection of NO, the presence of a “turn on” fluorescence reporter for NO would be
an additional feature which will be useful for studying possible cancer therapeutic outcomes
of NO in a systematic manner. As a proof of concept, first we have designed a H,O, activated
NO donor without fluorescence reporter and studied in this chapter. Arylboronate ester based
diazeniumdiolates (BORO/NO), a class of diazeniumdiolate derivatives that are attached to a
pinacolboronate ester through a self-immolative aryl linker were considered as H,O,
activated NO donors (Scheme 3.4). Reaction of BORO/NO with H,O; should produce the
phenolate intermediate I, which could rearrange to produce the diazeniumdiolate anion,

which in pH 7.4 releases NO (Scheme 3.4).

DEA/NO

19a, BORO/NO J
2 NO

Scheme 3.4. Proposed mechanism of activation of 19a by hydrogen peroxide to produce nitric oxide
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3.2. Results and Discussion
3.2.1. Synthesis

In order to test our hypothesis of H,O, activated NO donor, compound 19a was synthesized
in four steps starting from 4-bromotoluene. First, treatment of 4-bromotoluene with n-BuLi in
THF at -78 °C to formed lithiated intermediate in situ, which was then reacted with trimethyl
borate and followed by acid hydrolysis to give compound 16 in 85% yield (Scheme 3.5).
Next, the boronic acid (16) was protected using pinacol to form compound 17 in 90% yield.
Then, compound 17 was reacted with N-bromosuccinamide (NBS) in the presence of a
radical initiator azobisisobutyronitrile (AIBN) in carbon tetrachloride to produce the
corresponding bromide (18), which was then reacted with DEA/NO (1a) to give the desired
compound 19a (Scheme 3.5).

. HO. . -OH w
n-BuLi, THF, MgSO,, J

B(OMe)s Pinacol, 5 °
- " — " =
-78°C, 3h, Et,0, 12 h,
CHy 85 % RT, 90 %

CHy
16 CHs
17
o. O
\)_P B
NBS, AIBN, O\B/O
CCl, DEA/NO (1a)
e - >
Reflux, 30 min 15-Crown-5, 0
THF, DMF Ner O
B 0°C - RT, N7
r 4h,16 % N
18 19a

Scheme 3.5. Synthesis of 19a

In addition compound 20 was synthesized as a control compound by reported procedure.
Treatment of diethylamine with 18 afforded 20 in quantitative yield (Scheme 3.6). Compound
20 which contained the boronate ester but do not have DEA/NO functional group. Next,
another control compound 21 was prepared, by reacting DEA/NO with benzyl bromide
(Scheme 3.6), which contained the NO donating functional group DEA/NO, but do not have

boronate ester moiety.
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o, O
Dlethylamlne
THF, 0 °C-RT,
24 h
O
18 20
e}
0. .N?
NN
DEA/NO (1a) K
THF DMF,
15-Crown-5,
0°C,4h 21

Scheme 3.6. Synthesis of control compounds (20 and 21)
3.2.2. H,0; activated NO generation in buffer

The ability of compound 19a to produce NO was tested using a chemiluminescence based
Nitric oxide analyser (NOA). The compound 19a was dissolved in buffer, and an aliquot was
analysed by NOA, as expected no evidence for NO generation for several hours, whereas in
the presence of H,O,, a signal attributable to NO was seen confirming the ability of 19a to
produce NO. When similar experiment was conducted with 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt (c-PTIO, a known quencher of NO),
nearly complete disappearance of NO signal was observed (Figure 3.1.a). These results
suggest that, the compound 19a is stable in buffer and the boronate moiety gets converted

into hydroxyl group by H>O,, generates NO.

Next, compounds 17, 20 and 21 were incubated in buffer and treated with H,O, (10 eq.) and
generation of NO was monitored using NOA. The amount of NO released from these
compounds were estimated using a standard calibration curve generated using sodium nitrite
(NaNQO;) solution (Figure 3.1.b). Compound 17 and 20 contained boronate ester functional
group but do not have NO donating functional group DEA/NO. Similarly, compound 21
contained NO donating functional group but do not have boronate ester functional group. As
expected, we found no evidence for NO generation from these compounds. When similar
experiment was performed with 19a, a signal attributable to NO was observed. Together these
results suggest that, both the diazeniumdiolate as well as the boronate ester functional groups

are required for NO production (Figure 3.1.c).

Next, the stimuli responsiveness of compound 19a toward H,O, was studied, wherein,

compound 19a was treated with increasing concentration of H,O; and the release of NO was
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monitored by NOA. A dose-dependent increase in nitric oxide release was observed (Figure
3.1.d). Thus, when encountered with cellular situations with varying ROS levels, 19a is
expected to preferentially generate NO in cell lines where ROS levels are relatively higher.
Since cancer cells produce higher level of H;O, compared with normal cells, we expect this

compound 19a will produce more NO selectively in cancer cells over normal cells.

4
)
S
o
u. o
»
o
=]
S)

o 19a+H,0,; 19a+H,0, ©
: +¢c-PTIO - 4000
§ 250 | 19a .
E l \ l E 2000
2 2
O 0 - : : - : (@] 0 . . . .
0 5 10 15 20 25 0 20 40 60 80
Time (mln] Nitrite (F-l M)
c d
40 - 40 -
s s 301
g 20 g 20 -
—_ —_— 10 o
0 T T T 0 |
17 20 21 19a 1 2 5 10

Equivalents H,0,

Figure 3.1. (a) Nitric oxide produced during incubation of 19a (25 pM) alone or in the presence of
hydrogen peroxide (H,O,, 250 uM), with and without c-PTIO (250 uM) in buffer; analysis was
conducted after 10 min incubation and arrow indicates approximate point of injection of analyte. (b)
Calibration curve generated using sodium nitrite in buffer. (¢) Nitric oxide analysis of 17, 19a, 20 and
21 (25 uM) in the presence of H,O, (250 uM) in buffer after 10 min incubation. (d) NO generated by
19a (25 uM) with increasing equivalents of H,O, (All the experiments were conducted in 10 mM pH
7.4 phosphate buffer containing 100 uM of diethylene triamine pentaacetic acid (DTPA), a metal ion
chelating agent at 37 °C).

3.2.3. Selectivity of 19a towards H,O;

In order to deliver NO selectively to cancer over normal cells, the compound should be
selectively activated by H,O, over other common reactive species that are present in cells. In
order to verify that, selectivity of 19a towards activation by H,O, was investigated in the
presence of number of biologically relevant nucleophiles, reductants and oxidants. The
compound 19a was incubated in buffer and treated with 10 equivalents of different reactive

species and an aliquot was analysed by NOA for NO. The compound 19a generates NO only
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in the presence of H,O, and no significant levels of NO generation was observed in the
presence of biologically relevant thiols, metal ions, antioxidants and other common reactive
oxygen species (Figure 3.2), which suggesting the selectivity of the functional group towards
activation by H»O, in a physiological condition. The observed specificity of boronate ester

functional group towards H,0, was consistent with previous reports.”'?

40

20

[NO], uM

NAcCys GSH TEMPO Fe** TBHP OCI O, HO H,0,

Figure 3.2. Nitric oxide analysis of 19a (25 uM) with various reactive species (250 pM) at 37 °C in
pH 7.4 phosphate buffer after 10 min incubation, NAcCys: N-acetyl cysteine; GSH: glutathione;
TEMPO: 2,2,6,6-tetramethylpiperidinyloxy; Fe (II): FeCl,; TBHP: tert-butyl hydroperoxide; OCI :
sodium hypochlorite; O, : generated using hypoxanthine/xanthine oxidase; HO" was generated using
H,0, and Fe(Il) mixed at a 1:10 ratio; H,O,.

Having established that compound 19a was capable of generating NO when triggered by
H,0,, a series of 4-BORO/NO compounds was synthesized with different diazeniumdiolates.
A similar procedure (Scheme 3.5) was used to synthesize 19b-19d by the reaction of the
bromide 18 with the corresponding diazeniumdiolate salts, 1b-1d (Scheme 3.7).

N. . N
™ e oM,
NaO. .NI _Rr, THF, 15-crown-5, DMF .
O\B . a0y N 1 _ O\? ¢}
| o
>§\/o &, 0°C-RT, 4h d
18

1b; R'=R? = Me 19b; R' = R? = Me
1c; R" = R®N = Pyrrolidine 19c; R' = RN = Pyrrolidine
1d; R' = R®N = 2-Me-Piperidine 19d; R! = R?N = 2-Me-Piperidine

19b 19¢ 19d
Scheme 3.7. Synthesis of 4-BORO/NO derivatives
In order to study possible differences in 1,4- versus 1,2-elimination of the phenolate

intermediate generated during hydrogen peroxide activated NO release from this class of
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compounds, derivatives 1a, 1b, and 1d were reacted with the corresponding 2-(pinacol
boronate ester)benzyl bromides (Synthesized from 2-bromotoluene derivatives, procedure

similar to Scheme 3.5) to produce 24a-24d (Scheme 3.8).

o. O o._.O
B R4
+_ -0 THF, 15-crown-5, DMF N+ N
Br NaO. N’ R, > 0" "NT TR,
+ NTON 0°C-RT, 4h 0-
R
z z
24a;Z=H,R'=R?>=Et
22:Z=H 1a;R'=R%2=Et 24b; 7 =H,R'=R?=Me
23;Z=0Me 1b; R'=R?=Me 24c; Z = H, R' = R? = 2-Me-Piperidine
1d; R' = RN = 2-Me-Piperidine 24d; Z = OMe, R" = R? = Et

Y Y

o_ O (oo o,

B B | B~
_N_+_N _N_+_N +
(0) N ‘ \/ O \'\‘l ~ O/N\\N’N
— | —
(6] o (0]
24a 24b 24c
o. O
B
+_N
O”N°N’ ~
o
_O
24d

Scheme 3.8. Synthesis of 2-BORO/NO derivatives
3.2.4. NO generation from BORO/NO derivatives

After confirmation of products, the ability of all analogues of BORO/NO derivatives 19b-19d
and 24a-24d to produce NO was investigated. The compounds 19b-19d and 24a-24d (25
uM) were independently incubated with H,O, (250 uM) in pH 7.4 bufter for 10 min and an
aliquot was analysed by NOA for NO. We found all the compounds were stable and
generated nitric oxide only when exposed to H>O, and the yields of NO (Figure 3.3) were
comparable or lower than the yield of NO produced during incubation of 19a under similar

conditions. And we found, the release of NO from 19a and 24a was comparable (Figure 3.3).
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40 -

20

[NO], pM

19a 19b 19c 19d 24a 24b 24c 24d

Figure 3.3. Nitric oxide analysis of BORO/NO derivatives 19a-19d and 24a-24d (25 uM) in the
presence of H,O, (10 eq.) in buffer after 10 min incubation (Experiments were conducted in 10 mM

pH 7.4 phosphate buffer containing 100 uM of diethylene triamine pentaacetic acid (DTPA), a metal

ion chelating agent at 37 °C).
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3.3. Summary

In this chapter, as a proof of concept, we have designed and synthesized a series of an
arylboronate ester based diazeniumdiolates (BORO/NO), a class of hydrogen peroxide
inducible nitric oxide (NO) donors. Using nitric oxide analyser (NOA), we have
demonstrated NO generation from these compounds. When BORO/NO was incubated in pH
7.4 buffer, no signal for NO generation was observed. In the presence of H,O,, a signal
corresponding to NO generation was found. Next, when BORO/NO was treated with
increasing concentration of H,O,, a dose dependent increase in the NO release was seen.
Lastly, we showed the selectivity of BORO/NO towards H,O, over other biologically
relevant nucleophiles, reductants, and oxidants. To the best of our knowledge, this is the first
example of a small molecule that produces NO in the presence of H,O,. Since, cancer cells
produce higher level of H,O, over their normal counterparts, this tool would be useful to

deliver NO 1in a selective and control manner at a cancer site.
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3.4. Experimental Section
3.4.1. Synthesis and characterization

Compounds 18'%, 20", 21", 22" and 23" were synthesized using a previously reported

procedure and the analytical data that we collected were consistent with the reported values.
General procedure for the synthesis of 19 and 24

To an ice cold solution of Diazeniumdiolates (1.2 mmol) in THF (3 mL), 15-crown-5 (0.01
mL) was added and the mixture stirred at 0 °C for 5 min under a nitrogen atmosphere. A
solution of corresponding 2-(pinacol boronate ester)benzylbromides (I mmol) in DMF (1
mL) was added to the reaction mixture at 0 °C and stirred at room temperature for 4 h. The
solvent was evaporated under reduced pressure, diluted with 25 mL of water and the aqueous
solution was extracted with DCM (3x5 mL). The combined organic layer was washed with
brine, dried over Na,SO4 (5 g), filtered and the filtrate was concentrated to give a crude
compound, which was passed through silica gel (60-120 mesh) column chromatography
using ethyl acetate (1—5 %) and petroleum ether solvent system to obtain a crude product.
The mixture was further purified using semi-preparative HPLC with C-18 semi-preparative
column, eluent consisting a gradient of acetonitrile (ACN) and water (40 — 80%), under
ambient temperature with a flow rate of 2.5 mL/min for a 25 min program to obtain pure
material.
1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-methyl-[1-(N,N-diethylamino)
diazen-1-ium-1,2-diol-2-ate] (19a):

Starting from compound 1a (125 mg, 0.81 mmol) product

+

o Nep N (19a, 38 mg, 16%) was isolated as a pink oil: FT-IR (Viax,
%QA 3 em™): 2979, 2929, 1614, 1508, 1360, 1146, 1084; '"H NMR
>§VO (CDCls, 400 MHz): § 7.78 (d, J = 8.1 Hz, 2H), 7.37 (d, J =
8.0 Hz, 2H), 5.28 (s, 2H), 3.06 (q, J= 7.1 Hz, 4H), 1.34 (s, 12H), 1.01 (t, J= 7.1 Hz, 6H); °C
NMR (CDCl;, 100 MHz): & 138.9, 135.1, 127.6, 84.0, 75.6, 48.9, 25.0, 11.6; HRMS (ESI) for
[C17H,sBN30,4+Na]": Caled., 372.2070, Found, 372.2071.

(@)

1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-methyl-[1-(N,N-
dimethylamino) diazen-1-ium-1,2-diol-2-ate] (19b):

Starting from compound 1b (205 mg, 1.62 mmol) a white
\

Q/\O/N\\K‘/N\ solid (19b, 19 mg, 4%) was isolated: FT-IR (Vax, cm™):

>§;‘,B © 2978, 2924, 1617, 1493, 1360, 1208, 1143, 1087; '"H NMR
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(CDCls, 400 MHz): § 7.80 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 5.22 (s, 2H), 2.96 (s,
6H), 1.34 (s, 12H); '*C NMR (CDCls, 100 MHz): & 139.0, 135.1, 127.8, 84.0, 75.4, 43.0,
25.0; HRMS (ESI) for [CsH>sBN304+Na]": Caled., 344.1757, Found, 344.1768.

1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenyl)-4-methyl-[1-

(pyrrolidynyl)diazen-1-ium-1,2-diol-2-ate] (19c¢):

Starting from compound 1¢ (247 mg, 1.62 mmol) a yellow
oil was obtained (19¢, 19 mg, 4%): FT-IR (Viax, cm'l):
2978, 2928, 2861, 1657, 1612, 1478, 1360, 1272, 1144,
1085; '"H NMR (CDCls, 400 MHz): & 7.79 (d, J = 7.9 Hz,

2H), 7.38 (d, J = 8.0 Hz, 2H), 5.18 (s, 2H), 3.48 (t, /= 6.7 Hz, 4H), 1.91 (q, J = 3.4 Hz, 4H),
1.34 (s, 12H); BC NMR (CDCl3, 100 MHz): ¢ 139.3, 135.0, 127.8, 84.0, 75.1, 51.0, 25.0,
22.9; HRMS (ESI) for [C17H26BN304+Na]+: Calcd., 370.1913, Found, 370.1911.

1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-4-methyl-[2-methylpiperidinyl)
diazen-1-ium-1,2-diol-2-ate] (19d):

N_.+_N
v
-
O

Starting from compound 1d (115 mg, 0.64 mmol) a pale
yellow oil (19d, 24 mg, 12%) was obtained: FT-IR (Viax,
cm™): 2974, 2929, 1624, 1503, 1362, 1148, 1086, 1017; 'H
NMR (CDCls, 400 MHz): § 7.78 (d, J = 8.0 Hz, 2H), 7.37

(d, J = 8.0 Hz, 2H), 5.29 (s, 2H), 3.22-3.14 (m, 3H), 1.78-1.63 (m, 6H), 1.34 (s, 12H), 0.94
(d, J = 6.1 Hz, 3H); °C NMR (CDCl;, 100 MHz): & 138.8, 135.1, 127.5, 84.0, 75.6, 56.8,
54.1, 33.0, 25.2, 25.0, 23.3, 18.4; HRMS (ESI) for [CoH3BN304+K]": Calcd., 414.1966,

Found, 414.1956.

1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2-methyl-[1-(N,N-diethylamino)
diazen-1-ium-1,2-diol-2-ate] (24a):

Starting from compound 1a (125 mg, 0.81 mmol) a pale
yellow oil was obtained (24a, 34 mg, 14%): FT-IR (Vmax,
cm™): 2982, 1505, 1360, 1268, 1146; 'H NMR (CDCls, 400
MHz): 6 7.82 (d, J = 7.3 Hz, 1H), 7.43-7.41 (m, 2H), 7.31-

7.27 (m, 1H), 5.63 (s, 2H), 3.06 (q, J = 7.1 Hz, 4H), 1.34 (s, 12H), 1.03 (t, J = 7.1 Hz, 6H);
C NMR (CDCL, 100 MHz): & 142.2, 136.1, 131.2, 127.8, 127.4, 83.9, 75.1, 49.0, 25.0,
11.7; HRMS (ESI) for [C17H28BN3O4+Na]+: Calcd., 372.2070, Found, 372.2073.
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1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2-methyl-[1-(N,N-
dimethylamino) diazen-1-ium-1,2-diol-2-ate| (24b):

Starting from compound 1b (205 mg, 1.62 mmol) a pale

j\;g yellow semi solid was obtained (24b, 10 mg, 2%): FT-IR
@AO/N\\,}N\ (Vmax, cM'): 3446, 2983, 2921, 1653, 1499, 1352, 1144,
J 1014; '"H NMR (CDCls, 400 MHz): & 7.82 (d, J = 7.3 Hz,

1H), 7.43-7.41 (m, 2H), 7.33-7.28 (m, 1H), 5.56 (s, 2H), 2.96 (s, 6H), 1.34 (s, 12H); °C
NMR (CDCl3, 100 MHz): 6 142.3, 136.1, 131.2, 128.1, 127.4, 83.9, 74.9, 43.2, 25.0; HRMS
(ESI) for [C15sH,4BN304+Na] " Caled., 344.1757, Found, 344.1758.
1-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-2-methyl-[2-methylpiperidinyl)
diazen-1-ium-1,2-diol-2-ate| (24c¢):

Starting from compound 1d (293 mg, 0.81 mmol) a pale
j\;g yellow oil was obtained (24¢, 10 mg, 2%): FT-IR (Vpax, cm’
©AO/N\\,;/N ": 2936, 2856, 1502, 1445, 1352, 1147, 1020; 'H NMR
© (CDCls, 400 MHz): & 7.82 (d, J = 7.4 Hz, 1H), 7.42 (d, J =
4.1 Hz, 2H), 7.30-7.28 (m, 1H), 5.63 (s, 2H), 3.17-3.19 (m, 3H), 1.79-1.68 (m , 6H), 1.33 (s,
12H), 0.98 (d, J = 6.1 Hz, 3H); °C NMR (CDCl;, 100 MHz): & 142.1, 136.2, 131.1, 127.6,
127.4, 83.9, 75.2, 56.8, 54.3, 33.1, 25.3, 25.0, 23.4, 18.6; HRMS (ESI) for
[C19H30BN304+Na]": Calcd., 398.2226, Found, 398.2225.

1-((5-methoxy-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenyl)-4- [1-(N,N-
diethylamino)diazen-1-ium-1,2-diol-2-ate] (24d):

Starting from compound 1la (185 mg, 0.59 mmol) a

j\—/% colorless oil was obtained (24d, 11 mg, 3%): FT-IR (Vmax,
] NN cm™): 2983, 1607, 1507,1452, 1359, 1233, 1145, 1029; 'H

0 NMR (CDCls, 400 MHz): 6 7.76, (d, J = 8.3 Hz, 1H), 6.98

st (d, J= 2.5 Hz, 1H), 6.80 (dd, J = 8.3, 2.5 Hz, 1H), 5.62 (s,

2H), 3.80 (s, 3H), 3.07 (q,J=7.1 Hz, 4H), 1.32 (s, 12H), 1.05 (t, J = 7.1 Hz, 6H); *C NMR
(CDCLs, 100 MHz): § 162.2, 144.8, 138.1, 113.0, 112.8, 83.7, 74.9, 55.3, 49.0, 25.0, 11.7;
HRMS (ESI) for [C1sH30BN30s+Na]': Caled., 402.2176, Found, 402.2180.
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3.4.2. Hydrogen peroxide activated NO release in Buffer
3.4.2.1. Nitric oxide detection from compounds

A 10 mM stock solution of compounds in DMSO and a 100 mM stock solution of H,O; in
water were prepared. A typical reaction mixture consisted of compound (25 uM, 1 eq) and
H,0;, (250 uM, 10 eq) were prepared by mixing 1.25 pL of compound and 1.25 pL of H,0O,
from the stock solutions with 497.5 uL of pH 7.4 phosphate buffer (10 mM buffer containing
100 uM of diethylene triamine pentaacetic acid (DTPA), a metal ion chelating agent) at 37
°C. An aliquot of the reaction mixture (10 pL) from the reaction vial was injected into a
Sievers nitric oxide analyzer (NOA 2801) using argon as the carrier gas. For the experiment
with the NO scavenger 2-(4-carboxyphenyl)-4,4,5,5- tetramethylimidazoline-1-oxyl-3-oxide
potassium salt (250 uM, 10 eq., c-PTIO), an aliquot of the reaction mixture (10 puL) was
injected into the NOA chamber.

3.4.2.2. NO generation from 19a with different equivalents of H,O,

A 10 mM stock solution of 19a in DMSO and 100 mM stock solution of H>O, in water were
prepared for quantifying amount of NO release from H,O, mediated decomposition of 19a. A
reaction mixture of 19a (25 uM, 1 eq.,) and H,O, (0 -250 uM, 1 - 10eq) were prepared by
mixing 1.25 pL of 19a and respective volume of H,O, from the stock solutions to 500 pL
with of pH 7.4 phosphate buffer (10 mM containing 100 uM of DTPA) at 37 °C. Reaction
mixture (10 pL) and blank were injected after 10 min into a Sievers Nitric Oxide Analyzer
(NOA 2801) containing reducing mixture using argon as the carrier gas. The amount of NO
released was estimated using a standard calibration curve generated using sodium nitrite

(NaNQOy) solution of concentration from 0 — 75 uM using NOA (R*=0.999).
3.4.2.3. Selectivity studies of 27 with oxidants and reductants

Compound 19a was prepared as mentioned earlier and reacted with different reactive species.
Reactive oxygen species (10 eq., 100 uM) were administered to 19a in 10 mM phosphate
buffer (pH 7.4, containing 100 uM of DTPA (except for Fe*" and HO’), at 37 °C) as follows.
Stock solutions of (10 mM) H,0O, (30%), fert-butylhydroperoxide (TBHP, 70%), and
hypochlorite (NaOCl, 10%) were prepared from commercial sources. Hydroxyl radical
(HO"), was generated by reaction of 10 mM Fe®" with 1 mM H,0,. Superoxide (0,") was
delivered from the enzymatic reaction of xanthine oxidase (0.02 unit/mL) and hypoxanthine
10 mM (in phosphate buffer pH 7.4).>° N-acetylcysteine, glutathione solutions (10 mM) were
prepared in de-ionized water. 2,2,6,6-Tetramethylpiperidinyloxy (TEMPO) solutions (10
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mM) were prepared in DMSO. After 10 min of incubation at 37 °C reaction mixture was

analyzed for NO.
3.4.2.4. Real-time monitoring of nitric oxide release from 19a

To a reaction chamber connected to nitric oxide analyzer 19a (50 uM) in phosphate buffer
(10 mM, pH 7.4, 7 mL) was purged with argon for baseline stabilization, HO, (10 eq.) was
injected to the reaction mixture and NO release was monitored over a period of 1 h using

NOA (low sensitivity mode).

Chemiluminescence (AU)

0 10 20 30 40 50 60

Time (min)

Figure 3.4. Real-time nitric oxide analysis from 19a (50 uM) with 10 equivalent of H,O, in buffer
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3.5. Spectral charts:

'H-NMR Spectrum (400 MHz, CDCl3) of Compound 19a
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 19b
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 19¢
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 19d
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 24a
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 24b
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 24c¢
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"H-NMR Spectrum (400 MHz, CDCl;) of Compound 24d
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CHAPTER 4: Hydrogen peroxide Activated NO Donor with a Fluorescence Reporter

4.1. Introduction

In chapter 2, as a proof-of-concept, we designed and synthesized FLUORO/NO, a new class
of triggerable NO donors with an in-built fluorescence reporter. Upon activation by an
esterase enzyme the compound produces NO as well as a fluorescence signal simultaneously,
without NO consumption.! Due to the ubiquitous expression of esterases, the donor
FLUORO/NO would uniformly enhance NO in nearly all cells. Next, in order to deliver NO
selectively to cancer cells, a second stimulus for activation was chosen: hydrogen peroxide
(H20,), a reactive oxygen species (ROS). As ROS is frequently found to be elevated in
rapidly dividing cells such as cancers,”® H,O, has been previously used to specifically
activate prodrugs’® and latent fluorophores'® (as imaging agents) in cancers. Boronate ester is
known to react with H,O, to produce an alcohol;”** hence this functional group was chosen
as the metabolic stimulus. In chapter 3, we designed and synthesized a series of arylboronate
ester based diazeniumdiolates (BORO/NO), established that BORO/NO derivatives are
capable of generating NO when triggered by H,0,. Using these templates we designed 27, a
H,0, activated NO donor that can be used for selectively delivering and monitoring the

release of NO in cancer cells (Scheme 4.1).

N~

10-Z+
10-Z+

\\)J\O/\O o X0 0\||3
(e}
FLUORO/NO BORO/NO

=3
Thera/NO, 27

Scheme 4.1. Proposed model for the real-time monitoring of NO release in cancer cells

The proposed mechanism of activation of the reporter probe, 27 is as follows. Upon
activation of 27 by H,O,, self-immolation and reaction with water produces 12 and DEA/NO,

which rapidly dissociates at pH 7.4 to produce NO (Scheme 4.2).

77



Chapter 4

IO
A
3 oo pH 7.4

H,0,

27, Thera/NO

Fluorescence: OFF . )
Nitric oxide: OFF Nitric oxide: ON Fluorescence: ON

Scheme 4.2. Proposed mechanism of activation of 27 by hydrogen peroxide to produce 12 and NO

4.2. Results and Discussion

4.2.1. Synthesis

In order to test our hypothesis of H,O, activated NO donor with fluorescence reporter,
compound 27 was synthesized in three steps starting from compound 1 (Scheme 4.3). Briefly,
3-Methyl-umbelliferone (1) was reacted with trifluromethanesulfonic anhydride in the
presence of pyridine to form compound 25 in 86% yield. Next, Pd (1) catalyzed borylation of
compound 25 provided compound 26 in 65% yield. The synthesis of compounds 1 and 26
were performed using reported procedures.’*** Then, compound 26 was reacted with N-
bromosuccinamide (NBS) in the presence of a radical initiator azobisisobutyronitrile (AIBN)
in carbon tetrachloride to produce the corresponding bromide, which was then reacted with
DEA/NO to give the desired compound 27 (Scheme 4.3).

HO (o) o) Pyrldlne \

DCM, RT,
1 24 h, 86 %
PdCl,(dppf),
1,4-Dioxone
KOACc, 80 °C,
12 h, 65%

_N.+_N
(o) Reflux, 4 h
CETT T e, (T
DEA/NO,
© 15-Crown-5, THF, 0
27 DMF, 0 °C- RT, 26

3h,5%

Scheme 4.3. Synthesis of 27

78



Chapter 4

4.2.2. Selectivity of 27 towards H,O,

First, the selectivity of 27 towards activation by H,O, was investigated in the presence of
number of biologically relevant nucleophiles, reductants, and oxidants. Compound 27 was
incubated in buffer and treated with 10 equivalent of different reactive species and
fluorescence signal attributable to 12 was monitored using a microwell plate reader after 30
min. Compound 27 was found to be highly selective toward activation by H,O, and no
significant increase in fluorescence signal was observed in the presence of biologically
relevant thiols, metal ions, antioxidants, and other common reactive oxygen species (Figure
4.1.a). The observed selectivity of the boronate ester functional group towards H,O, was

71014 Next, when compound 27 was treated with increasing

consistent with previous reports.
concentration of H,O,, we found a dose-dependent increase in fluorescence signal at 460 nm
(Figure 4.1.b). Together these results suggest the selectivity of the functional group towards

activation by hydrogen peroxide in a physiological condition.

a b
300 - 500
3 200 - >
@ © 250
& 100 - TS
i ('
0 |

O & OJQ,O &
@Q) q,Q?Q‘

Figure 4.1. (a) Fluorescence response of 27 (10 uM) with various reactive species (100 pM) at 37 °C
in pH 7.4 buffer after 30 min incubation. Ctrl: buffer; TEMPO: 2,2,6,6-tetramethylpiperidinyloxy;
GSH: glutathione; Fe(Il): FeCl,; NaOCI: sodium hypochlorite; TBHP: tert-butyl hydroperoxide;
H,O05. (b) Time course of fluorescence measurements during incubation of 27 (25 uM) in the presence
of H,0, at various concentrations (Excitation 315 nm; Emission 460 nm). (All the experiments were

conducted in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm; emission 460 nm).

4.2.3. NO release and fluorescence emission in Buffer

Next, the ability of the compound 27 to generate NO and fluorescence signal in phosphate
buffer (pH 7.4, 10 mM) was evaluated. Compound 27 was treated with 10 eq. H,O, and the
fluorescence signal attributable to 12 as well as nitric oxide was independently monitored.
The fluorescence signal at 460 nm was measured using a micro-well plate reader while nitric

oxide released was measured by nitric oxide analyser (NOA). In the presence of H,O,, a
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gradual increase in fluorescence signal attributable to 12 was observed during 50 min (Figure
4.2.a). However under similar conditions, there is no significant fluorescence signal was seen

from 27 in the absence of H,0.
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Figure 4.2. (a) Time course of enhancement of fluorescence signal (excitation 315 nm, emission 460
nm) attributable to 12 upon incubation of 27 (25 uM) with and without H,O, (10 eq). (b) Time course
of enhancement of NO upon incubation of 27 (25 uM) with and without H,O, (10 eq). (All the
experiments were conducted in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm; emission 460
nm).

Similarly, when NO was monitored, we found that the compound generated NO only in the
presence of H,O, (Figure 4.2.b). The rate constant for the fluorescence signal kgjyor was found
to be 4 x 10™ s'l; while the rate constant for the formation of NO, kyo under similar
conditions was found to be comparable in magnitude: 2 x 10 s, Next, the yield of 12
formed upon treatment of 27 with H,O, was calculated through a calibration curve with
authentic 12 (Scheme 4.2 and Figure 4.16). Using this quantitative data, the time course for
formation of 12 was monitored by its fluorescence signal at 460 nm and independently, the
formation of NO was also monitored under similar conditions. A close correlation between
these two parameters was observed (Figure 4.3.a), suggesting that the aforementioned

fluorescence signal and NO generation were nearly concurrent.
4.2.4. On-demand release of NO in Buffer

Next, the accumulation of hydrogen peroxide is localized during inflammation and tumour
progression and provides for a chemical handle for spatiotemporal control. We used 27,
which is activated by a chemical trigger i.e. hydrogen peroxide to test if 27 can be used for
generation of NO in a spatiotemporally controlled manner. First, the fluorescence signal as
well as NO generated was monitored by first exposing the compound to 5 eq. (first arrow) of
H,0,. A gradual increase in NO as well as fluorescence was observed (Figure 4.3.b). This

situation mimics the normal tissue where accumulation of H,O, is minimal. When this
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solution was then exposed to 20 eq. (second arrow) of H,O;; this concentration perhaps
represents situations of tumours where a large amount of ROS is present, a rapid increase in
fluorescence as well as NO was observed (Figure 4.3.b). Thus, this compound is suitable to

produce NO “On-demand”.
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Figure 4.3. (a) Time course of enhancement of fluorescence signal attributable to 12 and time course
of enhancement of NO upon incubation of 27 (25 pM) with and without H,O, (10 eq). (Ctrl = 27
without H,0O,). (b) Stimuli responsive fluorescence as well as NO generation during exposure to 5 and
20 eq. of H,0, (All the experiments were conducted in phosphate buffer pH 7.4 at 37 °C, excitation

315 nm; emission 460 nm).

4.2.5. Fluorescence properties of 12 with excess of H,O;

The fluorescence properties of compound 12 towards excess of H,O, was studied, where the
compound 12 was incubated in buffer and treated with different equivalents of H,O, and
fluorescence signal at 460 nm was monitored using a microwell plate reader after 30 min. We
found there is no significant change in the fluorescence signal. This result suggests that the
fluorescence intensity attributable to 12 was not affected by increasing concentrations of

hydrogen peroxide (Figure 4.4).
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Figure 4.4. Fluorescence properties of compound 12 with different equivalents of H,O, in pH 7.4

phosphate buffer at 37 °C (excitation 315 nm; emission 460 nm).
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4.2.6. NO release and fluorescence emission in Cells

In order to study the capability of compound 27 to enhance fluorescence signal as well NO
within the cells, HeLa cells were treated with 27 and exogenously H,O, was added. The
fluorescence signal at 460 nm was measured using a micro-well plate reader while nitrite
released was measured by Griess assay and an increase in fluorescence and nitrite was
observed (Figure 4.5). These results indicate that, the compound 27 gets activated by H,O;

within cells and produces NO and fluorescence signal.

5200

4y ]
—-100
LL
x 0

NO, ,uM ©

0
5
0
Ctrl H,0, Ctrl H,0,

Figure 4.5. Comparison of the fluorescence signal attributable to 12 (a) and extracellular nitrite
release (b) during incubation of HeLa cells when incubated with 27 (25 uM) alone (Ctrl) or HeLa
cells pre-treated with H,O, (100 pM) for 30 min followed by addition of 27 (25 uM) (excitation 315
nm; emission 460 nm).

4.2.7. Intracellular activation of 27

4.2.7.1. Fluorescence microscopy imaging

Having established that 27 is a reliable source of NO within cells, the fluorescence signal at
460 nm can now be used as a surrogate for NO generation. Fluorescence microscopy images
of HeLa cells pretreated with 27 (25 pM) for 30 min and exposed to increasing
concentrations of exogenous H,O, for 30 min showed a dose-dependent increase in
fluorescence signal at 460 nm (Figure 4.6), suggesting the reliability of this compound to

permeate cells.
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Figure 4.6. Fluorescence images of Hela cells incubated with 27 (25 puM) with increasing
concentration of HyO, (100 and 200 pM). Images were taken using DAPI channel, pseudocolor
(green) was given for better visualisation. Scale bar: 50 um. Data provided by Meisam Bagheri &

Deepak Saini, I[ISc Bangalore.
4.2.7.2. Fluorescence-activated cell sorting (FACS)

Next, in order to further verify the intracellular activation of 27, we used fluorescence-
activated cell sorting (FACS) to track the release of 12 within the cells. FACS analysis of
HeLa cells pretreated with 27 (25 uM) for 30 min and exposed to increasing concentrations
of exogenous H,0O; for 30 min showed a dose-dependent increase in fluorescence signal at
460 nm (Figure 4.7). These results supports that, the compound 27 permeate cells and get

activated by H,O,; to produce fluorescence signal attributable to 12.
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Figure 4.7. Flow cytometry analysis of HeLa cells incubated with 27 at 25 uM with increasing

concentration of H,O, (excitation 355 nm; emission 460 nm).
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4.2.7.3. Cellular uptake and intracellular localization of 27

In order to study the cellular uptake and intracellular localization of 27, confocal imaging was
performed. Here, HeLa cells were treated with 27 followed by incubation with H,O, and the
cells were stained with LysoTracker green (fluorescence marker for Lysosome). A significant
enhancement in the fluorescence signal, which overlapped with the fluorescence signal of
LysoTracker green (Figure 4.8), was observed. This result suggested the preferential
activation of 27 in lysosomes, which is along the lines of previous reports (It has been
reported that intracellular hydrogen peroxide was mainly produced by mitochondria in the
cells but it enters into lysosome via diffusion. Since, in contrast to cytoplasm, lysosomes do
not contain hydrogen peroxide degrading enzymes such as catalase, H,O, can get

accumulated more in lysosomes than other part of cells).1>10

DIC 27 LysoTracker Merged

Figure 4.8. Subcellular localization of 27 in HelLa cells. Cells were treated with 27 (25 uM) for 30
min. Then, cells were treated with 100 uM H,O, and further incubated for 30 min. Lysosomal
localization was identified by LysoTracker-green. The excitation channel for 27 and LysoTracker

were 405 and 488 nm, respectively. Scale bar: 10 um.
4.2.8. Selective activation of 27 in catalase knockdown cells

Catalases are the highly efficient antioxidant enzymes, found in nearly all living organisms. It
catalyses the conversion of hydrogen peroxide to water and molecular oxygen. Catalases
protect the cells from oxidative stress by maintaining a safe level of H,O, in cells.'” In order
to simulate increased ROS intracellularly, a catalase knockdown HeLa cell line (KD) was
used. Here, due to the low level of catalase, which was confirmed by quantitative real-time
PCR to check the mRNA levels (Figure 4.9) an increased level of ROS is expected. When
intracellular ROS level was measured by DCFH,-DA assay (fluorescence indicator for
reactive oxygen species in cells), the catalase knockdown cell line (KD) showed higher DCF
fluorescence (Figure 4.10.a) when compared with wild-type (WT).
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Figure 4.9. Relative mRNA level.
Both these cell lines were independently exposed to 27 and fluorescence signal corresponding
to 12 was measured. We found that the relative increase in fluorescence signal was much
higher in the case of KD when compared with WT (Figure 4.10.b). Thus, when encountered
with cellular situations with varying ROS levels, 27 is preferentially activated in cell lines

where ROS levels are relatively higher.
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Figure 4.10. (a) Intracellular ROS enhancement was measured using a DCFH,-DA assay in wild type
(WT) and catalase expression knockdown (KD) cells. (b) Comparison of the relative fluorescence
signal attributable to 12 in wild type (WT) and catalase expression knockdown (KD) cells after
treatment with 27. ***p-value = 0.006. Data provided by Meisam Bagheri & Deepak Saini, IISc

Bangalore.
4.2.9. Selective activation of 27 in cancer cells

Since cancer cells produce higher level of H,O, compared with normal cells, selective
activation of 27 was expected in cancer cells than the normal cells. To validate it, compound
27 was treated with MRCS5 (normal fibroblast) and cancer cell lines: A549, HeLLa, MDA-MB-
231 and the fluorescence response was evaluated by fluorescence microscopy imaging. As
expected, we found enhancement in the fluorescence signal attributable to 12 in cancer cells
compared with normal cells (Figure 4.11). Together these experiments suggest that 27 get

selectively activated in cancer cells over normal cells.
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Figure 4.11. (a) Fluorescence images of different cells treated with 27 (25 uM) after 6 h at 37 °C.

Images were taken using DAPI channel and pseudocolored (in green) for better visualisation. (i)

Bright field image, (ii) Fluorescence image. Scale bar = 100 pm. All images were acquired with

identical parameters (gain 3, intensification 200 and ND: 75). (b) Quantification of fluorescence

intensity was done using ImagelJ software and statistical analysis was done using t-test. ***p-value

0.0002, ****p-value < 0.0001. Data provided by Meisam Bagheri & Deepak Saini, IISc Bangalore.

86



Chapter 4

4.2.10. Real-time monitoring of NO release and its effect-TheraNOstic

Nitric oxide and reactive nitrogen species (RNS) are well known to induce DNA damage,
especially double strand breaks (DSBs).'® 53BP1 is one of the DNA damage response
proteins that is recruited very efficiently to sites of DNA double-strand breaks. Its recruitment
can be visualized by monitoring live cells expressing 53BP1 fused to green fluorescent
protein (GFP)." Therefore, we monitored the ability of 27 to induce DNA damage by
monitoring 53BP1 foci, which are markers of double strand breaks and accumulate as nuclear
foci. HeLa cells stably expressing 53BP1 fused to GFP were seeded on glass-bottom dishes
and independently treated with 27 and imaged 6 h post-treatment. As expected, we found an
increase in DNA damage induced by 27 as evidenced by increased foci, increased foci are
indicative of enhanced DNA damage response (Figure 4.12) suggesting the involvement of
reactive nitrogen species (RNS) in the observed phenotype.20 When the concentration of 27
was varied, a dose-dependent increase in 53BP1 foci was observed (Figure 4.12). Under
similar conditions, an increase in the fluorescence signal attributable to 12 in DAPI channel
was also observed (Figure 4.13) suggesting the suitability of Thera/NO for real-time

monitoring of NO.

100 -

80 -

60

40 -

% Cells

20 -

27 (uM)

Number of foci / cells

m<5 m5-10 =>10

Figure 4.12. (a). Formation of 53BP1 foci upon exposure of (i) Control, (ii) 5 uM of 27, (iii) 10 uM
of 27, (iv) 15 uM of 27, (v) 20 uM of 27. Images were taken in GFP channel. (b) Quantitation of
53BP1-GFP foci: Number of foci per cell were counted and the cells were classified in three

categories (<5; 5-10; >10) based on number of foci per cell. Scale bar = 100 um. All images were
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acquired with identical parameters (Camera gain 3, intensification 200 and ND: 75). Data provided by

Meisam Bagheri & Deepak Saini, [ISc Bangalore.
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Figure 4.13. (a) Formation of 53BP1 foci and enhancement of fluorescence signal attributable to 12
upon exposure of 27 in HeLa cells. Images were taken in GFP channel (for foci) and DAPI channel
(for 12) with fixed acquisition settings. DAPI images have been pseudocolored (red) for better
visualization. Scale bar 100 pm. All images were acquired with identical image acquisition

parameters. (b) Quantification of fluorescence intensity was done using Imagel] software and
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statistical analysis was done using t-test. *p-value 0.0112, **p-value 0.0086. Data provided by

Meisam Bagheri & Deepak Saini, [ISc Bangalore.

4.2.11. Cytotoxic effect of 27 with normal vs cancer cells

Finally, the cytotoxic effect of compound 27 was evaluated with MRCS5 (normal fibroblast)
and cancer cell lines: A549, HeLa, MDA-MB-231 by an Alamar blue assay, as expected we

found compound 27 showed significant cytotoxic effect towards cancer cells compared with

normal cells (Figure 4.14).
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Figure 4.14. Comparison of cytotoxic effect of 27 (10 and 25 uM) on primary cell (MRCS5) versus
cancer cells (A549, HeLa and MDA-MB 231 cells) after incubation for 12 h. Statistical analysis at 25
uM: A549 vs MRCS, p-value 0.0096; HeLa vs MRCS5, p-value 0.014; MDA-MB-231 vs MRCS5, p-
value 0.028. Data provided by Meisam Bagheri & Deepak Saini, IISc Bangalore.
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4.3. Conclusion and outlook

In this chapter, we synthesized Thera/NO, a H,0, activated NO donor with fluorescence
reporter. Upon activation by H,O, in buffer, a nearly quantitative correlation between
fluorescence signal and NO generation was observed. When encountered with cellular
situations with varying ROS levels, Thera/NO is observed to preferentially generate NO in
cell lines with elevated ROS levels. Using cancer and primary cells, we showed that
Thera/NO preferentially releases NO in cancer cells, which can trigger DNA damage and cell
death in them. The coupled fluorescence signal facilitated tracking the NO release in living
cells without use of secondary dyes for NO. Together, we have developed a convenient tool
to enhance NO selectively in cancer cells and allows real-time monitoring of NO release
without collateral consumption of NO. Further adaption of this technology to better direct NO
to cancers is possible. For example, Thera/NO can be encapsulated with a polymer-
nanoparticle carrier system, and due to the enhanced permeability and retention (EPR) effect,
large amount of NO can be delivered selectively at the cancer site. The polymer backbone
can be decorated with different targeting groups such as cancer targeting groups (folate,
biotin), organelle targeting group (mitochondria, lysosomes), which offers an additional
specificity to the NO delivery system. Furthermore, decorated NO donating nanoparticle
system can be further encapsulate with an anticancer drugs and would be useful for the

combination therapy.

The potential for use of NO in cancers is multifarious: (a) the vasodilatory effects of NO may
improve blood circulation in the proximity of tumours; (b) the ability of NO to synergize with
certain cancer drugs, especially, by inhibition of drug efflux pumps may be highly beneficial;
and (c) NO can be a radiosensitizer facilitating radiation therapy. Thera/NO will lay the

platform for exploiting the unique properties of NO in cancer therapy.
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4.4. Experimental Section

4.4.1. Synthesis and characterization

Compounds 1, 12*' and 26" were synthesized using a previously reported procedure and
the analytical data that we collected were consistent with the reported values.
(Z2)-3,3-diethyl-1-((2-0x0-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-3-
yl)methoxy)triaz-1-ene 2-oxide (27):

To a solution of compound 26 (200 mg, 0.70 mmol) in CCly

/@TO/N\\;{N\/ (5 mL), NBS (149 mg, 0.84 mmol) was added along with a
>§rl,3 o~ ~o © trace amount of AIBN. The reaction mixture was refluxed
(0]

for 4 h under nitrogen atmosphere. After cooling to room

temperature, the solvent was removed under reduced pressure. The crude 3-(bromomethyl)-7-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2H-chromen-2-one was taken for next reaction
without further purification. To a solution of DEA/NO (102 mg, 0.66 mmol) in THF (3 mL)
under ice, 15-crown-5 (12 pL) was added and the mixture stirred at 0 °C for 5 min under
nitrogen atmosphere. A solution of 3-(bromomethyl)-7-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-2H-chromen-2-one (crude, 200 mg, 0.55 mmol) in DMF (1 mL) was
added to the reaction mixture at 0 °C and stirred at room temperature for 3 h. The solvent was
evaporated under reduced pressure, diluted with 10 mL of water and the aqueous solution was
extracted with EtOAc (3x5 mL). The combined organic layer was washed with brine, dried
over Na;SOy4 (5 g), filtered and the filtrate was concentrated to give a crude compound. This
crude was initially purified by silica gel column chromatography using EtOAc/pet ether (0 —
40 %) as the eluent. The resulting mixture was further purified using semi-preparative HPLC
with C-18 semi-preparative column (9.4 mm x 250 mm, 5 pm; ZORBAX ODS), using a
gradient of ACN and water (60 — 80 %), under ambient temperature with a flow rate of 2.5
mL/min to obtain 27 (12 mg, 5 %) as a semi solid; FT-IR (Viax, cm'l): 2923, 1723, 1550,
1508, 1359; '"H NMR (CDCls, 400 MHz): & 7.75 (s, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.46 (d, J
=7.7 Hz, 1H), 5.26 (d, J = 1.2 Hz, 2H), 3.17 (q, J = 7.1 Hz, 4H), 1.36 (s, 12H), 1.10 (t, J =
7.1 Hz, 6H); °C NMR (CDCl;, 100 MHz): § 160.1, 152.9, 139.6, 130.6, 127.3, 124.9, 122.7,
120.9, 84.6, 70.0, 48.6, 25.0, 11.7; HRMS (ESI) for CyH,sBN;O [M+Na]": Calcd.,
440.1968, Found, 440.1967.
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4.4.2. NO release and fluorescence emission in Buffer
4.4.2.1. Nitric oxide detection from 27

A 1 mM stock solution of compound 27 in DMSO and 10 mM stock solution of H,O, in
water were prepared. A typical reaction mixture consisted of compound 27 (25 uM) and H,0,
(250 uM, 10 eq.) was prepared by mixing 12.5 puL of 27 and 12.5 pL of H,O, from the stock
solutions with 475 uL of pH 7.4 phosphate buffer (10 mM) at 37 °C. An aliquot of the
reaction mixture (10 pL) from the reaction vial was injected into a Sievers Nitric Oxide
Analyzer (NOA 280i) using argon as the carrier gas. The amount of NO released was
estimated using a standard calibration curve generated using sodium nitrite NaNO; solution
of concentration from 0 — 50 uM using NOA Analyzer (Y = 140.2X; R* = 0.996). The data

represented here is average of 3 repeats.
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Figure 4.15. Calibration curve for nitrite in pH 7.4 phosphate buffer at 37 °C
4.4.2.2. Fluorescence measurement from 27

A 1 mM stock solution of compound 27 and a 10 mM stock solution of H,O, in water were
prepared. The experiment was performed in 96 well plate. In the control experiment, 2.5 pL.
of compound (25 uM) and 97.5 pL of phosphate buffer pH 7.4. In another set serving as
H,0, activated set 2.5 pL of compound 27 (25 uM) was added to 2.5 pL of H,O, (final
concentration of 27 was 25 uM in both blank and reaction; H,O, used was 250 uM). The
amount of 12 released was estimated using a standard calibration curve generated using
authentic 12 solution of concentration varying from 0 — 25 uM (Y = 21.8X; R* = 0.994).
Fluorescence was measured using a Thermo Scientific Varioskan Flash microwell plate
reader (excitation 315 nm; emission 460 nm). The data represented here is average of 3

repeats.
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Figure 4.16. Calibration curve for compound 12 in pH 7.4 phosphate buffer at 37 °C
4.4.2.3. Selectivity studies of 27 with oxidants and reductants

A 1 mM stock solution of 27 in DMSO and 10 mM stock solution of various reactive species
were prepared. A reaction mixture of 27 (10 uM, 1 eq.) and various analytes (100 uM, 10 eq.)
were prepared by mixing 1 pL of 27 and 10 pL of analytes from the stock solutions to 89 pL
of pH 7.4 phosphate buffer (10 mM) at 37 °C. Fluorescence was measured using a Thermo
Scientific Varioskan Flash microwell plate reader (excitation 315 nm; emission 460 nm). The

data represented here is average of 3 repeats.
4.4.2.4. Fluorescence emission from 27 with different equivalents of H,O,

A 1 mM stock solution of 27 in DMSO and 10 mM stock solution of H,O, in water were
prepared. A reaction mixture of 27 (25 pM, 1 eq.) and H>O, (0 - 500 uM, 0 - 20 eq.) were
prepared by mixing 2.5 pL of 27 and respective volume of H,O, from the stock solutions to
pH 7.4 phosphate buffer (10 mM, final volume 100 pL) at 37 °C. Fluorescence was measured
using a Thermo Scientific Varioskan Flash microwell plate reader (excitation 315 nm;

emission 460 nm). The data represented here is average of 3 repeats.
4.4.2.5. Fluorescence properties of compound 12

A 1 mM stock solution of compound 12 and a 100 mM stock solution of H,O, in water were
prepared. The experiment was performed in 96 well plates. In the control experiment, 2.5 uL
of compound 12 (25 pM) was added to 97.5 pL of phosphate buffer pH 7.4. In another set
serving as H,O, activated set 2.5 pL of compound 12 (25 uM) was added to 0.25 pL and 0.75
uL of 100 mM H;0; (For 10 and 30 eq. H,O,; respectively). Fluorescence was measured after
30 min using a Thermo Scientific Varioskan Flash microwell plate reader (excitation 315 nm;

emission 460 nm). The data represented here is average of 3 repeats.
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4.4.3. NO release and fluorescence emission in cells
4.4.3.1. Fluorescence emission and nitrite release from 27 in HeLa cells

Cells were suspended in HBSS medium and plated in a 96-well plate (2.5x10* cells/200 pL).
A 10 mM stock solution of 27 in DMSO and 10 mM stock solution of H,O, in water were
prepared. In control experiment, compound 27 (25 uM) was added to the cell suspension. In
another set serving as H,0, activated set, cells were pre-treated with H,O, (100 uM) for 30
min, followed by compound 27 was incubated for 30 min at 37 °C and fluorescence emission
was measured using a Thermo Scientific Varioskan Flash microwell plate reader (excitation
315 nm; emission 460 nm). For nitrite measurement, Griess reagent (14 uL for 200 pL
reaction mixture, Sigma Aldrich) was added, and incubated at 37 °C for 25 min before
measuring OD at 540 nm using a Thermo Scientific Varioskan Flash microwell plate reader.
The amount of nitrite release was estimated using a standard calibration curve generated
using sodium nitrite NaNO, solution of concentration from 0 — 50 uM (Y = 0.0145 X; R* =
0.998). The data represented here is average of 3 repeats.
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Figure 4.17. Calibration curve for nitrite in HBSS Buffer at 37 °C (O.D = Optical Density).
4.4.3.2. Fluorescence image of 27 activated by exogenous H,O,

HeLa cells were seeded at 50000 cells in 35cm glass bottom dishes for overnight in DMEM
media supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution in an
atmosphere of 5% CO; at 37 °C. After incubation, old media was removed and the cells were
washed with 1 mL of PBS (1X) buffer. Then 1 mL of fresh DMEM media was added along
with compound (25 uM) and cells were incubated for 30 minutes at 37 °C. After 30 minutes,
media was removed, cells were washed with 1 mL of PBS (1X). 1 mL of media was added
along with H,O, (100, 200 uM) and cells were incubated for 30 minutes. After 30 minutes,
media was removed, cells were washed with 1 mL of PBS (1X) and 1 ml of live cell imaging

solution (Invitrogen A14291DJ) was added and imaged by olympus IX83 fluorescence
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microscopy. And the image was analysed by slide book 6.0 software (intelligent Imaging

Innovations, Denver, CO).
4.4.3.3. FACS analysis of HeLa cells with 27

HeLa cells were seeded at 1x10° cells/well in 6 well plate for overnight in DMEM media
supplemented with 10% FBS and 1% antibiotic solution in an atmosphere of 5% CO, at 37
°C. After incubation, old media was removed and the cells were washed with 1 mL of PBS
(1X) buffer. Then 1 mL of fresh DMEM media was added along with compound 27 (25 uM)
and cells were incubated for 30 minutes at 37 °C. After 30 minutes, media was removed, cells
were washed with 1 mL of PBS (1X). 1 mL of fresh DMEM media was added along with
H,0, (100, 250 uM) and cells were incubated for 30 minutes. After 30 minutes, media was
removed, cells were washed with 1 mL of PBS (1X) and cells were detached by trypsination.
Cells were centrifuged at 1000 rpm, 22 °C for 5 min. Supernatant were removed and 500 uL
of PBS (1X) was added to the cell pellet. Samples were illuminated with a UV laser at 355
nm on a Flowcytometry (BD LSRFortessa SORP cell analyser, performed at NCL Innovation

Park, Pune). The data represented here is average of 2 repeats.
4.4.3.4. Confocal Image of HeLa cells with 27

HeLa cells were seeded at 0.5x10° cells/well in 4-well chamber for overnight in DMEM
medium supplemented with 10% FBS and 1% antibiotic solution in an atmosphere of 5%
CO, at 37 °C. After incubation, old media was removed and the cells were washed with 500
pL of PBS (1X) buffer. Then 500 pL of fresh DMEM media was added along with compound
27 (25 uM) and cells were incubated for 30 minutes at 37 °C. After 30 minutes, media was
removed, cells were washed with 200 pL of PBS (1X). Then 500 pL of fresh DMEM media
was added along with H,O, (100 uM) and cells were incubated for 30 minutes. After 30
minutes, media was removed, cells were washed twice with 200 pL of PBS (1X) followed by
cells were stained with LysoTracker for 5 min and imaged on a Zeiss LSM 710 confocal
microscopy with 405 nm, 488 nm laser lines at 2% power using a 63X oil immersion
objective (DAPI channel was used for 27 and LysoTracker Green DND-26 channel were used
for LysoTracker). Images were analysed by ImageJ software. DAPI channel was used for 27

and pseudocolor (red) was given for the better visualisation.
4.4.3.5. Cell culturing and transfection

All cell lines were cultured in the modified Dulbecco’s medium (DMEM) containing 3.7 g/l

sodium bicarbonate, 110 mg sodium pyruvate, antibiotics (100 units/ml penicillin-
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streptomycin) and 10% FBS. Cells were incubated at 37 °C in a humidified incubator in
presence of 5% CO; and 20% oxygen for all experiments. For transfection, HeLa cells were
seeded at density of 50,000 cells per 35 mm dish, and transfected using the Turbofect™

Reagent (Thermofisher Inc., USA) as per the manufacturer’s protocol.
4.4.3.6. Stable cell line generation

For shRNA knockdown (targeting catalase gene or the scrambled shRNA), plasmids
encoding gene specific shRNAs from Broad Institute’s TRC shRNA library (Sigma, USA)
were used to generate the stable HeLa cell lines, which were selected on puromycin (3 pg/ml)

for 48 hours before experiments.
4.4.3.7. Measurements of ROS with H,DCFDA dye

ROS detection was performed using multimode fluorescence plate reader (Tecan, Austria).
Briefly, the cells were washed with PBS (1X) and incubated with 10 uM H,DCFDA (2',7'-
Dichlorofluorescin diacetate) for 30 minutes in dark. Subsequently the cells were washed and
DCF (2',7'-dichlorofluorescein) fluorescence was detected at excitation and emission
wavelength as 495 nm and 525 nm respectively. The fluorescence value recorded was

normalized to 10° cells.
4.4.3.8. Real-time quantitative PCR

Total RNA was isolated from treated and untreated cells using the RNA isolation Mini kit
(RBC Bioscience Inc., UK). The cDNA was synthesized using random hexamers and
RevertAid Reverse Transcriptase enzyme. Quantitative real time PCR was done using Power
SYBR green master mix using Rotogene-Q real time cycler according to manufacturer’s
instructions. The f-actin expression was used as an internal control for expression

normalization. Primers used for analysis are listed below.

Gene Name

B -actin Forward 5’‘CCAACCGCGAGAAGATGAC 3’
Reverse SSCAGAGGCGTACAGGGATAGC 3’

Catalase Forward 5 TGGGATCTCGTTGGAAATAACACS’
Reverse 5> TCAGGACGTAGGCTCCAGAAG3’
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4.4.3.9. Fluorescence response from 27 with WT and KD cells

2 x 10* cells were seeded in 24 well plate and incubated overnight. Cells were washed with
PBS (1X) and treated with 27 (100 uM) in live cell imaging buffer at 37 °C for 30 minutes in
dark. Subsequently the cells were washed with PBS (1X) and fluorescence was recorded
using an excitation and emission wavelength of 315 nm and 460 nm respectively an Infinite
M1000 PRO plate reader (Tecan, Austria). The data represented here is average of 3 repeats

and statistical analysis was done using t-test.
4.4.4.0. Fluorescence imaging of 27 activated by endogenous H,O,

Four different cells, HeLa, A549, MRC5 and MDA-MB-231 were seeded at 1x10° in 35cm
glass bottom dishes for overnight in DMEM media supplemented with 10% FBS and 1%
antibiotic solution in an atmosphere of 5% CO, at 37 °C. After incubation, old media was
removed and the cells were washed with 1 mL of PBS (1X) buffer. Then 1 mL of fresh
DMEM media was added along with compound (25 pM) and cells were incubated for 6 h at
37 °C. After 6 h, old media was removed, cells were washed with 1 mL of PBS (1X) and 1 ml
of live cell imaging solution (Invitrogen A14291DJ) was added and imaged using Olympus
IX83 fluorescence microscope. And the image was analysed by slide book 6.0 software
(Intelligent Imaging Innovations, Denver, CO).

4.4.4.1. 53BP1 (P53 Binding Protein 1) foci formation assay

HeLa cells stably expressing GFP-53BP1 were used for live cell imaging experiments.'****?

The cells were treated with different concentrations of 27 for 6h while or before imaging. For
imaging after the treatments, cells were seeded in glass bottomed dish and treated with
indicated compounds and imaged in an IX83 inverted fluorescence microscope (Olympus)
with Slidebook 6.0 software (intelligent Imaging Innovations, Denver, CO). Images were
taken first in GFP channel and then in DAPI channel with fixed acquisition settings.

4.4.4.2. Cytotoxicity assay with normal vs cancer cells

Cytotoxicity assay was done using Alamar Blue cell viability assay, 2 x 10" cells were seeded
in 24 well plate and incubated overnight. Cells were washed with PBS (1X) and treated with
27 (10 and 25 pM) in media and incubated at 37 °C for 12 hrours in dark. Subsequently the
cells washed with PBS (1X) and Alamar Blue dye was added to each well as final
concentration of 100 uM in media and incubated for 4 hours, Fluorescence was recorded

using an excitation and emission wavelength of 590 nm and 600 nm respectively in an
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Infinite M1000 PRO plate reader (Tecan, Austria). The data represented here is average of

four repeats and statistical analysis was done using t-test.
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4.5. Spectral charts

'H-NMR Spectrum (400 MHz, CDCl3) of Compound 27
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CHAPTER 5: Esterase Sensitive ROS Generator with a Fluorescence Reporter

5.1. Introduction

In addition to NO, a number of other redox active reactive species have important biological
roles. Controlled generation as well as reliable detection of these species is challenging. In
order to assess the generality of the method developed herein, we aimed to develop a ROS
generator with a fluorescence reporter. Due to the short half-life of reactive oxygen species
(ROS) such as a superoxide radical, controlled and localized generation of ROS is
challenging. Previously, our lab designed and synthesised a series of 1, 4-naphthoquines
derivatives, from the library, compound 28 was identified as an efficient ROS generator in
buffer as well as cells. This compound undergoes a keto-enol tautomerism to react with
molecular oxygen to produce ROS such as superoxide, HO, and OH radical mediated by

Fe*" (Scheme 5.1)."*

| oeo) S resiideey

T OQQ)

R=0OH, 28

Scheme S.1. Proposed mechanism for generation of ROS during incubation of 2,3-dihydro-1,4-
benzoquinones in pH 7.4 buffer.

Mycobacterium tuberculosis (Mtb), is one of the highly challenging pathogens to treat. Due to
its thick waxy cell wall, many of the drug candidates have compromised cell permeability in
Mtb. Since, Mtb has been shown to be sensitive to ROS. Compound 28 was able to generate
extracellular and intracellular ROS in Mtb. It was found to be a highly potent compound
against Mtb (MIC 0.76 pg/mL)."” Although compound 28 could enhance the level of
intracellular ROS in bacteria an extracellular decomposition of 28 to generate ROS is
unavoidable. Furthermore, with this compound controlled and localized generation of ROS is

not possible.
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Scheme 5.2. Capability of ROS generation by 28 and 28a

When the hydroxyl group of 28 was protected with benzyl group (28a), no ROS generation
was observed under similar condition (Scheme 5.2), which suggests that, the hydroxyl group
of 28 is crucial for ROS generation.' Recently, protection of 5-OH group of 28 with a self-
immolative linker attached with a substrate for an enzyme that is expressed intracellularly,
was designed for selective enhancement of intrabacterial ROS (Scheme 5.3).° Here, hydroxyl
group of 28 was protected with 4-nitro benzyl group and this group is a known substrate for
E. coli nitroreductase (NTR), a commonly expressed oxygen-insensitive bacterial enzyme
that reduces a broad range of aromatic nitro compounds to amines. This compound is stable

in buffer and generates ROS only in the presence of NTR.

(e} (o] O H
NTR H pH7.4
) I\‘IF\‘ E— —_— ROS
Y~ Il H
o O J 0 O O.4-©

Y =H, OH

Scheme 5.3. Design of NTR activated ROS donor

Due to the short half-life of reactive oxygen species (ROS) such as a superoxide radical,
controlled and localized generation of ROS is challenging, furthermore in order to infer the
production of ROS from these donors, several independent secondary assays are required. For
this purpose number of fluorescence probes have been reported and used.”® The secondary
dyes are typically destructive in nature and further cellular experiments are typically not
possible. It is therefore necessary to develop a reporter linked ROS generator, which would

report ROS release immediately without the need for secondary assays for detection.

As a proof of concept, first we have designed an esterase activated ROS donor without
fluorescence reporter and studied first. Upon activation of 29 by esterase, self-immolation

occurs and produces 28, which dissociates at pH 7.4 to produce superoxide (Scheme 5.4).
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Scheme 5.4. Proposed mechanism for esterase activated ROS generation from 29

5.2. Results and Discussion
5.2.1. Synthesis
In order to test this hypothesis, esterase activated ROS donor 29 was synthesized. Compound

2 and 28 were synthesized using previously reported methodology."® Reaction of 28 with 2 in

the presence of Ag,0 produced desired compound 29, in 19% yield (Scheme 5.5).

0
Ag,0, DCM
% RT, 14h, 19 % O“)
>|\Wovo o}

OH O

28 2 29
Scheme 5.5. Synthesis of ROS donor (29)

In addition compound 31 was synthesized as a negative control compound for ROS

generation. Treatment of 1-Naphthol with 2 afforded 31 in 93% yield (Scheme 5.6).

K,CO3, ACN
OO (0] RT, 4h, 93 %
+ P >
>‘)J\O ! >k”/o\/o
OH 0

2

Scheme 5.6. Synthesis of control compound 31
5.2.2. Activation of 29 and 31 by esterase

First, the conversion of 29 to active ROS donor (28) by esterase was monitored using HPLC
analysis. Compound 29 was incubated with esterase for 30 min in pH 7.4 buffer at 37 °C, and
an aliquot was injected into HPLC, nearly complete disappearance of the peak for 29 was
observed with concomitant formation of a new peak for 28 (Figure 5.1). Compound 28 and
29 was used as an authentic material to verify the release of 28 from 29 by esterase. When
similar experiment was performed with 31 (Figure 5.2), decomposition of 31 by esterase and

formation of new peak attributable to 1-Naphthol was observed (Figure 5.2). These
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experiments suggest that, upon esterase activity, 29 and 31 produced 28, and 1-naphthol

respectively.

— 29
—— 29 +ES

k — 28
A

12 14 16 18
Time (min)

Figure 5.1. The decomposition of 29 (100 pM, red trace) in the presence of esterase (0.5 U/mL) in pH
7.4 phosphate buffer at 37 °C was assessed by HPLC analysis. 28 (100 uM, green trace) and 29 (100
uM, blue trace) were used as an authentic standards to verify the release of 28 from 29. All
absorbance was monitored at 315 nm. The HPLC analysis was done in triplicates with reproducible
results.

—_—3
— 31 +ES

_l —— 1-Naphthol

8 12 16 20 2I4
Time (min)
Figure 5.2. The decomposition of 31 (100 uM, red trace) in the presence of esterase (0.5 U/mL) in pH
7.4 phosphate buffer at 37 °C was assessed by HPLC analysis. 1-naphthol (100 uM, green trace) and
31 (100 puM, blue trace) were used as an authentic standards to verify the release of 1-naphthol from
31. All absorbance was monitored at 280 nm. The HPLC analysis was done in triplicates with

reproducible results.
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5.2.3. ROS generation studies in buffer

Due to short half-life of ROS under physiological conditions, multiple assays were conducted
to conform the ROS generation from the ROS donors. For example, 1) a luminol-based

1011 \Vere used to

chemiluminescence assay’ and HPLC based dihydroethidium (DHE) assay
conform the superoxide generation in buffer, ii) H,DCF-DA assay was used to conform the

ROS generation in cells.
5.2.3.1. Luminol assay for superoxide generation in buffer

The ability of 29 to generate superoxide was tested using a luminol based chemiluminescence
assay.” In this assay, the reaction of luminol with superoxide leads to nitrogen extrusion and
simultaneous formation of excited state species of 3-aminobenzene-1,2-dicarboxylate
(Scheme 5.7). Returning of the excited state species to ground state emits light
(luminescence) and the emission is recorded as a measure of superoxide generated during the
reaction. Compound 29 was incubated with luminol in phosphate buffer (50 mM, pH 8.0), no
evidence for superoxide generation was found. Whereas in the presence of esterase a
chemiluminescence signal for superoxide was observed (Figure 5.3) and the superoxide
generation from 29 was comparable to the authentic ROS donor 28. When, a similar
experiment was conducted with control compound 31, which is a substrate for esterase,
which should not produce ROS, as expected no signal was observed (Figure 5.3).

NHz O NH, O * NH,
I}IH + o; (0]

)
- | . @
N, o o
o o

NH
o

Luminol

Scheme 5.7. Reaction of luminol with superoxide radical (O,")

1600

800 +

Chemilum., a.u.

Ctl 31 31+ES 29 29+ES 28

Figure 5.3. Superoxide generated during incubation of ROS donors (25 uM) in pH 8.0 buffer at 37
°C for 30 min was estimated by a luminol-based chemiluminescence assay. Ctrl: only luminol in

buffer; ES: Esterase (1U/mL).
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Next, 29 was incubated in buffer and co-treated with esterase and superoxide dismutase
(SOD, an enzyme that converts superoxide into H,0,), the signal for superoxide is nearly
completely disappeared (Figure 5.4). Similarly in the presence of esterase inhibitor,
fluorophosphonate-alkyne (FPA, a broad spectrum SH inhibitor), again reduction in the signal
was observed (Figure 5.4). Together, these experiments suggest that, both ester functional

group and ROS donating molecule 28 were required for the ROS generation.

. 1600
3
«©
£ 800/
E
@
3
0 ‘—_*_—* T = T
29 = + + + +
ES - - + + -
sSOD - - - + -
FPA - - - - +

Figure 5.4. Superoxide generated during incubation of ROS donors (25 puM) in pH 8.0 buffer at 37
°C for 30 min was estimated by a luminol-based chemiluminescence assay. ES: esterase (1U/mL);
SOD: superoxide dismutase (2U/mL); FPA: fluorophosphonate-alkyne (25 uM, 30 min pre-treated
with esterase).

Next, a similar experiment was conducted with 29 and compared with a known xenobiotics
(e.g. artemisinin, cisplatin, menadione) and ROS generators (30) in buffer, we found 29 was

the best ROS generator compared to the xenobiotics or ROS producers (Figure 5.5).

1600

800 -

Chemilum., a.u.

0 ——— —

Ctl ART CIS MENA 30 31 31+ES 29 29+ES

Figure 5.5. Superoxide generated during incubation of ROS donors (25 pM) in pH 8.0 buffer at 37 °C
for 60 min was estimated by a luminol-based chemiluminescence assay. Ctrl: only luminol in buffer;
ES: esterase (1U/mL); ART: artemisinin, CIS: cisplatin, MENA: menadione (2-Methyl-1,4-

naphthoquinone).
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5.2.3.2. DHE assay for superoxide generation in buffer

Next, a HPLC-based dihydroethidium (DHE) assay was used to infer the superoxide
generation independently. In this assay, O, specifically reacts with DHE to produce 2-
hydroxyethidium (2-OH-E"). DHE also reacts non-specifically with other ROS and forms
ethidium (E*) dye (Scheme 5.8).!"!" Both of these oxidized products can be detected using
HPLC attached with a fluorescence detector. This fluorescence based HPLC method is

widely used for the detection of superoxide as well as other oxidative species generation.

)
Oxidative

species H N
Ethidium (E*) Dihydroethidine (DHE or HE) Hydroxyethidium (OH-E™)

Scheme 5.8. A scheme for formation of 2-OH-E" and E” during reaction of DHE with ROS

An authentic sample of DHE (50 uM) in buffer was injected into HPLC and we observed a
peak at 20.7 min corresponding to DHE (Figure 5.6). When compound 29 (25 uM) was
incubated with DHE under comparable conditions, chromatogram indicated superoxide and
ROS were not generated in the absence of esterase. However, when 29 and DHE were
incubated with esterase (1 U/mL) in pH 8.0 phosphate buffer (50 mM), a new peak at 29.9
min corresponding to 2-OH-E” was observed indicating the superoxide is a major product
formed under these conditions, and a small peak at 30.2 min was identified as E as an
evidence for the formation of other oxidative species in minor proportions (Figure 5.6). The
signal at 29.9 min corresponding to 2-OH-E" was nearly completely disappeared when the
reaction mixture was co-treated with superoxide dismutase (SOD). Compound 28 was used
as a positive control for this assay (Figure 5.6). Together, these experiments confirmed the

superoxide generation from 29 under physiological conditions.
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2-OH-E*
N +
DHE /E

A | 28

| " 29 + ES + SOD

| u 29 + ES

A A 29
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Time (min)

Figure 5.6. A high performance liquid chromatograph (HPLC)-based dihydroethidium (DHE) assay
was used to infer the generation of superoxide after incubation of compounds (25 uM) in pH 8.0
buffer for 2 h. ES: esterase (1 U/mL).

Next, using the coumarin-based strategy, an esterase sensitive ROS donor with a fluorescence
reporter 32 was designed (Scheme 5.9). Here, 32 is expected to permeate cells to be cleaved
by esterases to produce the highly fluorescent 12 and the ROS releasing 28. Using the turn on

fluorescence signal we can real-time monitor the ROS release without any secondary assays.

*civo/QfO\Io\ 00

Esterase sensitive ROS donor (29) FLUORO/NO

Esterase sensitive ROS donor with
a Fluorescence reporter

Scheme 5.9. Proposed model for the real-time monitoring of ROS generation in cells
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The proposed mechanism of activation of the reporter probe, 32 is as follows. Upon
activation of 32 by esterase, self-immolation and reaction with water produces 12 and 28,

which dissociates at pH 7.4 to produce ROS (Scheme 5.10).
[ ROS: ON_

Esterase

pH 7.4

Self-immolation

Scheme 5.10. Proposed mechanism of activation of 32 to produce 12 and ROS

In order to test this hypothesis, 32 was synthesized. Compound 4 and 28 were synthesized
using previously reported methodology. Reaction of 28 with 4 in the presence of Ag,O
produced desired compound 32 (Scheme 5.11).

Ag,0, DCM

OO0 Ol B s oo R

4 28 32

Scheme 5.11. Synthesis of compound 32

5.2.4. ROS generation and fluorescence emission in Buffer

Next, the ability of the compound 32 to generate ROS and fluorescence signal in phosphate
buffer was evaluated. Compound 32 was treated with esterase and the fluorescence signal
attributable to 12 as well as ROS was independently monitored. The fluorescence signal at
460 nm was measured using a micro-well plate reader while ROS generation was measured
by luminol assay. In the presence of esterase, a gradual increase in fluorescence signal
attributable to 12 was observed during 60 min (Figure 5.7.a). However under similar
conditions, there is no significant fluorescence signal was seen from 32 in the absence of
esterase. Similarly, when ROS was monitored, we found that the compound generated ROS

only in the presence of esterase (Figure 5.7.b).
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Figure 5.7. (a) Fluorescence response of 32 (25 uM) in the absence and presence of ES (0.5 U/mL) in
pH 7.4 buffer. (b) Superoxide generation from 32 (25 uM) in pH 8.0 buffer at 37 °C after 60 min was

estimated by a luminol-based chemiluminescence assay.
5.2.5. ROS enhancement and fluorescence emission in cells

In order to study the capability of compound 32 to enhance fluorescence signal as well as
ROS within the cells, A549 cells were treated with 25 puM of compounds (4, 32, and 29).
After 30 min, the fluorescence signal at 460 nm was measured using a micro-well plate
reader, while ROS enhancement was measured by 2,7-dichlorodihydrofluorescein-diacetate
(H,DCF-DA)-based fluorescence assay. H,DCF-DA is a weakly fluorescent cell permeable
dye, which reacts efficiently with hydroxyl radical and to some extent with H,O,, and the
fluorescence turns on when H,DCF-DA is oxidized by these ROS (Scheme 5. 12).7:12

H,-DCF DCF
Weakly-fluorescent Fluorescent
Ex 490 nm; Em 520 nm

H,-DCF-DA

Scheme 5.12. Oxidation of non-fluorescent H,DCF-DA by ROS to fluorescent dye, DCF

With a control compound 4 (does not contain diazeniumdiolate), an increase in the
fluorescence signal was seen but no significant ROS enhancement (Figure 5.8.a, 5.8.b); and
with a control compound 29 (does not contain coumarin), an increase in ROS was observed
with no significant fluorescence signal (Figure 5.8.a, 5.8.b). Whereas, compound 32 is able to

enhance both fluorescence signal as well as ROS was observed (Figure 5.8.a, 5.8.b). When
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the incubation time and dose of 32 was varied, as expected, a dose-dependent increase in
fluorescence signal was observed (Figure 5.8.c), thus supporting the suitability of 32 to
enhance ROS as well as fluorescence within cells. Thus, when cells are treated with 32 and

the fluorescence signal at 460 nm is a reporter for ROS generated.

a b Cc
20
600 - -— 30 min = 30 min 100 | mmm 30 min
= 500 4 i : . === G0 min
3 =3
o 400 © ©
i - 10 B ]
T 50 I D i 0
4 o @
0 - 0 w w w T 0 -
Ctl 4 29 32 Ctrl 4 29 32 Ctl 10uM 25uM

Figure 5.8. Comparison of fluorescence intensity attributable to 12 (a) and (b) ROS generation upon
incubation of A549 cells with 25 pM of 4, 29 or 32. (c) Fluorescence intensity attributable to 12
during incubation of A549 cells with 32 at 0, 10 and 25 pM with different time at 37 °C (excitation
320 nm; emission 460 nm). Intracellular ROS enhancement was measured using a DCFH,-DA assay

(excitation 490 nm; emission 520 nm).

5.2.6. Cellular uptake of 32

In order to study the cellular uptake of 32, A549 cells were treated with 32 for 60 min and the
fluorescence signal attributable to the formation of 12 at 460 nm was monitored by confocal
microscopy. An increase in fluorescence signal was observed (Figure 5.9). The fluorescence
signal was nearly uniformly distributed within cells, possibly due to the ubiquitous nature of
esterase. These results supporting that, the compound 32 permeate cells and get activated by

cellular esterase to produce fluorescence signal attributable to 12.
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~ Bright field Fluorescence 7

Figure 5.9. Confocal microscopy images of A549 cells treated with 32 (25 uM) for 60 min at 37 °C.

Ctrl

32

Images were taken using DAPI channel and pseudocolored (green) for better visualisation. Scale bar =

10 pm.
5.2.7. Intracellular generation of ROS

Next, we investigated the capability of 32 to produce ROS in cells was evaluated using DCF
assay. A549 lung carcinoma cells were treated with 32 (25 pM) for 1h and followed by cells
were stained with H,DCF-DA dye (10 uM) for 10 min and the fluorescence signal
attributable to DCF was monitored in GFP channel. In this assay, Compound 4 was used as
negative control and 29 was used as positive control for ROS generation. As expected we
found increase in the DCF fluorescence signal for compound 29 and 32 (Figure 5.10).

Together these results provide the evidence for the ability of 32 to enhance ROS in cells.

Figure 5.10. Fluorescence microscopy images of A549 cells treated with a) H,DCF-DA dye alone (10
uM) b) 4 (25 uM) ¢) 29 (25 uM) d) 32 (25 uM) for 60 min at 37 °C. Images were taken using GFP

channel. Scale bar = 200 pm.
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5.3. Summary

The method developed for real-time monitoring of NO could be extended to ROS as well. As
a prototype, 32 was synthesised and in the presnce of esterase, an increase in fluorescence as
well as ROS was observed. Using independent assays, the cell permiability and ROS
genrating capability was demonstrated. Further modification of the trigger can facilitate

directed delivery of ROS.
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5.4. Experimental Section

5.4.1. Synthesis and characterization

Compounds 2", 4" and 28" were synthesized using previously reported procedures, and the
analytical data that we collected were consistent with the reported values.
((9,10-dioxo-1,4,42,9,9a2,10-hexahydro-1,4-ethanoanthracen-5-yl)oxy)methyl pivalate
(29):

To a solution of 2 (88 uL, 0.59 mmol) in dry
DCM (5 mL), 28 (100 mg, 0.39 mmol) and
Ag,0O (273 mg, 1.18 mmol) was added. The

reaction mixture was stirred for 14 h under

o) nitrogen atmosphere. The solvent was

removed under reduced pressure. This crude was initially purified by silica gel column
chromatography using EtOAc/pet ether (0 — 40 %) as the eluent. The resulting mixture was
further purified using preparative HPLC with C-18 preparative column (21.2 mm % 250 mm,
10 um; Kromasil C18), using a gradient of ACN and water (60 — 80 %), under ambient
temperature with a flow rate of 20 mL/min to obtain 29 (27 mg, 19%) as a yellow solid; FT-
IR (Vmax, cm’™'): 2966, 1747, 1687, 1588, 1467; '"H NMR (CDCls, 400 MHz): & 7.65 (dd, J =
7.8, 1.2 Hz, 1H), 7.58 (t, J= 7.9 Hz, 1H), 7.33 (dd, J = 8.2, 1.1 Hz, 1H), 6.21-6.10 (m, 2H),
5.80 (dd, J = 18.2, 6.4 Hz, 2H), 3.31 (d, J = 4.7 Hz, 2H), 3.26-3.20 (m, 2H), 1.71 (d, /= 8.4
Hz, 2H), 1.39 (d, J = 8.5 Hz, 2H), 1.21 (s, 9H); *C NMR (CDCls, 100 MHz): § 197.7, 196.0,
177.2, 155.5, 138.6, 134.3, 134.1, 133.5, 127.6, 123.0, 121.6, 87.4, 52.2, 51.1, 39.0, 34.4,
33.7, 27.0, 24.8, 24.7; HRMS (ESI) for CyH40s [M+Na]+: Calcd., 391.1521, Found,
391.1523.

(naphthalen-1-yloxy)methyl pivalate (31):

To a solution of 1-Naphthol (200 mg, 1.39

OO mmol) in ACN (5 mL), K,CO; (575 mg,
” 4.16 mmol) was added followed by a
>‘\[(Ovo solution of 2 (312 uL, 2.08 mmol) in ACN
© (1mL). The reaction mixture was stirred for 4

h under nitrogen atmosphere at room temperature. Upon completion of reaction (TLC
analysis), the solvent was evaporated under reduced pressure, diluted with 10 mL of water
and the aqueous solution was extracted with EtOAc (3x5 mL). The combined organic layer

was washed with brine, dried over Na,SOy4 (5 g), filtered and the filtrate was concentrated to

115



Chapter 5

give a crude compound. The residue was purified by silica gel column chromatography using
EtOAc/pet ether (0 — 10 %) as the eluent to obtain 31 (332 mg, 93 %) as a yellowish oil; FT-
IR (Viax, cm’'): 2972, 1746, 1584, 1469; 'H NMR (CDCls, 400 MHz): & 8.26-8.24 (m, 1H),
7.83-7.81 (m, 1H), 7.55 (d, J = 8.3 Hz, 1H), 7.53-7.47 (m, 2H) 7.40 (t, J = 8.0 Hz, 1H), 7.09
(d, J=7.7 Hz, 1H), 5.99 (s, 2H), 1.21 (s, 9H); >C NMR (CDCls, 100 MHz): § 177.6, 153.0,
134.7, 127.6, 126.7, 126.0, 125.8, 125.7, 122.5, 122.2, 108.1, 86.3, 39.1, 27.1; HRMS (ESI)
for C16H 1303 [M+Na]+: Calcd., 281.1153, Found, 281.1147.
((3-(((9,10-dioxo0-1,4,4a,9,9a,10-hexahydro-1,4-ethanoanthracen-5-yl)oxy)methyl)-2-oxo-
2H-chromen-7-yl)oxy)methyl pivalate (32):

To a solution of compound 4 (200 mg,
0.54 mmol) in dry DCM (10 mL), 28
(275 mg, 1.08 mmol) and Ag,O (377
mg, 1.62 mmol) was added. The reaction

oo ok,

nitrogen atmosphere. The solvent was removed under reduced pressure. Then the residue was

mixture was stirred for 48 h under a

purified by column chromatography using EtOAc/Pet ether (0 — 30 %) as the eluent to
obtain 32 (22 mg, 7 %) as a yellow solid: mp 124 — 126 °C; FT-IR (Vmax, em™): 1720, 1681,
1617, 1586; '"H NMR (CDCls, 400 MHz): & 8.34 (s, 1H), 7.69-7.57 (m, 3H), 7.31 (dd, J =
8.0, 1.3 Hz, 1H), 7.05 (d, J = 2.3 Hz, 1H), 7.01, (dd, J = 8.6, 2.4 Hz, 1H), 6.23-6.14 (m, 2H),
5.83 (s, 2H), 5.07 (s, 2H), 3.38-3.33 (m, 2H), 3.25 (s, 2H), 1.79-1.71 (m, 2H), 1.46-1.38 (m,
2H), 1.22 (s, 9H) ; *C NMR (CDCl;, 100 MHz): & 198.0, 196.4, 177.2, 160.5, 159.7, 156.9,
154.6, 139.9, 138.8, 134.8, 134.1, 133.8, 129.8, 125.7, 121.5, 119.6, 118.2, 114.5, 113.9,
103.3, 85.1, 65.7, 52.3, 51.0, 39.1, 34.6, 34.1, 27.1, 24.9, 24.7, HRMS (ESI) for C3,H3(,0s
[M+H]": Calcd., 543.2019, Found., 543.2015.

5.4.2. HPLC decomposition study
A 10 mM stock solution of compounds (28, 29, 31 and 1-Naphthol) in DMSO and 1U/mL

stock solution of porcine liver esterase enzyme (Sigma Aldrich) in phosphate buffer pH 7.4
were prepared. In the control experiment, 5 pL of respective compound (28 or 29 or 31 or 1-
Naphthol, 100 uM) was added to 495 puL of phosphate buffer pH 7.4 (10 mM). In another set
serving as esterase activated set 5 pL of 29 or 31 (100 uM), 250 pL of esterase (0.5 U/ mL)
was added to 245 pL of phosphate buffer pH 7.4 (10 mM) at 37 °C. After 30 min, the reaction
mixture was filtered (0.22 um) and injected (50 pL) in an Agilent high performance liquid
chromatography (HPLC) attached with a diode-array detector (detection wavelength was 315
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nm for 29 and 280 nm for 31) and C-18 reversed phase column (4.6 mm % 250 mm, 5 um). A
mobile phase of water: ACN was used with a run time of 25 min: multistep gradient
technology with a flow rate of 1 mL/min — starting with 70:30 % — 0 min, 50:50 % — 0-5
min, 40:60 % — 5-7 min, 30:70 % — 7-10 min, 20:80 % — 10-15 min, 40:60 % — 15-18
min, 60:40 % — 18-20 min, 70:30 % — 20-25 min (H,O: ACN).

5.4.3. Generation of Reactive Oxygen Species from compounds in buffer
5.4.3.1. Superoxide estimation by Luminol assay

A luminol stock solution (4 mM) was prepared by dissolving 7.1 mg of luminol in 10 mL of
30 mM sodium hydroxide solution and stored under ice. 2.5 mM stock solutions of
compounds were prepared in DMSO. In the control experiment, 2.0 pL of compound (25
uM), 5 puL of luminol was added to 193 pL of phosphate buffer pH 8.0 (50 mM). In another
set serving as esterase activated set 2.0 pL of compound (25 puM), 5 pL of luminol and 2 pLL
of esterase (1U/ mL) was added to 191 uL of phosphate buffer pH 8.0 (50 mM). In an
esterase inhibition experiment, FPA (25 uM) was pretreated with esterase for 30 min. For the
experiment with superoxide dismutase (SOD from bovine erythrocytes, 2U/mL) was co-
treated with the reaction mixture. The resulting mixture was incubated at 37 °C and
luminescence from reaction mixture was measured using a Thermo Scientific Varioskan Flash

microwell plate reader. The data represented here is average of 3 repeats.
5.4.3.2. Superoxide estimation by Dihydroethidium (DHE) assay

10 mM stock solution of dihydroethidium (10 mM) was prepared in DMSO and stored in the
dark at -4 °C until its use. 10 mM stocks of compounds (28 and 29) was prepared in DMSO
and stored at -4 °C until its use. A solution of the 29 (1.25 pL of 10 mM) and DHE (2.5 pL of
10 mM) and esterase (5 pL of 100 U/mL) were reacted in phosphate buffer of pH 8 (50 mM,
final volume 500 pL) for 2 h at 37 °C. As a control, same reaction was done in the absence of
esterase enzyme. The reaction mixture was filtered (0.45 um) and injected (50 pL) in an
Agilent high performance liquid chromatograph (HPLC) attached with a fluorescence
detector (excitation at 480 nm; emission at 580 nm). The column used was Agilent1260-
infinity with Phenomenex®C-18 reverse phase column (250 mm x 4.6 mm, 5 pm), the
mobile phase was H,O: ACN containing 0.1% trifluoroacetic acid and a gradient starting with
90: 10 % — 0 min, 10: 90 to 44: 56 — 0 — 35 min, 0: 100 — 35 — 37 min, 0: 100 — 37 — 40
min, 10: 90 — 40 — 42 min, 10: 90 — 42 — 45 was used with a flow rate of 0.5 mL/min. 28, a
known superoxide generator (1.25 pL of 10 mM) were mixed in phosphate bufter (pH 8.0, 50
mM) along with DHE (2.5 pL of 10 mM) for 2 h and served as a positive control.
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5.4.4. Fluorescence measurement from 32

A 50 uM stock solution of compound 32 and a 1 U/mL stock solution of porcine liver
esterase (Sigma-Aldrich) in phosphate buffer pH 7.4 (10 mM) were prepared. The experiment
was performed in 96 well plates. In the control experiment, 50 uL of compound (50 uM) was
diluted with 50 pL phosphate buffer pH 7.4. In another set serving as enzyme activated set 50
puL of compound (50 uM) was added to 50 pL of esterase enzyme (final concentration of 32
was 25 uM in both blank and reaction; esterase used was 0. 5 U/mL). Fluorescence was
measured using a Thermo Scientific Varioscan microwell plate reader (excitation 320 nm;

emission 460 nm).
5.4.5. ROS generation and fluorescence emission in cells

A549 Cells were suspended in PBS (1X) and plated in a 96-well plate (0.5 x 10° cells/100
pL). Compound 4, 29 and 32 in DMSO was added to the cell suspension. Cells were
incubated at 37 °C for 30 min and fluorescence emission was measured using a Thermo
Scientific Varioscan microwell plate reader (excitation 320 nm; emission 460 nm). For ROS
measurement, after 30 min incubation, H,DCF-DA (10 uM) fluorescence probe was added,
and incubated 30 min at 37 °C and fluorescence signal for DCF was measured at excitation at
490 nm and emission at 520 nm using a Thermo Scientific Varioscan microwell plate reader.

The data represented here is average of 3 repeats.
5.4.6. Confocal Image of A549 cells with 32

A549 cells were seeded at 1x10° cells/well in 4-well chamber for overnight in RPMI medium
supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution in an
atmosphere of 5% CO; at 37 °C. After incubation, old media was removed and the cells were
washed with 500 uL of PBS (1X) buffer. Then 500 pL of fresh DMEM media was added
along with compound 32 (25 uM) and cells were incubated for 60 minutes at 37 °C. After 60
minutes, old media was removed, cells were washed twice with 200 puL of PBS (1X) and then
cells were imaged on a Zeiss LSM 710 confocal microscopy with 405 nm laser lines at 2.5%

power using a 63X oil immersion objective. Images were analysed by ImageJ software.
5.4.7. Measurements of intracellular ROS with H,DCFDA dye

A549 cells were seeded at 1x10° cells/well in 12-well corning plate for overnight in RPMI
medium supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic solution in an
atmosphere of 5% CO, at 37 °C. After incubation, media was removed and the cells were
washed with 1 mL of PBS (1X) buffer. Then 1 mL of fresh RPMI media was added along
with compound (25 uM) and cells were incubated for 60 min at 37 °C. After 60 minutes,
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media was removed, cells were washed twice with 200 pL of PBS (1X). Then 1 mL fresh
media was added along with H,DCF-DA probe (10uM) and cells were incubated for further
10 minutes at 37 °C. After 10 minutes, media was removed, cells were washed twice with

ImL of PBS (1X) and then were imaged on a EVOS fluorescence microscopy with 20 X GFP
filter.

119



Chapter 5

5.5. Spectral charts

'H-NMR Spectrum (400 MHz, CDCl3) of Compound 29
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"H-NMR Spectrum (400 MHz, CDCls) of Compound 31
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"H-NMR Spectrum (400 MHz, CDCl5) of Compound 32
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Appendix-1: Synopsis

Synopsis

Real-time Monitoring of Nitric oxide Release
Chapter 1: Introduction

Nitric oxide (NO) is a key biomolecule that is produced in nearly all cells and can
mediate numerous cellular processes including vasodilation, neurotransmission and
immune response.® It is endogenously synthesized by a class of enzyme called nitric
oxide synthases (NOS), through the stepwise oxidation of L-arginine into L-citrulline,
during this process NO is produced (Scheme 1). In mammalian cells, there are three
major distinct isoforms of NOS are present: endothelial NOS (eNOS or NOS 3),
neuronal NOS (nNOS or NOS 1) and inducible NOS (iNOS or NOS 2). The eNOS
and nNOS are constitutively expressed in the endothelial cells and in the neuronal
cells, respectively and release NO in nanomolar range (calcium-dependent isoforms).
Whereas, INOS is expressed upon stimulation of immune cells and produce a burst of

NO in micromolar range for long time (calcium-independent isoform).?

HO HO

HO
0 NOS 0 0
HoN 0, H,O  HoN 0, HO  H,N
%%. + >_<. Y
ADP
HN HN>_ HN
—N

NADPH N 1/2NADPH  1/2 NADP'
=NH =0
H,N H,N  OH HoN
L-Arginine N-Hydroxyarginine L-Citrulline  Nitric oxide

Scheme 1. Biosynthesis of NO from L -arginine

NO mediates various physiological processes in the body, and its effects are largely
concentration-dependent.” The biological effects of NO are divided into direct and
indirect effects, which highly rely on the concentration of NO (Figure 1). At low
concentrations, NO exerts direct effects on cellular systems. One of the most
important biochemical effects of NO is the activation of soluble guanylate cyclase
(sGC), which catalyzes the conversion of GTP to cGMP, a secondary messenger. This,
in turn, leads to the activation of cGMP-dependent protein kinases,
phosphodiesterases and cyclic nucleotide gated ion channels, which ultimately
promote the main biological functions of NO, including vasodilation, inhibition of

platelet aggregation and smooth muscle relaxation. In contrast, at higher
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concentration, NO reacts with various reactive oxygen species (ROS) to produce
reactive nitrogen species (RNS), which exert indirect effects on biomacromolecules

such as, oxidation, nitration and nitrosation (Figure 1).?
eNOS

— Signaling
nNOS

iNOS Direct effect

L- Arglnme—
\ O, or 0;-
(i) @ | S
Nitrotyrosine DNA Strand breaks
Nitroquanosine Lipid peroxidation
Hydroxylation

Nitrosothiols
Nitrosamines

Indirect effect

ON }0 uoies3uasuo)

Nitrosative stress

Figure 1. Concentration dependent biological effects of NO

The importance of nitric oxide (NO) in mediating numerous cellular processes is by
now well established. The relationship between NO and cancer is complex and is
largely dependent on the location, concentration, duration of release as well as the
presence or lack thereof of other reactive entities.* Several investigations have shown
that low levels of NO promote cancer growth, while higher concentrations of NO
induce cancer cell death. Numerous studies have shown that cancers have elevated
levels of NO in comparison with paired normal cells. So, the tumour cells required an
optimal concentration of NO for its proliferation. However, very low levels of NO or
very high levels of NO is toxic to tumour cells. This provide a therapeutic opportunity
to target cancer either by lowering the concentration of NO using NOS inhibitors to
inhibit tumor growth or by increasing the level of NO using NO donors to induce
tumor cell death (Figure 2). Thus, a number of studies have focused on dissipating
NO within tumours by using inhibitors of NOS such as L-NAME.’ Due to the
decreased levels of NO, tumour growth is slowed. However, the use of NOS
inhibitors requires long term, systemic administration that may result in hypertension

and tumour regrowth if treatment is come to end prior to complete eradication.
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Figure 2. Concentration dependent effect of NO in tumor

J

Meanwhile, numerous parallel studies focused on increasing NO concentrations at the
tumor site to induce tumor cell death. Due to increased metabolism associated with
rapidly dividing cells, tumors also have elevated levels of reactive oxygen species
(ROS) including superoxide radical anion. Thus, enhancement of NO within cancers
is expected to produce peroxynitrite (ONOO ), a product of rapid combination of NO
and superoxide anion radical, that may be highly toxic to cancers (Figure 3).
Furthermore, Multidrug resistance (MDR) is the one of the major problems associated
with failure of cancer chemotherapy. Cancer cells are known to overexpress efflux
pumps that reduce the intracellular accumulation of a drug, which leads to MDR. P-
glycoprotein (P-gp), multidrug resistance related proteins (MRPs) and breast cancer
resistance proteins (BCRP-1) are the primary efflux pumps involved in this process.®’
Extensive studies confirm that the antitumor effect of cancer chemotherapy agents

was enhanced by the use of NO donors.*"’

The major reason is that NO donors
generate reactive nitrogen species, which nitrate tyrosine residue of the efflux pumps
which leads to increased intracellular drug accumulation and enhanced anticancer
effect against drug resistant cancer cells (Figure 3). Solid tumours have significant
regions where oxygen concentration is diminished, hypoxia. This condition is rather
difficult to treat and hypoxic cells have an increased propensity to develop resistance
to doxorubicin, for example NO can reverse this resistance. Furthermore, NO can also
act as a hypoxic radiosensitizer, due to low oxygen concentrations, solid tumors

becomes less sensitivity towards radiation therapy. NO mimics the oxygen role and

sensitize solid tumors to the radiation therapy."’
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Figure 3. Cellular effects of nitric oxide

The therapeutic value of NO is well documented, and a complete realisation of its
potential relies on precise spatiotemporal control over NO generation.*? Exogenous
sources of NO (“NO donors™) are used for this.**** Some NO donors spontaneously
dissociate to produce NO, whereas others are triggered intracellularly and dissociate
to produce NO (Scheme 2.a).>?° However, in order to infer the production of NO,
secondary assays are used, typically fluorescence-based cellular assays for reactive
nitrogen species (Scheme 2.a).??* Since, NO is a free radical and highly reactive
species, once released inside the cell, it can react with different molecules that are
present inside cell, as a result of which measurement of NO by secondary assays
might be inaccurate.?*® All the secondary dyes are used to detect only free NO
(unbound) in living cells and treatment of cells with these secondary dyes often
renders them unsuitable for further study. Furthermore, measurement of NO with
these secondary dyes invariably associated with consumption of NO. Enhancement of
NO within cells as well as simultaneous detection is cumbersome. So real-time
monitoring of NO in cells is challenging. One possibility to address this task is to
introduce a fluorescent reporter in the NO donor. Thus, a strategy where a small
molecule can generate NO along with a fluorescence reporter, for the produced NO
would be useful (Scheme 2.b), which will eliminates the need for the secondary

assays to monitor the release of NO.
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(a) Turn-ON NO
% NO Probe
Trigger F/u(ggg’g;lnce
(b) Turn-ON Fluorescence & NO
x - + NO
9T fuoraphors Fluerescsnco

Scheme 2. (a) Stimuli responsive nitric oxide generation by a NO donor requires a secondary
probe for detection of NO produced. (b) Incorporation of a latent fluorophore in the donor
eliminates the need for the secondary probe for monitoring of NO.

It is therefore necessary to develop a reporter linked NO donors. A photochemical
trigger offers a high degree of spatiotemporal control over NO generation and useful
for ON-Demand NO generation. A number of methodologies for light-activated
generation of NO with a fluorescence reporter are known. For example, Mascharak
and coworkers have developed a light-triggered ruthenium based NO donors with
fluorescencent reporter (resorufin or dansyl chromophores) to track NO in cells
(Figure 4).”*" However, this system displays turn-OFF fluorescence signal upon NO

release.

- @

jTQ

| Fluorophore Fluorophore

Fluoresence: ON Fluoresence: OFF
Nitric oxide: OFF Nitric oxide: ON

M = Metal (Ruthenium, Ru), Fluorophore = Resorufin or Dansyl

Figure 4. Photosensitive Metal-based NO donor with a fluorescence reporter

For real-time monitoring of NO, turn ON fluorescence signal would be useful. Same
group developed a turn ON system to track NO release in cells.”® But because of the
fluorescence bands (metal bound and free dye) overlapping, monitoring of NO in cells
is difficult with this method. Next, Sortino and coworkers have developed a light

activated NO donor with fluorescence reporter.”””" Although, this system is
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fluorescence turn ON type, nitroaniline derivative was used as a NO donor, which is
not an efficient NO donor. Recently, a nanoplatform for light triggered target specific
NO delivery methods also reported but this system generates NO as well as singlet
oxygen. Several materials-based methods for NO generation are known, but they have
limitations, such as consumption of NO or being a turn-off fluorescence methodology.
However, all the above methods required light as a trigger, most optically triggered
approaches utilize UV light, which limits tissue permeability and triggers toxic side
effects. A nitric oxide delivery system with a fluorescence reporter for broad

applicability is not yet available.

Therefore, we need a new NO donor, which should have the following characteristics,

1) It should be a triggerable NO donor

2) The trigger should be cancer selective

3) Fluorescence reporter signal should be turn ON type

4) Fluorophore should not consume NO during its detection

5) It should release NO in a controlled and sustained manner at a cancer site

Weinstein et al. reported real-time monitoring of drug release using a reporting drug
delivery system (RDDS) where a 7-hydroxycoumarin linker was used as a fluorescent
reporter.31 7- hydroxylcoumarin derivative was attached to the peptidase substrate to
one end and to the drug molecule on the other end. Upon activation of RDDS, a
spontaneous 1, 8- elimination reaction takes place and release the drug and reporter

molecule (Figure 5).

" N O@ Activation mc’"’ HO@
+

Fluorescence: OFF Fluorescence: ON
Figure 5. 7-Hydroxycoumarin was used as a fluorescence reporter for real time monitoring of
drug release
Therefore, based on the above strategy of real-time monitoring of drug release, in
Chapter 2, we propose FLUORO/NO, a nitric oxide donor with fluorescence
reporter. In the presence of esterase it produces NO and fluorescence signal without

consumption of NO during its detection. The trigger that we had is esterase, which is
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present in nearly all cells, and therefore the compound will be suitable for a range of
cell biology studies. In order to study the precise role of NO in cancer, we need a
cancer specific trigger. Since cancer cells produce higher level of H,O, compared
with normal cells, as a proof of concept in Chapter 3, we propose BORO/NO, a NO
donor without fluorescence reporter, which are capable of generating NO when
triggered by H,O,. Next, in Chapter 4, we propose Thera/NO, a H,O, activated NO
donor that can be used for selectively delivering and monitoring the release of NO in

cancer cells.

The versatility of this scaffold for real-time monitoring of NO release was
demonstrated by incorporating two distinct triggers and can, in principle, be extended
to other stimuli of interest as well. Altogether, the results presented in this thesis
address important problems associated with site-specific delivery of NO and real-time
monitoring of NO release in cells as well. It is anticipated that these tools will find use

in interrogating NO biology, which is yet to be completely understood.

Finally, In addition to NO, a number of other redox active reactive species have
important biological roles. Controlled generation as well as reliable detection of these
species is challenging.'? In order to assess the generality of the method developed
herein, we aimed to develop a ROS generator with a fluorescence reporter and
discussed in chapter 5. This tool would be useful to deliver and real-time monitor

ROS release in cells without the need for secondary assays.
Chapter 2: FLUORO/NO: A Nitric Oxide Donor with a Fluorescence Reporter

Using the coumarin-based strategy, FLUORO/NO (5) was designed the compound
was expected to permeate cells to be cleaved by esterase to produce the highly
fluorescent 12 and the nitric oxide-releasing DEA/NO (Scheme 3). If the release of
NO and the fluorescent 12 is nearly concurrent, a secondary assay for NO would not
be necessary to monitor NO generation. The triggers that we chose were
metabolically relevant, esterases are present in nearly all cells, and therefore the

trigger would have broad relevance.
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Scheme 3. FLUORO/NO (5), a class of triggerable nitric oxide donors with an in-built
fluorescence reporter. FLUORO/NO is expected to have diminished fluorescence. Upon
activation by esterase, followed by self-immolation and reaction with water will produce 12,
which is highly fluorescent and DEA/NO, which dissociates in pH 7.4 buffer to produce NO.

First, the ability of the compound 5 to generate NO and fluorescence signal in
phosphate buffer (pH 7.4, 10 mM) was evaluated. Compound 5 was treated with
esterase (ES) and the fluorescence signal attributable to 12 was measured using a
micro-well plate reader while nitric oxide released was measured by nitric oxide
analyser (NOA). The time course of NO generation corresponded well with the time
course of fluorescence enhancement (Figure 6), thus suggesting that once the pivaloyl
group is cleaved, the rearrangement of the ensuing intermediate to produce DEA/NO
and 12 is rapid (Scheme 3). Hence, once the fluorescence signal is seen, NO

generation can be expected nearly instantaneously.
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Figure 6. (a) Time-course of NO generation from 5 with ES (0.5 U/mL) in buffer (b) Time-
course of fluorescence enhancement from 5 with ES (0.5 U/mL) in buffer (All the
experiments were conducted in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm;

emission 325 to 460 nm).
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Scheme 4. Structure of 4 and 6

Next, we study the capability of compound 5 to enhance fluorescence signal as well
as NO within the cells, HeLa cells were treated with 25 pM of compounds (4, 5 and
6). After 30 min, the fluorescence signal at 460 nm was measured using a micro-well
plate reader, while nitrite release was measured by Griess assay (Figure 7). With a
control compound 4 (does not contain diazeniumdiolate, Scheme 4), an increase in the
fluorescence signal was seen but no significant NO generation (Figure 7.a, 7.b); and
with a control compound 6 (does not contain coumarin, Scheme 4), an increase in
extracellular nitrite was observed with no significant fluorescence signal (Figure 7.a,
7.b). Whereas, compound 5 is able to enhance both fluorescence signal as well as NO
was observed (Figure 7.a, 7.b). When the dose of 5 was varied, as expected, a dose-
dependent increase in fluorescence signal as well as nitrite was observed (Figure 7.c),
thus supporting the suitability of 5 to enhance NO as well as fluorescence within cells.
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Figure 7. Comparison of fluorescence intensity attributable to 12 (a) and (b) extracellular
nitrite release upon incubation of HelLa cells with 25 uM of 4, 5 or 6. (c) Comparison of
fluorescence intensity attributable to 12 and extracellular nitrite release during incubation of
HelLa cells with 5 at 0, 10 and 25 puM after 30 min at 37 °C (excitation 315 nm; emission 460

nm).

Having established that 5 is a reliable source of NO within cells, the fluorescence

signal at 460 nm can now be used as a surrogate for NO generation. In order to study

132



Appendix-1: Synopsis

the cellular uptake of 5, HeLa cells were treated with different concentrations of 5 for
30 min and the fluorescence signal attributable to the formation of 12 at 460 nm was
monitored by confocal microscopy. A dose-dependent increase in fluorescence signal
was observed (Figure 8). These results supporting that, the compound 5 permeate
cells and get activated by cellular esterase to produce fluorescence signal attributable
to 12.

ctrl 10 pM 25 uM

Bright field

Fluorescence

Merge

Figure 8. Confocal microscopy images of HeLa cells treated with 5 (10 and 25 uM) after 30

min at 37 °C. The excitation and emission channels were 405 nm and 460 nm respectively.
Scale bar = 10 um.

One of the most important biological roles of NO is activation of soluble guanylate cyclase
(sGC), which results in the production of secondary messenger cGMP from GTP, which
ultimately promotes the main biological functions of NO, including smooth muscle
relaxation, platelet aggregation and gene expression. In order to test if 5 was capable of
activating sGC within cells, cGMP levels were measured by using a bioluminescence
resonance energy transfer (BRET) assay in human embryonic HEK293T cells.** First, a
known NO donor, sodium nitroprusside (SNP, 50 uM) was tested as the positive control and a
significant enhancement in cGMP levels was observed (Figure 9). When a similar assay was
conducted with 5 (25 pM), as expected, a signal for cGMP was observed. This assay was
conducted with the negative control compound 4 and as expected no significant enhancement
in cGMP levels was observed (Figure 9). Thus, other than NO, the by-products produced
during decomposition of 5 were incapable of inducing NO-like signalling. This result
suggesting that FLUORO/NO (5) was suitable for use as a tool to enhance NO for cellular

signalling studies.
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Figure 9. Formation of NO in cells was inferred by measurement of cyclic GMP, a secondary
messenger for NO, by a BRET assay at 37 °C. *p value = 0.022; **p value = 0.007. Control
1=cells only, Control 2=cells containing DeepBlueC (luciferase substrate) without any

treatment. Data provided by Meisam Bagheri & Deepak Saini, 11Sc Bangalore.

Chapter 3: BORO/NO, a Class of Hydrogen Peroxide Inducible Nitric Oxide
(NO) Donors

In chapter 2, we have reported FLUORO/NO, a nitric oxide donor with fluorescence
reporter. In the presence of esterase it produces NO and fluorescence signal without
consumption of NO during its detection. The trigger that we had is esterase, which is
present in nearly all cells, and therefore the compound will be suitable for a range of
cell biology studies. In order to study the precise role of NO in cancer, we need a
specific trigger to target cancer. The tumour micro environment is different from
normal tissues; one feature that has been widely reported is the high levels of reactive
oxygen species (ROS). These are reduced forms of oxygen that mediate certain
signalling events within the cell but are harmful at elevated concentrations and
damage bio-macromolecules including DNA, proteins and RNA. The most common
ROS include superoxide anion (O, ), hydrogen peroxide (H,O;), and hydroxyl
radical (HO"). Among these, HO, was found to be more stable due to its uncharged in
nature and generation of H,O, in several cancer cell lines has been estimated to be 0.5
nM per 10* cells per h, which are significantly higher than those in normal cells.”

Keeping this in mind, H,0, has been used as a specific agent to activate prodrugs®*=

and latent fluorophores®’®

(as imaging agents) in cancers. A functional group that has
been widely used is the arylboronate ester, which is known to react with H,O, to
produce phenol. Hence, this functional group was chosen as a substrate for the

metabolic stimulus, i.e. H,O, to specifically generate NO in cancer cells.
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As a proof of concept, first we have designed a H,O, activated NO donor without
fluorescence reporter and studied in this chapter. Arylboronate ester based
diazeniumdiolates (BORO/NO), a class of diazeniumdiolate derivatives that are
attached to a pinacolboronate ester through a self-immolative aryl linker were
considered as H,O, activated NO donors (Scheme 5). Reaction of BORO/NO with
H,0; should produce the phenolate intermediate I, which could rearrange to produce

the diazeniumdiolate anion, which in pH 7.4 releases NO (Scheme 5).

DEA/NO

19a, BORO/NO J
2 NO

Scheme 5. Proposed mechanism of activation of 19a by hydrogen peroxide to produce nitric

oxide

In order to deliver NO selectively to cancer over normal cells, the compound should
be selectively activated by H,O, over other common reactive species that are present
in cells. To verify that, selectivity of 19a towards activation by H,O, was investigated
in the presence of number of biologically relevant nucleophiles, reductants and
oxidants. The compound 19a was incubated in buffer and treated with 10 equivalents
of different reactive species and an aliquot was analysed by NOA for NO. The
compound 19a generates NO only in the presence of H,O; and no significant levels of
NO generation was observed in the presence of biologically relevant thiols, metal
ions, antioxidants and other common reactive oxygen species (Figure 10), which
suggesting the selectivity of the functional group towards activation by H,O; in a
physiological condition. The observed specificity of boronate ester functional group

. . . 35,37
towards H,O, was consistent with previous reports.”™
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Figure 10. Nitric oxide analysis of 19a (25 uM) with various reactive species (250 uM) at 37
°C in pH 7.4 phosphate buffer after 10 min incubation, NAcCys: N-acetyl cysteine; GSH:
glutathione; TEMPO: 2,2,6,6-tetramethylpiperidinyloxy; Fe (II): FeCl,; TBHP: fert-butyl
hydroperoxide; OCI: sodium hypochlorite; O, : generated using hypoxanthine/xanthine
oxidase; HO" was generated using H,O, and Fe(II) mixed at a 1:10 ratio; H,O,.

Having established that compound 19a was capable of generating NO when triggered
by H,0,, a series of an arylboronate ester based diazeniumdiolates (BORO/NO) was
synthesized. After confirmation of products, the ability of all analogues of BORO/NO
derivatives 19b-19d and 24a-24d to produce NO was investigated. The compounds
19b-19d and 24a-24d (25 uM) were independently incubated with H,O, (250 uM) in
pH 7.4 buffer for 10 min and an aliquot was analysed by NOA for NO. We found all
the compounds were stable and generated nitric oxide only when exposed to H,O, and
the yields of NO (Figure 11) were comparable or lower than the yield of NO produced

during incubation of 19a under similar conditions.
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Figure 11. Nitric oxide analysis of BORO/NO derivatives 19a-19d and 24a-24d (25 pM) in
the presence of H,O, (10 eq.) in buffer after 10 min incubation (Experiments were conducted
in 10 mM pH 7.4 phosphate buffer containing 100 uM of diethylene triamine pentaacetic acid
(DTPA), a metal ion chelating agent at 37 °C).
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Chapter 4: Hydrogen peroxide Activated NO Donor with a Fluorescence

Reporter

In chapter 3, we designed and synthesized a series of arylboronate ester based
diazeniumdiolates (BORO/NO), established that BORO/NO derivatives are capable
of generating NO when triggered by H,0,. Next, we have designed Thera/NO (27), a
H,0, activated NO donor that can be used for selectively delivering and monitoring

the release of NO in cancer cells (Scheme 6).

The proposed mechanism of activation of the reporter probe, 27 is as follows. Upon
activation of 27 by H,O,, self-immolation and reaction with water produces 12 and
DEA/NO, which rapidly dissociates at pH 7.4 to produce NO (Scheme 6).

H;0,

.,/
N-N
/@\/I\OWV | — pH 7.4 ol — /(:KI\OH
%(;\’B o Yo SNt o oo
(e}

o
12
27, Thera/NO DEA/NO
Fluorescence: OFF . .
Nitric oxide: OFF Nitric oxide: ON Fluorescence: ON

Scheme 6. Proposed mechanism of activation of 27 by hydrogen peroxide to produce 12 and
NO

First, the ability of the compound 27 to generate NO and fluorescence signal in
phosphate buffer (pH 7.4, 10 mM) was evaluated. Compound 27 was treated with 10
eq. H,O, and the fluorescence signal attributable to 12 as well as nitric oxide was
independently monitored. The fluorescence signal at 460 nm was measured using a
micro-well plate reader while nitric oxide released was measured by nitric oxide
analyser (NOA). A close correlation between these two parameters was observed
(Figure 12), suggesting that the aforementioned fluorescence signal and NO

generation were nearly concurrent.
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Figure 12. (a) Time course of enhancement of fluorescence signal (excitation 315 nm,
emission 460 nm) attributable to 12 upon incubation of 27 (25 pM) with and without H,0O,
(10 eq). (b) Time course of enhancement of NO upon incubation of 27 (25 uM) with and
without H,0, (10 eq). (All the experiments were conducted in phosphate buffer pH 7.4 at 37

°C, excitation 315 nm; emission 460 nm).

In order to study the capability of compound 27 to enhance fluorescence signal as
well NO within the cells, HeLa cells were treated with 27 and exogenously H,O, was
added. The fluorescence signal at 460 nm was measured using a micro-well plate
reader while nitrite released was measured by Griess assay and an increase in
fluorescence and nitrite was observed (Figure 13). These results indicate that, the
compound 27 gets activated by H,O, within cells and produces NO and fluorescence

signal.
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Figure 13. Comparison of the fluorescence signal attributable to 12 (a) and extracellular
nitrite release (b) during incubation of HeLa cells when incubated with 27 (25 pM) alone
(Ctrl) or HeLa cells pre-treated with H,O, (100 pM) for 30 min followed by addition of 27
(25 puM) (excitation 315 nm; emission 460 nm).

Catalases are the highly efficient antioxidant enzymes, found in nearly all living
organisms. It catalyses the conversion of hydrogen peroxide to water and molecular
oxygen. Catalases protect the cells from oxidative stress by maintaining a safe level of
H,O, in cells. In order to simulate increased ROS intracellularly, a catalase
knockdown HeLa cell line (KD) was used. Here, due to the low level of catalase, an
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increased level of ROS is expected. When intracellular ROS level was measured by
DCFH,-DA assay (fluorescence indicator for reactive oxygen species in cells), the
catalase knockdown cell line (KD) showed higher DCF fluorescence (Figure 14.a)
when compared with wild-type (WT). Both these cell lines were independently
exposed to 27 and fluorescence signal corresponding to 12 was measured. We found
that the relative increase in fluorescence signal was much higher in the case of KD
when compared with WT (Figure 14.b). Thus, when encountered with cellular
situations with varying ROS levels, 27 is preferentially activated in cell lines where

ROS levels are relatively higher.
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Figure 14. (a) Intracellular ROS enhancement was measured using a DCFH,-DA assay in
wild type (WT) and catalase expression knockdown (KD) cells. (b) Comparison of the
relative fluorescence signal attributable to 12 in wild type (WT) and catalase expression
knockdown (KD) cells after treatment with 27. ***p-value = 0.006. Data provided by Meisam
Bagheri & Deepak Saini, 11Sc Bangalore.

Since cancer cells produce higher level of H,O, compared with normal cells, selective
activation of 27 was expected in cancer cells than the normal cells. To validate it,
compound 27 was treated with MRC5 (normal fibroblast) and cancer cell lines: A549,
HeLa, MDA-MB-231 and the fluorescence response was evaluated by fluorescence
microscopy imaging. As expected, we found enhancement in the fluorescence signal
attributable to 12 in cancer cells compared with normal cells (Figure 15). Together
these experiments suggest that 27 get selectively activated in cancer cells over normal

cells.
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Figure 15. (a) Fluorescence images of different cells treated with 27 (25 uM) after 6 h at 37
°C. Images were taken using DAPI channel and pseudocolored (in green) for better
visualisation. (i) Bright field image, (ii) Fluorescence image. Scale bar = 100 um. All images
were acquired with identical parameters (gain 3, intensification 200 and ND: 75). (b)
Quantification of fluorescence intensity was done using ImageJ software and statistical
analysis was done using t-test. ***p-value 0.0002, ****p-value < 0.0001. Data provided by

Meisam Bagheri & Deepak Saini, 11Sc Bangalore.

Nitric oxide and reactive nitrogen species (RNS) are well known to induce DNA
damage, especially double strand breaks (DSBs). Therefore, we monitored the ability
of 27 to induce DNA damage by monitoring 53BP1 foci, which are markers of double
strand breaks and accumulate as nuclear foci. HelLa cells stably expressing 53BP1
fused to GFP were seeded on glass-bottom dishes and independently treated with 27
and imaged 6 h post-treatment. As expected, we found an increase in DNA damage
induced by 27 as evidenced by increased foci, increased foci are indicative of
enhanced DNA damage response suggesting the involvement of reactive nitrogen

species (RNS) in the observed phenotype. When the concentration of 27 was varied, a
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dose-dependent increase in 53BP1 foci was observed (Figure 16). Under similar
conditions, an increase in the fluorescence signal attributable to 12 in DAPI channel
was also observed (Figure 16) suggesting the suitability of Thera/NO for real-time
monitoring of NO.
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Figure 16. (a) Formation of 53BP1 foci and enhancement of fluorescence signal attributable
to 12 upon exposure of 27 in HelLa cells. Images were taken in GFP channel (for foci) and
DAPI channel (for 12) with fixed acquisition settings. DAPI images have been pseudocolored
(red) for better visualization. Scale bar 100 um. All images were acquired with identical
image acquisition parameters. (b) Quantification of fluorescence intensity was done using
ImageJ software and statistical analysis was done using t-test. *p-value 0.0112, **p-value

0.0086. Data provided by Meisam Bagheri & Deepak Saini, 11Sc Bangalore.
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Finally, the cytotoxic effect of compound 27 was evaluated with MRC5 (normal fibroblast)
and cancer cell lines: A549, HeLa, MDA-MB-231 by an Alamar blue assay, as expected we
found compound 27 showed significant cytotoxic effect towards cancer cells compared with

normal cells (Figure 17).
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Figure 17. Comparison of cytotoxic effect of 27 (10 and 25 uM) on primary cell (MRC5)
versus cancer cells (A549, HeLa and MDA-MB 231 cells) after incubation for 12 h.
Statistical analysis at 25 uM: A549 vs MRC5, p-value 0.0096; HeLa vs MRCS5, p-value
0.014; MDA-MB-231 vs MRCS5, p-value 0.028. Data provided by Meisam Bagheri & Deepak

Saini, 11Sc Bangalore.
Chapter 5: Esterase Sensitive ROS generator with a Fluorescence Reporter

In addition to NO, a number of other redox active reactive species have important
biological roles. Controlled generation as well as reliable detection of these species is
challenging. In order to assess the generality of the method developed herein, we
aimed to develop a ROS generator with a fluorescence reporter (28). Upon activation
of 32 by esterase, self-immolation and reaction with water produces 12 and 28, which

dissociates at pH 7.4 to produce ROS (Scheme 7).
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Scheme 7. Proposed mechanism of activation of 32 to produce 12 and ROS

First, the ability of the compound 32 to generate ROS and fluorescence signal in

phosphate buffer was evaluated. Compound 32 was treated with esterase and the

142



Appendix-1: Synopsis

fluorescence signal attributable to 12 as well as ROS was independently monitored.
The fluorescence signal at 460 nm was measured using a micro-well plate reader
while ROS generation was measured by luminol assay. In the presence of esterase, a
gradual increase in fluorescence signal attributable to 12 was observed during 60 min
(Figure 18.a). However under similar conditions, there is no significant fluorescence
signal was seen from 32 in the absence of esterase. Similarly, when ROS was
monitored, we found that the compound generated ROS only in the presence of

esterase (Figure 18.b).
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Figure 18. (a) Fluorescence response of 32 (25 uM) in the absence and presence of ES (0.5
U/mL) in pH 7.4 buffer. (b) Superoxide generation from 32 (25 uM) in pH 8.0 buffer at 37 °C

after 60 min was estimated by a luminol-based chemiluminescence assay.

Scheme 8. Structure of 4 and 29

Next, we studied the capability of compound 32 to enhance fluorescence signal as
well as ROS within the cells, A549 cells were treated with 25 pM of compounds (4,
32, and 29). After 30 min, the fluorescence signal at 460 nm was measured using a
micro-well plate reader, while ROS enhancement was measured by 2,7-
dichlorodihydrofluorescein-diacetate (H,DCF-DA)-based fluorescence assay. With a
control compound 4 (does not contain diazeniumdiolate, Scheme 8), an increase in the
fluorescence signal was seen but no significant ROS enhancement (Figure 19.a, 19.b);
and with a control compound 29 (does not contain coumarin, Scheme 8), an increase
in ROS was observed with no significant fluorescence signal (Figure 19.a, 19.b).

Whereas, compound 32 is able to enhance both fluorescence signal as well as ROS
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was observed (Figure 19.a, 19.b). When the incubation time and dose of 32 was
varied, as expected, a dose-dependent increase in fluorescence signal was observed
(Figure 19.c), thus supporting the suitability of 32 to enhance ROS as well as
fluorescence within cells. Thus, when cells are treated with 32 and the fluorescence

signal at 460 nm is a reporter for ROS generated.
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Figure 19. Comparison of fluorescence intensity attributable to 12 (a) and (b) ROS generation
upon incubation of A549 cells with 25 uM of 4, 29 or 32. (c) Fluorescence intensity
attributable to 12 during incubation of A549 cells with 32 at 0, 10 and 25 pM with different
time at 37 °C (excitation 320 nm; emission 460 nm). Intracellular ROS enhancement was

measured using a DCFH,-DA assay (excitation 490 nm; emission 520 nm).

In order to study the cellular uptake of 32, A549 cells were treated with 32 for 60 min
and the fluorescence signal attributable to the formation of 12 at 460 nm was
monitored by confocal microscopy. An increase in fluorescence signal was observed
(Figure 20). These results supporting that, the compound 32 permeate cells and get

activated by cellular esterase to produce fluorescence signal attributable to 12.

Bright field Fluorescence Merge
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Figure 20. Confocal microscopy images of A549 cells treated with 32 (25 uM) for 60 min at
37 °C. Images were taken using DAPI channel and pseudocolored (green) for better

visualisation. Scale bar = 10 um.
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Next, we investigated the capability of 32 to produce ROS in cells was evaluated
using DCF assay. A549 lung carcinoma cells were treated with 32 (25 uM) for 1h and
followed by cells were stained with H,DCF-DA dye (10 uM) for 10 min and the
fluorescence signal attributable to DCF was monitored in GFP channel. In this assay,
Compound 4 was used as negative control and 29 was used as positive control for
ROS generation. As expected we found increase in the DCF fluorescence signal for

compound 29 and 32 (Figure 21). Together these results provide the evidence for the

ability of 32 to enhance ROS in cells.

Figure 21. Fluorescence microscopy images of A549 cells treated with a) H,DCF-DA dye
alone (10 pM) b) 4 (25 uM) c) 29 (25 uM) d) 32 (25 uM) for 60 min at 37 °C. Images were
taken using GFP channel. Scale bar = 200 pm.
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fluorescence signal at 460 nm with different concentration
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emission 325 to 460 nm).

(@) Time-course of NO generation from 5 with ES (0.5
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HelLa cells with 25 pM of 4, 5 or 6. (c) Comparison of
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Detection of NO by 15 during incubation in buffer (pH
7.4) at 37 °C (excitation 430 nm; emission 530 nm). (c)
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Confocal microscopy images of HelLa cells treated with 5
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The BRET sensor consists of the cGMP binding sites
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enhanced BRET signal

Formation of NO in cells was inferred by measurement of
cyclic GMP, a secondary messenger for NO, by a BRET
assay at 37 °C. *p value = 0.022; **p value = 0.007.
Control 1=cells only, Control 2=cells containing
DeepBlueC (luciferase substrate) without any treatment.
Data provided by Meisam Bagheri & Deepak Saini, 11Sc
Bangalore.

Formation of 53BP1 foci at 37 °C upon exposure of A)
control, B) 5 uM 5, C) 10 uM 5, or D) 10 uM 4. Scale bar:
10 pm. Increased foci are indicative of enhanced DNA
damage response. Data provided by Meisam Bagheri &
Deepak Saini, 11Sc Bangalore.

Calibration curve for nitrite in phosphate buffer pH 7.4
solution at 37 °C

Calibration curve for nitrite in HBSS Buffer at 37 °C (O.D
= Optical Density)

(@) Nitric oxide produced during incubation of 19a (25
M) alone or in the presence of hydrogen peroxide (H,0,,
250 uM), with and without c-PTIO (250 pM) in buffer;
analysis was conducted after 10 min incubation and arrow

indicates approximate point of injection of analyte. (b)
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(c) Nitric oxide analysis of 17, 19a, 20 and 21 (25 uM) in
the presence of H,O, (250 pM) in buffer after 10 min
incubation. (d) NO generated by 19a (25 pM) with
increasing equivalents of H,O, (All the experiments were
conducted in 10 mM pH 7.4 phosphate buffer containing
100 uM of diethylene triamine pentaacetic acid (DTPA), a
metal ion chelating agent at 37 °C).

Nitric oxide analysis of 19a (25 puM) with various reactive
species (250 uM) at 37 °C in pH 7.4 phosphate buffer after
10 min incubation, NAcCys: N-acetyl cysteine; GSH:
glutathione; TEMPO: 2,2,6,6-tetramethylpiperidinyloxy;
Fe (I1): FeCly,; TBHP: tert-butyl hydroperoxide; OCI :
sodium hypochlorite; O, : generated using
hypoxanthine/xanthine oxidase; HO" was generated using
H,0, and Fe(Il) mixed at a 1:10 ratio; H,O..

Nitric oxide analysis of BORO/NO derivatives 19a-19d
and 24a-24d (25 pM) in the presence of H,O, (10 eq.) in
buffer after 10 min incubation (Experiments were
conducted in 10 mM pH 7.4 phosphate buffer containing
100 uM of diethylene triamine pentaacetic acid (DTPA), a
metal ion chelating agent at 37 °C).

Real-time nitric oxide analysis from 19a (50 pM) with 10
equivalent of H,O; in buffer

(@) Fluorescence response of 27 (10 uM) with various
reactive species (100 uM) at 37 °C in pH 7.4 buffer after
30 min incubation. Ctrl: buffer; TEMPO: 2,2,6,6-
tetramethylpiperidinyloxy; GSH: glutathione; Fe(ll):
FeCl,; NaOCI: sodium hypochlorite; TBHP: tert-butyl
hydroperoxide; H,0,. (b) Time course of fluorescence
measurements during incubation of 27 (25 pM) in the
presence of H,O, at various concentrations (Excitation 315

nm; Emission 460 nm). (All the experiments were
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conducted in phosphate buffer pH 7.4 at 37 °C, excitation
315 nm; emission 460 nm)

(@) Time course of enhancement of fluorescence signal
(excitation 315 nm, emission 460 nm) attributable to 12
upon incubation of 27 (25 puM) with and without H,O, (10
eq). (b) Time course of enhancement of NO upon
incubation of 27 (25 puM) with and without H,O, (10 eq).
(All the experiments were conducted in phosphate buffer
pH 7.4 at 37 °C, excitation 315 nm; emission 460 nm).

(@) Time course of enhancement of fluorescence signal
attributable to 12 and time course of enhancement of NO
upon incubation of 27 (25 puM) with and without H,O, (10
eq). (Ctrl = 27 without H,0O;). (b) Stimuli responsive
fluorescence as well as NO generation during exposure to
5 and 20 eq. of H,0O; (All the experiments were conducted
in phosphate buffer pH 7.4 at 37 °C, excitation 315 nm;
emission 460 nm).

Fluorescence properties of compound 12 with different
equivalents of H,O, in pH 7.4 phosphate buffer at 37 °C
(excitation 315 nm; emission 460 nm).

Comparison of the fluorescence signal attributable to 12 (a)
and extracellular nitrite release (b) during incubation of
HeLa cells when incubated with 27 (25 uM) alone (Ctrl) or
HelLa cells pre-treated with H,O, (100 puM) for 30 min
followed by addition of 27 (25 uM) (excitation 315 nm;
emission 460 nm).

Fluorescence images of HeLa cells incubated with 27 (25
M) with increasing concentration of H,O, (100 and 200
HUM). Images were taken using DAPI channel, pseudocolor
(green) was given for better visualisation. Scale bar: 50
pum. Data provided by Meisam Bagheri & Deepak Saini,
I1Sc Bangalore.

Flow cytometry analysis of HelLa cells incubated with 27
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at 25 uM with increasing concentration of H,O, (excitation
355 nm; emission 460 nm).

Subcellular localization of 27 in HeLa cells. Cells were
treated with 27 (25 puM) for 30 min. Then, cells were
treated with 100 uM H,O, and further incubated for 30
min.  Lysosomal localization was identified by
LysoTracker-green. The excitation channel for 27 and
LysoTracker were 405 and 488 nm, respectively. Scale bar:
10 pm.

Relative mRNA level

(@) Intracellular ROS enhancement was measured using a
DCFH,-DA assay in wild type (WT) and catalase
expression knockdown (KD) cells. (b) Comparison of the
relative fluorescence signal attributable to 12 in wild type
(WT) and catalase expression knockdown (KD) cells after
treatment with 27. ***p-value = 0.006. Data provided by
Meisam Bagheri & Deepak Saini, 11Sc Bangalore.

(@) Fluorescence images of different cells treated with 27
(25 uM) after 6 h at 37 °C. Images were taken using DAPI
channel and pseudocolored (in green) for better
visualisation. (i) Bright field image, (ii) Fluorescence
image. Scale bar = 100 um. All images were acquired with
identical parameters (gain 3, intensification 200 and ND:
75). (b) Quantification of fluorescence intensity was done
using ImageJ software and statistical analysis was done
using t-test. ***p-value 0.0002, ****p-value < 0.0001.
Data provided by Meisam Bagheri & Deepak Saini, 11Sc
Bangalore.

(a). Formation of 53BP1 foci upon exposure of (i) Control,
(i1) 5 uM of 27, (iii) 10 uM of 27, (iv) 15 uM of 27, (v) 20
MM of 27. Images were taken in GFP channel. (b)
Quantitation of 53BP1-GFP foci: Number of foci per cell

were counted and the cells were classified in three
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categories (<5; 5-10; >10) based on number of foci per
cell. Scale bar = 100 um. All images were acquired with
identical parameters (Camera gain 3, intensification 200
and ND: 75). Data provided by Meisam Bagheri & Deepak
Saini, 11Sc Bangalore.

(@) Formation of 53BP1 foci and enhancement of
fluorescence signal attributable to 12 upon exposure of 27
in HeLa cells. Images were taken in GFP channel (for foci)
and DAPI channel (for 12) with fixed acquisition settings.
DAPI images have been pseudocolored (red) for better
visualization. Scale bar 100 um. All images were acquired
with identical image acquisition parameters. (b)
Quantification of fluorescence intensity was done using
ImageJ software and statistical analysis was done using t-
test. *p-value 0.0112, **p-value 0.0086. Data provided by
Meisam Bagheri & Deepak Saini, 11Sc Bangalore.
Comparison of cytotoxic effect of 27 (10 and 25 uM) on
primary cell (MRCS5) versus cancer cells (A549, HeLa and
MDA-MB 231 cells) after incubation for 12 h. Statistical
analysis at 25 pM: A549 vs MRCS5, p-value 0.0096; HelLa
vs MRC5, p-value 0.014; MDA-MB-231 vs MRC5, p-
value 0.028. Data provided by Meisam Bagheri & Deepak
Saini, 11Sc Bangalore.

Calibration curve for nitrite in pH 7.4 phosphate buffer at
37°C

Calibration curve for compound 12 in pH 7.4 phosphate
buffer at 37 °C

Calibration curve for nitrite in HBSS Buffer at 37 °C (O.D
= Optical Density).

The decomposition of 29 (100 uM, red trace) in the
presence of esterase (0.5 U/mL) in pH 7.4 phosphate buffer
at 37 °C was assessed by HPLC analysis. 28 (100 pM,

green trace) and 29 (100 pM, blue trace) were used as an
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authentic standards to verify the release of 28 from 29. All
absorbance was monitored at 315 nm. The HPLC analysis
was done in triplicates with reproducible results.

The decomposition of 31 (100 pM, red trace) in the
presence of esterase (0.5 U/mL) in pH 7.4 phosphate buffer
at 37 °C was assessed by HPLC analysis. 1-naphthol (100
MM, green trace) and 31 (100 puM, blue trace) were used as
an authentic standards to verify the release of 1-naphthol
from 31. All absorbance was monitored at 280 nm. The
HPLC analysis was done in triplicates with reproducible
results.

Superoxide generated during incubation of ROS donors
(25 pM) in pH 8.0 buffer at 37 °C for 30 min was
estimated by a luminol-based chemiluminescence assay.
Ctrl: only luminol in buffer; ES: Esterase (1U/mL).
Superoxide generated during incubation of ROS donors
(25 pM) in pH 8.0 buffer at 37 °C for 30 min was
estimated by a luminol-based chemiluminescence assay.
ES: esterase (1U/mL); SOD: superoxide dismutase
(2U/mL); FPA: fluorophosphonate-alkyne (25 puM, 30 min
pre-treated with esterase).

Superoxide generated during incubation of ROS donors
(25 puM) in pH 8.0 buffer at 37 °C for 60 min was
estimated by a luminol-based chemiluminescence assay.
Ctrl: only luminol in buffer; ES: esterase (1U/mL); ART:
artemisinin; CIS: cisplatin; MENA: menadione (2-Methyl-
1,4-naphthoquinone).

A high performance liquid chromatograph (HPLC)-based
dihydroethidium (DHE) assay was used to infer the
generation of superoxide after incubation of compounds
(25 uM) in pH 8.0 buffer for 2 h. ES: esterase (1 U/mL).
(@) Fluorescence response of 32 (25 uM) in the absence
and presence of ES (0.5 U/mL) in pH 7.4 buffer. (b)
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Superoxide generation from 32 (25 uM) in pH 8.0 buffer at

37 °C after 60 min was estimated by a luminol-based

chemiluminescence assay. 111
Figure 5.8: Comparison of fluorescence intensity attributable to 12 (a)

and (b) ROS generation upon incubation of A549 cells

with 25 uM of 4, 29 or 32. (c) Fluorescence intensity

attributable to 12 during incubation of A549 cells with 32

at 0, 10 and 25 pM with different time at 37 °C (excitation

320 nm; emission 460 nm). Intracellular ROS enhancement

was measured using a DCFH,-DA assay (excitation 490

nm; emission 520 nm). 112
Figure 5.9: Confocal microscopy images of A549 cells treated with 32

(25 uM) for 60 min at 37 °C. Images were taken using

DAPI channel and pseudocolored (green) for better

visualisation. Scale bar = 10 pm. 113
Figure 5.10: Fluorescence microscopy images of A549 cells treated

with a) H,DCF-DA dye alone (10 uM) b) 4 (25 uM) c) 29

(25 uM) d) 32 (25 pM) for 60 min at 37 °C. Images were

taken using GFP channel. Scale bar =200 pm. 113
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Biosynthesis of nitric oxide from L -arginine

Biosynthesis of nitric oxide. NO is generated from L-
arginine by the enzyme NOS under normoxic conditions.
Under these conditions, NO is oxidized to nitrite and
nitrate. Under hypoxia, nitrite is reduced to NO in a NOS-
independent pathway.

Mechanism of activation of O2-protected
diazeniumdiolates based NO prodrug by specific trigger
for delivery of NO within cells

(@) Stimuli responsive nitric oxide generation by a NO
donor requires a secondary probe for detection of NO
produced. (b) Incorporation of a latent fluorophore in the
donor eliminates the need for the secondary probe for
monitoring of NO.

(@) Stimuli responsive nitric oxide generation by a NO
donor requires a secondary probe for detection of NO
produced. (b) Incorporation of a latent fluorophore in the
donor eliminates the need for the secondary probe for
monitoring of NO.

7-Hydroxycoumarin was used as a latent fluorophore in
drug delivery as well as imaging of various analytes
7-Hydroxycoumarin was used as a fluorescence reporter
for real time monitoring of drug release

FLUORO/NO (5), a class of triggerable nitric oxide donors
with an in-built fluorescence reporter. FLUORO/NO is
expected to have diminished fluorescence. Upon activation
by esterase, followed by self-immolation and reaction with
water will produce 12, which is highly fluorescent and
DEA/NO, which dissociates in pH 7.4 buffer to produce
NO.
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arylboronate ester based diazeniumdiolates (BORO/NO), a class of nitric
oxide (NO) donors activated by hydrogen peroxide (H,0O,), a reactive oxygen
species (ROS), to generate NO. We provide evidence for the NO donors’ N=N
ability to permeate bacteria to produce NO when exposed to H,0, supporting
possible applications for BORO/NO to study molecular mechanisms of NO

ABSTRACT: Here, we report the design, synthesis, and evaluation of ; o

generation in response to elevated ROS.

lthough reactive oxygen species (ROS) such as hydrogen

peroxide (H,0,) mediate numerous physiological pro-
cesses,' elevated levels of ROS can cause oxidative stress
leading to cell death.>™® Similarly, nitric oxide (NO), a reactive
nitrogen species (RNS), has multifarious functions and effects
in cells, but increased NO has been associated with nitrosative
stress and growth inhibition.” '® Both ROS and RNS are
generated during immune response to counter infectious
pathogens, presumably due to their ability to synergize'"'>
leading to increased damaging effects.> !> However, due to its
antioxidant capability,'®'” NO has also been implicated in
protecting bacteria from oxidative stress and may hence
contribute to bacterial drug resistance.'® > Thus, the precise
effects of NO when generated in the presence of elevated ROS
are yet to be completely understood.

Due to its diverse roles, NO for use in biological studies must
be generated in a controlled manner and preferably in response
to a stimulus."** A number of nitric oxide donors are available,
but among these, sodium salts of diazeniumdiolates (such as
DEA/NO 1a, Scheme 1) are reliable sources of NO.>
However, these NO donor salts lack specificity and would
generate NO in the absence of H,0, as well. Diazeniumdiolate

anions can, however, be derivatized into “protected” forms,
which can be activated in the presence of a specific metabolic
trigger to generate NO.>*** Numerous methodolo-
gies' "1%2°733 for cleavage of otherwise stable diazeniumdiolate
derivatives are known, but to our knowledge a nitric oxide
donor that is selectively activated by ROS is not available.

Boronate ester protecting groups are highly specific to
cleavage by H,0, and have been extensively used in
imaging34_37
studies with bacteria, elevated H,O, is frequently used to
simulate conditions of oxidative stress.”** Arylboronate ester
based diazeniumdiolates (BORO/NO), a class of diazenium-
diolate derivatives that are attached to a pinacolboronate ester
through a self-immolative aryl linker, were considered as H,O,
activated NO donors (Scheme 1). Reaction of BORO/NO with
H,0, should produce the phenolate intermediate I, which
could rearrange to produce the diazeniumdiolate anion, which
in pH 7.4 releases NO (Scheme 1.).

Following a reported procedure, compound 5 was
synthesized by bromination of 4**** (Figure 1) and reacted
with DEA/NO 1la to obtain 2a (Scheme 2). A similar
procedure was used to synthesize 2b—2d by the reaction of

as well as in drug delivery.”®*" For mechanistic

Scheme 1. BORO/NO, H,0, Activated NO Donors
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Figure 1. Structure of compounds 4—7 and 3a—3d.
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Scheme 2. Synthesis of 4-BORO/NO Derivatives

R" 0 0
N S
R N-O of O-N, R
/N—N\
5 R
1a;R'= R? = Et 2a;R" R?=Et
1b; R'=R%?=Me 2b; R', R? = Me

1¢; R'R2N = pyrrolidine
1d; R'R?N = 2-Me-piperidine

2c; R'R?N = pyrrolidine
2d; R'R2N = 2-Me-piperidine

the bromide $ with the corresponding diazeniumdiolate salts,
1b—1d (Scheme 2).* In order to study possible differences in
1,4- versus 1,2-elimination®® of the phenolate intermediate
generated during hydrogen peroxide activated NO release from
this class of compounds, derivatives 1a, 1b, and 1d were reacted
with the corresponding 2-(pinacol boronate ester)benzyl
bromides to produce 3a—3d (Figure 1).

The 4-BORO/NO derivative 2a was incubated in pH 7.4
buffer, and no evidence for NO production in the headspace
was found as determined by a chemiluminescence-based assay
that is selective for NO (Figure 2a). In the presence of H,0,,

A B
500 =
2a +H,0, 2a + H,0, 2 4000 |
2 250 | 2a +¢-PTIO g
l E 2000 4
| L 5
0 : : T . ) o 0
0 5 10 15 20 25 04 08 12 16 20
Time (min) NO gas (nmol)
Cc D
Q. 15 8~ 159 —@— 2a
& = T =
2= 10 2= 10 {| —— 3a
°
82 5 § 2 s
T
0 0 / r T T .
1 2 5 10 0 2 4 6 8 10
Equiv H,0, Time (min)

Figure 2. Nitric oxide analysis in the headspace” using a
chemiluminescence detector: (a) Traces for 2a alone, in the presence
of H,0, with and without a NO scavenger;" (b) Calibration curve
generated using NO gas; (c) NO generated by 2a with increasing
equivalents of H202; (d) Time course of NO generated during
incubation of 2a and 3a in the presence of 10 equiv H,0,. *
Experiments were conducted in 10 mM pH 7.4 phosphate buffer
containing 100 #M of diethylene triamine pentaacetic acid (DTPA), a
metal ion chelating agent at 37 °C. Reaction mixtures from headspace
of reaction vial were injected into a chemiluminescene-based nitric
oxide analyzer using argon as the carrier gas. b Arrow indicates
injection of sample.

we found significant levels of NO produced (Figure 2a). When
2a was incubated in the presence of H,0, and (2-(4-
carboxyphenyl)-4,4,5,5-tetramethyl imidazoline-1-oxyl-3-oxide
(c-PTIO), a scavenger for NO, we found nearly complete
abrogation of signal attributable to NO in the headspace
confirming NO generation by 2a (Figure 2a). A calibration
curve with nitric oxide gas was generated using authentic NO
gas (linear regression analysis coefficient, R*> = 0.998, Figure
2b).

Next, hydrogen peroxide induced NO generation in solution
was analyzed. First, a calibration curve with sodium nitrite in a
reducing mixture, which converts nitrite to NO, was generated
(linear regression analysis coefficient, R = 0.999, Figure 3a).
We found evidence for nitric oxide production during
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Figure 3. Solution phase nitric oxide analysis using a chemilumi-
nescence detector: (a) Calibration curve generated using sodium
nitrite; (b) Representative spectrum when a solution of 2a in H,0,
was analyzed; (c) Nitric oxide analysis of BORO/NO derivatives and
4, 6, and 7; (d) NO generated in solution when incubated with various
biologically relevant species. Aliquots from the solution phase of the
reaction vial were injected into a chemiluminescene-based nitric oxide
analyzer using argon as the carrier gas containing a reducing mixture.
Under these conditions, values of NO reported are NO + nitrite.
NAcCys: N-acetyl cysteine; GSH: glutathione; TEMPO: 2,2,6,6-
tetramethylpiperidinyloxy; Fe®’; TBHP: tert-butyl hydroperoxide;
OCI™: sodium hypochlorite; O,™*: generated using hypoxanthine/
xanthine oxidase; HO® was generated using H,O, and Fe(II) mixed at
a 1:10 ratio; here, DTPA was not added.

incubation of 2a in the presence of H,O, in buffer (Figure
3b; see Supporting Information Figure S3). When 2a (25 yuM)
was incubated with varying equivalents of H,0,, we found a
dose-dependent increase in nitric oxide produced after 10 min
(Figure 2c; see Supporting Information, Table S6) and 10
equiv of H,0, were chosen for further studies.

A time course of headspace NO produced during incubation
of 2a (25 uM) in the presence of H,0, (10 equiv) showed a
gradual increase of NO during 10 min, and the yield of NO was
nearly 12 uM (Figure 2d). When the other analogues 2b—2d
and 3a—3d were tested, we found nitric oxide production only
when exposed to H,0, and the yields of NO (see Supporting
Information, Table S1 and Figure 3c) were comparable or
lower than the yield of NO produced during incubation of 2a
under similar conditions. A time course of NO production
during incubation of the 2-BORO/NO derivative 3a in the
presence of H,O, showed no major difference in the rate of
NO release possibly because 1,2- and 1,4-eliminations occurred
at comparable rates (Figure 2d).

Compound 4 (Figure 1) which contained the boronate ester
but no capability to generate NO did not produce significant
levels of NO during incubation with H,0, (Figure 3c). Next,
the diethylamino derivative 6 and benzyl derivative of DEA/
NO, 7 (Figure 1), were prepared using reported procedures
(see Supporting Information). During incubation with H,0,
(10 equiv), as expected, we found no evidence for NO
generation by these compounds suggesting the requirement for
the boronate ester functionality as well as the diazeniumdiolate
for NO production (Figure 3c).
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Having established that BORO/NO derivatives were capable
of generating NO when triggered by H,0,, a number of
biologically relevant nucleophiles, reductants, and oxidants were
utilized to study the selectivity of activation of 2a to produce
NO (Figure 3d). The NO donor 2a was found to be highly
specific toward activation by H,0, and did not generate
significant levels of NO in the presence of biologically relevant
thiols, metal ions, antioxidants, and other common ROS
(Figure 3d). The observed specificity is consistent with
previously published data on reactivity of boronate esters
toward H,0,.3¢%

In order to study if BORO/NO was capable of generating
NO in bacteria, Escherichia coli (E. coli) cells were incubated
with 2a (25 uM). The ability of this compound to enhance NO
was studied by measuring extracellular nitrite using a Griess
assay. We found negligible NO during incubation of 2a alone,
but under similar conditions, when 2a was cotreated with
H,0,, we found a significant increase in extracellular nitrite, a
marker for increased NO (Figure 4a). The amount of nitrite

A
~ 10
= l  Buffer
f 5 O +H,0,
§
0

Ctrl 2a 2a +c-PTIO 4 6 7

<~—MSSA—= =— MRSA—

P. aeruginosa

Figure 4. (a) Extracellular nitrite in E. coli after 1 h; (b) Intracellular
NO from 2a in E. coli; (c) Extracellular nitrite release upon incubation
of 2a in the presence of Gram-positive and Gram-negative bacteria.

generated was diminished when cotreated with c¢-PTIO, a
scavenger for NO. Compounds 4, 6, and 7, which did not
generate NO upon reaction with H,0, in buffer (Figure 3c),
were incapable of enhancing nitrite when incubated with
bacteria and H,0, (Figure 4a).

We next studied the ability of 2a to enhance intracellular NO
levels in E. coli in the presence of elevated levels of H,0,.*
Bacteria were incubated with 2a (100 uM) for 30 min followed
by centrifugation of the bacterial suspension to aspirate out any
excess 2a in the medium. The collected bacterial pellet was
resuspended with buffer and plated in a 96-well microplate, and
cells were incubated with and without added H,0O, at 37 °C.
Any NO that is produced must be due to 2a that has permeated
bacteria. After 30 min, Griess reagent was added and we found
significantly increased NO in bacteria treated with H,O, in
comparison with untreated cells (Figure 4b). Under similar
conditions, when bacterial cells were treated with H,O, and c-
PTIO, a NO scavenger, we found diminished nitrite supporting
the intermediacy of NO during decomposition of 2a (Figure
4b). Taken together, our data support 2a as a cell permeable
hydrogen peroxide activated NO donor.

The capability of 2a to enhance NO in other Gram-negative
and Gram-positive bacteria, Pseudomonas aeruginosa (P.
aeruginosa), methicillin-sensitive Staphylococcus aureus
(MSSA), and methicillin-resistant Staphylococcus aureus
(MRSA), was studied. We found that incubation of these

2612

bacteria with 2a resulted in increased nitrite (see Supporting
Information) in the presence of hydrogen peroxide (Figure 4c).

Taken together, we report BORO/NO, a novel class of cell
permeable H,O, activated NO donors. Antibiotic resistance is
emerging as a major global health problem with millions
affected each year, and the role of NO in bacteria developing
drug resistance remains unclear. NO has been reported to
synergize with silver(I) sulfadiazine, an oxidative stress inducing
antimicrobial, against a host of bacteria including S. aureus
suggesting the possible use of NO in combination therapy. In
contrast, NO generated by bacterial nitric oxide synthase
(bNOS) has been proposed as a possible cellular antioxidant
that protects MRSA from oxidative stress,"® >° and specific
bNOS inhibitors are in development as possible drug
candidates.” Thus, molecular mechanisms of NO-derived
protective effects (or otherwise)'®'” remain to be elucidated
and it is anticipated that BORO/NO will be useful in
deciphering such mechanisms.*? The use of BORO/NO for
localized delivery of NO to cancers,”*** which are known to
have elevated ROS as a phenotype, and other applications are
currently under investigation.”**>**>°
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FLUORO/NO: A Nitric Oxide Donor with a Fluorescence

Reporter

Govindan Ravikumar,”’ Meisam Bagheri, Deepak Kumar Saini,” and Harinath Chakrapani*®

Nitric oxide (NO) plays significant signalling roles in cells; the
controlled generation of NO is of therapeutic relevance. Al-
though a number of methods for the delivery and detection of
NO are available, these events are typically mutually exclusive.
Furthermore, the efficiency of delivery of NO can be compro-
mised by detection technologies that consume NO. Here, we
report FLUORO/NO, an esterase-activated diazeniumdiolate-
based NO donor with an in-built fluorescence reporter. We

Introduction

Nitric oxide (NO) is a key biomolecule that is produced in
nearly all cells and can mediate numerous cellular processes
including vasodilation, neurotransmission and immune re-
sponse.”? The therapeutic value of NO is well documented, and
a complete realisation of its potential relies on precise spatio-
temporal control over NO generation.”’ Exogenous sources of
NO (“NO donors”) are used for this."? Some NO donors sponta-
neously dissociate to produce NO, whereas others are trig-
gered intracellularly and dissociate to produce NO
(Scheme 1A).®! However, in order to infer the production of
NO, assays are used, typically fluorescence-based cellular
assays for reactive nitrogen species (Scheme 1A).®) As NO and
its derivatives are short lived and highly reactive towards bio-
molecules, precise detection of NO in biological systems is
highly challenging. Furthermore, the measurement of NO is in-
variably associated with consumption of NO.” Thus, a strategy
where a small molecule can generate NO along with a reporter,
preferably fluorescent, for the produced NO would be useful
(Scheme 1B). This eliminates the need for monitoring released
NO, and the fluorescence signal that is produced suffices. A
number of methodologies for light-activated generation of NO
with a fluorescence reporter are known.®! A photochemical
trigger offers spatiotemporal control and is useful for imaging
experiments.®#? A possible limitation of these methodologies,
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demonstrate that this compound is capable of enhancing NO
within cells in a dose-dependent manner, accompanied by a
similar increase in fluorescence. The compatibility of this tool
to study NO-mediated signalling as well as NO-mediated stress
is demonstrated. FLUORO/NO is a convenient tool that shows
NO-like activity and allows monitoring of NO release. This tool
will help interrogate the redox biology of NO.

A) Turn-ON NO

\ probe
——> NO —>

; fluorescent
trigger signal
B) Turn-ON fluorescence and NO
e — + NO
trigger latent fluorescence
99 fluorophore signal

Scheme 1. A) Stimulus-responsive nitric oxide generation by an NO donor
requires a secondary probe for detection of NO produced and is associated
with collateral consumption of NO. B) Incorporation of a latent fluorophore
in the donor eliminates the need for the secondary probe for monitoring of
NO.

however, is the requirement of exposure to a specific wave-
lengths of light: modification of cell culture conditions to in-
corporate a light source to achieve NO release might be neces-
sary. Several materials-based methods for NO generation are
known, but they might have similar limitations, such as con-
sumption of NO"? or being a turn-off fluorescence methodolo-
gy An NO delivery system with a fluorescence reporter and
broad applicability is not yet available.

Derivatives of 7-hydroxycoumarins have been used as latent
fluorophores suitable for drug delivery and imaging
(Scheme 2)."7 When substituted by an alkyl or aryl group, the
compound’s fluorescence is diminished. However, upon cleav-
age of the group to produce a free alcohol, a significant in-
crease in fluorescence is seen. When the 3-position has a meth-
ylene functionality containing a suitable leaving group, upon
formation of the 7-hydroxycoumarin a rearrangement occurs
to release the leaving group (Scheme 2).'* We therefore de-
signed FLUORO/NO, which is expected to permeate cells to be
cleaved and to produce a highly fluorescent compound (2)

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. FLUORO/NO (1) is an enzyme-triggerable nitric oxide donor with an in-built fluorescence reporter. FLUORO/NO is expected to have low fluores-
cence. Upon activation by a suitable trigger, self-immolation and reaction with water produces 2 (highly fluorescent) and DEA/NO, which rapidly dissociates

at pH 7.4 to produce NO.

[5d-g,13]

and the NO-releasing diazeniumdiolate (DEA/NO;
Scheme 2). If the release of NO and 2 is nearly concurrent,
a secondary assay for NO is not necessary to monitor NO re-
lease. The mechanism of NO release from diazeniumdiolates is
well documented.”>™ Furthermore, the release from DEA/NO
is rapid, and the yield of NO is nearly quantitative. Thus, effi-
cient generation of NO within cells in a short time is anticipat-
ed by the use of FLUORO/NO.

Results and Discussion

FLUORO/NO (1) was synthesised in three steps from 3-methyl-
umbelliferone (3; Scheme 3), which was prepared by a reported
method.™ Reaction of 3 with iodomethylpivalate 4 in the
presence of K,CO; produced 5 in excellent yield (Scheme 3).
Next, 5 was reacted with N-bromosuccinamide (NBS) in the
presence of a radical initiator azobisisobutyronitrile (AIBN) in
carbon tetrachloride to produce the corresponding bromide 6,
which was then reacted with DEA/NO to give the desired com-
pound 1. The esterase-activated NO donor (7; Scheme 4) was
synthesised by a reported protocol."”

0
FS
o™
0 X
OO T 06
. 0o a) >Hj\o/\o 0" Yo
3 5
X
g OCC e
6

Scheme 3. Synthesis of 1. a) K,CO;, ACN, RT, 3 h (89%); b) NBS, AIBN, CCl,,
reflux, 3 h (75%); c) DEA/NO, THF, DMF, [15]crown-5, 0 °C-RT, 3 h (24 %).

0
0 T (9
NEN N NH,
%O/\O—N — HN O
/—/ o) NH,

7 8

Scheme 4. Compounds 7 and 8.
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Compound 1 was dissolved in phosphate buffer (10 mm,
pH 7.4), and an aliquot was analysed by a chemiluminescence-
based detector for NO. As expected, no NO was detected (Fig-
ure 1A). When ES was added, a signal attributable to NO was
observed (Figure 1A). The yield of NO was 93%. This signal
was nearly completely abrogated when a similar experiment
was conducted with 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-
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Figure 1. A) Nitric oxide analysis of 1 in buffer (pH 7.4) by a chemilumines-
cence-based detector for NO, and upon addition of esterase (ES). B) Fluores-
cence emission spectra at (1.,,=315 nm) of 1 in pH 7.4 buffer and 1+ ES.

C) Time-course of NO generation from 1 with ES in buffer (pH 7.4). D) Time-
course of fluorescence enhancement from 1 with ES in buffer (pH 7.4). Com-
parison of fluorescence intensity attributable to E) 2 and F) extracellular ni-
trite release upon incubation of Hela cells with 25 um 1, 6 or 7. G) Griess
assay for the formation of nitrite upon incubation of 7 in the presence/ab-
sence of ES, and with and without NO dye 8 in buffer (pH 7.4). H) Griess
assay for the formation of nitrite upon incubation of 7 with and without NO
dye 8 in Hela cells. All experiments were carried out at 37°C.
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imidazoline-1-oxyl-3-oxide potassium salt (c-PTIO, NO quench-
er), thus supporting the generation of NO by 1 (Figure S1 in
the Supporting Information). Next, the fluorescence emission
spectra of 1 in the presence/absence of ES were recorded (Fig-
ure 1B). The expected product following cleavage by ES is 2;
this compound was independently synthesised and was found
to be highly fluorescent (1.,,=315 nm, 4,,=460 nm; Figure S2
and Table S1).

When 1 was incubated in buffer, no significant fluorescence
emission at 460 nm was observed, but in the presence of es-
terase (1+ES), an emission profile (Figure 1B) nearly identical
to that of authentic 2 (Figure S2) was observed. The time-
course of NO generation (Figure 1C) corresponded well with
the-time course of fluorescence enhancement (Figure 1D),
thus suggesting that once the pivaloyl group is cleaved, the re-
arrangement of the ensuing intermediate to produce DEA/NO
and 2 (Scheme S1) is rapid (Scheme 2).

In order to study the ability of 1 to enhance fluorescence
within cells and whether this signal correlates with NO release,
Hela cells were treated with 10 or 25 um 1. The fluorescence
signal at 460 nm was measured in a micro-well plate reader;
nitrite release was measured by Griess assay, and a dose-de-
pendent increase in fluorescence was observed (Figure 2 A).

A B
1 —1
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x 9
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4000
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Figure 2. A) Comparison of fluorescence intensity attributable to 2 and ex-
tracellular nitrite release during incubation of Hela cells with 1 at 0, 10 and
25 um after 30 min at 37 °C. B) Flow cytometry analysis of Hela cells incubat-
ed with 0, 10 and 25 um 1 after 30 min at 37 °C (A, =355 nm, A, =460 nm).

When extracellular nitrite was measured, a similar result was
recorded, thus supporting the suitability of 1 to enhance NO
as well as fluorescence within cells (Figure 2A). When a similar
experiment was carried out with 6, we found increased fluores-
cence but no significant NO generation (Figure 1E and F); and
with 7, an increase in extracellular nitrite was recorded with no
significant fluorescence (Figure 1E and F). NO donor 1 was in-
cubated with medium, and no significant decomposition was
observed, thus supporting the stability of 1 in media (Fig-
ure S3).

The most common problem during NO delivery and con-
comitant detection is consumption of NO during detection
(Scheme 1A). This consumption was demonstrated by the use
of the NO donor 7 and an o-diamine based, lysosome-specefic
two-photon fluorogenic probe 8 (Schemes 4 and S2). Here, 7
was incubated in buffer (pH 7.4), and ES was added. A signal
attributable to NO was seen (Figure 1G). The same experiment
was conducted in the presence of NO-sensitive fluorophore 8
(Figure 1G).'"”" Although a distinct fluorescence signal (presum-
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ably from the formation of the triazole adduct) was observed
(Figure S4), a diminished colorimetric signal was recorded for
nitrite when compared with 7+ES (Figure 1G). In a cellular
assay, the use of 7 along with 8 resulted in diminished yield of
nitrite when compared with a similar concentration of 7 alone
(Figure 1H). Together, these data show that using a NO donor
along with a probe for NO invariably leads to collateral con-
sumption of NO during detection. This major limitation is over-
come by the use of FLUORO/NO as NO is released along with
a fluorescence signal at 460 nm in buffer (pH 7.4), without col-
lateral consumption of NO (Scheme 1B).

Having established that 1 is a reliable source of NO within
cells, the fluorescence signal at 460 nm can now be used as
a surrogate for NO generation. Confocal microscopy analysis of
Hela cells treated with 1 showed a distinct dose-dependent
signal at 460 nm (Figure S5). The fluorescence signal was
nearly uniformly distributed within the cell, possibly because
of the wide distribution of ES within cells (Figure 3). As cou-
marin-based fluorophores are compatible with two-photon ex-
citation microscopy, we carried out a confocal live-cell imaging
experiment with 1. As expected, we found a dose-dependent
increase in the fluorescence signal at 460 nm (i.,=740 nm;
Figure S5).

Ctrl 10 uM

25 uM

Bright filed

Fluorescence

Merge

Figure 3. Confocal microscopy images of Hela cells treated with 1 (10 and
25 um) after 30 min at 37 °C. The excitation and emission channels were 405
and 460 nm, respectively. Scale bar: 10 pm.

Thus, this compound is expected to have deep tissue pene-
tration and reduced phototoxicity during imaging. Flow cy-
tometry analysis in Hela cells incubated with 1 similarly
showed a dose-dependent increase in fluorescence at 460 nm
(Figure 2B). These results suggest the suitability of FLUORO/
NO for use in flow-cytometry as well as live-cell imaging ex-
periments.

Activation of soluble guanylate cyclase (sGC) by NO results
in the production of secondary messenger cyclic guanosine
monophosphate (cGMP) from guanosine triphosphate (GTP).
This signalling cascade promotes the biological functions of
NO, including smooth muscle relaxation, platelet aggregation
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and gene expression. In order to test if 1 was capable of acti-
vating sGC within cells, cGMP levels were measured by using
a bioluminescence resonance energy transfer (BRET) assay in
human embryonic HEK293T cells."® The ratio of green fluores-
cence protein (GFP) fluorescence (BRET efficiency) to chemilu-
minescence (luciferase level) was determined. When sodium
nitroprusside (SNP, 50 um) was used (positive control), a signifi-
cant enhancement in cGMP level was observed (Figure 4).

0.5 5

5 = Ctrl-1
© L == Cirl-2
o m=m SNP
|

= —1

w — 6

o

0.0

Figure 4. Formation of NO in cells was inferred by measurement of cyclic
GMP, a secondary messenger for NO, by a BRET assay at 37 °C. *p value =
0.022; **p value =0.007. Control 1=cells only, Control 2=cells containing
DeepBlueC (luciferase substrate) without any treatment.

When a similar assay was conducted with 1 (25 um), as expect-
ed, a signal for cGMP was observed. This assay was conducted
with 6 as a negative control, and as expected no significant
enhancement in ¢cGMP level was observed (Figure 4). Thus,
other than NO, the by-products produced during decomposi-
tion of 1 were incapable of inducing NO-like signalling.

Lastly, we monitored the ability of 1 to induce DNA damage
by monitoring 53BP1 foci,"™® which are markers of double-
strand breaks and accumulate in nuclear foci. Hela cells stably
expressing 53BP1 fused to GFP were seeded on glass-bottom
dishes and independently treated with 1 and 6, and imaged
24 h post-treatment. As expected, we found a dose-dependent
increase in DNA damage induced by 1 as evidenced by in-
creased foci (Figure 5). Furthermore, 6 did not induce the
same level of damage, thus suggesting the involvement of re-
active nitrogen species (RNS) in the observed phenotype
(Figure 5).

Figure 5. Formation of 53BP1 foci at 37 °C upon exposure of A) control,
B)5um 1,C) 10 um 1, or D) 10 pum 6. Scale bar: 10 um. Increased foci are
indicative of enhanced DNA damage response.

In summary, we report a new tool for studying NO biology.
It eliminates the need for secondary assays to report the for-
mation of NO. The collateral consumption of NO associated
with NO delivery and concomitant detection can be avoided
by the use of FLUORO/NO. Although excellent correlation be-
tween NO and fluorescence in cell-free conditions was ob-
served, this cannot necessarily be extended to cellular systems.
The dependence on pH and local microenvironment have sig-
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nificant effects on fluorescence intensity. In addition, the po-
tential for toxicity of the quinone-methide-type intermediate
might be a limitation when applied in vivo. These limitations
will need to be addressed. The by-products of decomposition
did not show NO-like activity in signalling (Figure 4) or DNA
damage assays (Figure 5), thus suggesting the suitability of
this compound for NO delivery. To the best of our knowledge,
this is the first example of a small molecule that, when incu-
bated in the presence of an enzyme, simultaneously produces
NO as well as a fluorescence signal without collateral NO con-
sumption. It is anticipated that this tool will find use in inter-
rogating NO biology, which is yet to be completely under-
stood.

Experimental Section

Compounds 2,12 3% 4,120 7161 and 812" were synthesised by using
previously reported procedures, and the analytical data that we
collected were consistent with the reported values.

(2)-3,3-Diethyl-1-((2-oxo-7-((pivaloyloxy)methoxy)-2H-chromen-
3-yl)methoxy)triaz-1-ene 2-oxide (1): 15-crown-5 (12 ul) was
added to DEA/NO (100 mg, 0.65 mmol) in THF (3 mL) under ice,
and the mixture was stirred at 0°C for 5 min under nitrogen. A so-
lution of 6 (200 mg, 0.54 mmol) in DMF (1 mL) was added to the
reaction mixture at 0°C and stirred at room temperature for 3 h.
The solvent was evaporated under reduced pressure and diluted
with of water (10 mL), then the aqueous solution was extracted
with EtOAc (3x5 mL). The combined organic layer was washed
with brine, dried over Na,SO, (5 ), filtered and the filtrate was
concentrated to give a crude compound. This was initially purified
by silica gel column chromatography with EtOAc/petroleum ether
(0—40%) as the eluent. The resulting mixture was further purified
by semi-preparative HPLC with a ZORBAX ODS C,g semi-prepara-
tive column (9.4 mmx250 mm, 5 um) by eluting with a gradient of
ACN/water (60:40—80:20) at a flow rate of 2.5 mLmin™' and at
room temperature to obtain 1 (55 mg, 24%) as a white solid: m.p.
81-83°C; 'HNMR (CDCl;, 400 MHz): 6=7.71 (s, 1H), 7.40 (d, J=
8.6 Hz, 1H), 7.02 (d, /=2.4Hz, 1H), 6.96 (dd, J=8.7, 2.5 Hz, TH),
5.81 (s, 2H), 5.22 (d, J=1.1 Hz, 2H), 3.16 (q, J=7.2 Hz, 4H), 1.20 (s,
9H), 1.09 ppm (t, J=7.1 Hz, 6H); *CNMR (CDCl;, 100 MHz): 6 =
177.2, 160.2, 159.9, 155.0, 140.2, 129.2, 121.2, 114.0, 113.9, 103.2,
85.0, 70.0, 48.6, 39.1, 27.0, 11.6 ppm; FTIR (v, cm™"): 2980, 1752,
1726, 1614, 1571, 1508, 1392; HRMS (ESI) calcd for CyH,,N;O,:
4441746 [M+Na] ", found: 444.1743.

((3-Methyl-2-oxo-2H-chromen-7-yl)oxy)methyl pivalate (5): K,CO,
(118 mg, 0.85 mmol) was added to 3 (50 mg, 0.28 mmol) in ACN
(3 mL), followed by 4 (103 mg, 0.42 mmol) in ACN (1 mL). The reac-
tion mixture was stirred for 3 h under nitrogen at room tempera-
ture. Upon completion of reaction (TLC analysis), the solvent was
removed under reduced pressure. The residue was purified by
silica gel column chromatography by using EtOAc/pet ether (0—
25%) as the eluent to obtain 5 (73 mg, 89%) as a white solid: m.p.
98-100°C; "H NMR (CDCl;, 400 MHz): 6=7.46 (s, 1H), 7.34 (d, J=
8.6 Hz, 1H), 7.00 (d, J=2.4Hz, 1H), 6.92 (dd, /=84, 24 Hz, 1H),
5.79 (s, 2H), 2.18 (d, J=1.3 Hz, 3H), 1.20 ppm (s, 9H); *C NMR
(CDCl;, 100 MHz): 6=177.3, 162.4, 158.9, 154.6, 139.2, 128.1, 123.5,
114.8, 113.6, 103.2, 85.2, 39.1, 27.0, 17.2 ppm; FTIR (Vpp, €M™ ):
2969, 1755, 1709, 1615, 1505; HRMS (ESI) caled for C,;HsOs:
291.1232 [M+H]", found: 291.1234.
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((3-(Bromomethyl)-2-oxo-2H-chromen-7-yl)oxy)methyl pivalate
(6): NBS (34 mg, 0.19 mmol) with a trace amount of AIBN was
added to 5 (50 mg, 0.17 mmol) in CCl, (6 mL). The reaction mixture
was refluxed for 3 h under nitrogen. After cooling to room temper-
ature, the solvent was removed under reduced pressure. Then the
residue was purified by column chromatography by using EtOAc/
Pet ether (0—30%) as the eluent to obtain 6 (48 mg, 75%) as
a white solid: m.p. 124-126°C; "H NMR (CDCl,;, 400 MHz): 6 =7.80
(s, TH), 7.44 (d, J=8.6 Hz, 1H), 7.02 (d, J=2.4 Hz, 1H), 6.97 (dd, J=
8.6, 2.5 Hz, 1H), 5.81 (s, 2H), 4.42 (s, 2H), 1.20 ppm (s, 9H); *C NMR
(CDCl;, 100 MHz): 6=177.2, 160.2, 160.1, 155.3, 142.0, 129.4, 123.1,
114.1, 114.0, 103.2, 84.9, 39.1, 28.0, 27.0 ppm; FTIR (¥, €M)
2978, 1751, 1725, 1612, 1502; HRMS (ESI) calcd for C,4H,,BrOs:
369.0337 [M+H] ™, found: 369.0336.

Nitric oxide detection from 1:*¥ Stock solutions of 1 (1 mm)
were prepared in DMSO and of porcine liver esterase (1 UmL™";
Sigma-Aldrich) in phosphate buffer (pH 7.4). A typical reaction mix-
ture consisted of 1 (25 um) and esterase (0.5 UmL™") prepared by
mixing 1 (12.5 pL of stock) and esterase (250 uL of stock) with
phosphate buffer (237.5 pL, 10 mm, pH 7.4) at 37°C. An aliquot of
the reaction mixture (10 pul) was injected into a Sievers NOA 280i
nitric oxide analyzer (GE Instruments) in argon as the carrier gas.
For the experiment with ¢-PTIO (250 um, 10 equiv compared to 1),
an aliquot of the reaction mixture (10 uL) was injected into the
NOA chamber.

Nitric oxide collateral consumption assay: NO donor 7 and NO-
sensitive fluorophore 8 was used to demonstrate collateral con-
sumption of NO during detection. Compounds 7 (25 um) and 8
(75 um) were incubated in buffer (pH 7.4) at 37°C for 15 min with
and without ES (0.5 UmL™"). Fluorescence emission was measured
in a Varioscan microwell plate reader (excitation 430 nm; emission
530 nm; Thermo Fisher Scientific). For nitrite measurement, after
15 min incubation, Griess’ reagent (14 pL for 200 pL reaction mix-
ture, Sigma-Aldrich) was added, and incubated at 37°C for 25 min
before measuring the OD at 535 nm in the Varioscan reader.

Fluorescence emission and nitrite release in cells: Cells were sus-
pended in PBS and placed in a 96-well plate (5x10* cells, 100 pL).
Compounds 1, 6 and 7 in DMSO was added to the cell suspension.
Cells were incubated at 37°C for 30 min, and fluorescence emis-
sion was measured in a Varioscan plate reader (1,,=315 nm, A,,=
460 nm). For nitrite measurement, after 30 min incubation, Griess’
reagent (14 pL for 200 pL reaction mixture, Sigma-Aldrich) was
added, and incubated at 37°C for 25 min before measuring OD at
535 nm in a Varioscan plate reader. The amount of nitrite release
was estimated from a standard calibration curve (R*=0.998). The
data represented here are averages of 3 repeats.

Confocal imaging of HelLa cells with 1: HelLa cells in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with foetal
bovine serum (FBS, 10%) and penicillin (5000 UmL")-streptomycin
(5000 pgUmL ") antibiotic solution (1%) were seeded (10° cells per
well) in four-well chamber and incubated overnight in an atmos-
phere of 5% CO, at 37 °C. The medium was removed, and the cells
were washed with PBS (500 pL). Then fresh DMEM (500 uL) was
added along with 1 (10 or 25 pm), and the cells were incubated for
30 min at 37°C. The medium was removed, cells were washed
twice with PBS (200 pL), and then cells were imaged on an LSM
710 confocal microscope (Zeiss) with 405 nm (740 nm was used for
two photon) laser lines at 2% power and a 63 X oil immersion ob-
jective. Images were analysed by ImageJ software.

FACS analysis for 1: Hela cells in DMEM supplemented with FBS
(10%) and antibiotic (1 mL per 100 mL DMEM) were seeded (10°
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cells per well) in six-well plate and incubated overnight in an at-
mosphere of 5% CO, at 37°C. The medium was removed, and the
cells were washed with PBS (1 mL). Then fresh DMEM (1 mL) was
added along with 1 (10 or 25 um), and cells were incubated for
30 min at 37°C. After 30 min, the medium was removed, the cells
were washed with PBS (1 mL), and cells were detached by trypsina-
tion. Cells were centrifuged (1000 rom (Eppendorf 5810 R, A-4-81
rotor), 22°C, 5min). The supernatant was removed, and PBS
(500 pub) was added to the cell pellet. Samples were illuminated
with a UV laser at 355 nm on an LSRFortessa SORP cell analyser
(BD Biosciences).

c¢GMP measurement:"® HEK293T cells were maintained in DMEM
with foetal calf serum (10%), penicillin (100 mgL~") and streptomy-
cin (100 mgL™") at 37°C in a 5% CO, humidified incubator. Trans-
fection was performed with Turbofect (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. HEK293T cells were trans-
fected with pGFP2-GAFa-Rluc in a 12-well plate. After 48 h, cells
were harvested, and cells were seeded (10° cells per well) in a 96-
well plate in Live Cell Imaging Solution (Invitrogen) and treated
with various analytes. After 10 min, DeepBlueC (5 um, Thermo
Fisher) was added. BRET measurements were made in an Infinite
M1000 PRO plate reader (TECAN) at the channel of BLUEI (lumines-
cence) and Green1 (fluorescence).

53BP1 foci formation assay:*? Hela cells stably expressing GFP-
53BP1%? were used for live imaging experiments. The cells were
treated with different concentrations of 1 and/or 6 for 5 days and
imaged prior to and after treatment. For imaging, cells were
seeded in a glass-bottomed dish and treated with the indicated
compounds and imaged in an IX83 inverted fluorescence micro-
scope (Olympus) with Slidebook 6.0 software (Intelligent Imaging
Innovations, Denver, CO) in the GFP-specific excitation and emis-
sion channel. The excitation and emission wavelengths were 478
and 505 nm, respectively.
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Thera/NO - a small molecule that is activated by hydrogen
peroxide to generate nitric oxide (NO) and a fluorescence signal is
reported. Using cancer and primary cells, we show that Thera/NO
preferentially releases NO in cancer cells, which can trigger DNA
damage and cell death in them. The coupled fluorescence signal
facilitated tracking the NO release in living cells without collateral
consumption of NO.

Nitric oxide (NO) is an endogenously produced signaling mole-
cule that mediates numerous cellular processes. The relationship
between NO and cancer is complex and depends on the concen-
tration of NO, and its duration of release."”” A number of efforts
towards delivering NO to cancer cells as a tumoristatic agent are
in development. For example, expression of inducible nitric oxide
synthase (iNOS) has been attempted wherein a gene encoding
NOS was transfected in cancer cells, and when expressed, NO
levels within cells increased. This methodology is highly effective
in localizing NO but may have problems associated with selectivity,
toxicity and the requirement of cofactors for NOS.>”” Other strate-
gies use exogenous donors to generate NO within cancer cells,
which spontaneously dissociate to generate NO, and have limited
utility. That can be overcome using a cleavage trigger which offers
both spatial and temporal control in localized generation of NO.
A commonly used cleavage methodology is light, which offers a
high degree of spatiotemporal control over NO generation.® ">
However, the selectivity of NO generation only within cancers will
depend on the ability to focus the light source on the site of
interest. Furthermore, most optically triggered approaches utilize
UV light, which limits tissue permeability and triggers toxic side
effects. Enzymatic NO prodrug activation has been developed
but has limited selectivity for cancer cells. For example, NO
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donors that are activated by esterase,"® B-galactosidase,
DT-diaphorase'” are known (Fig. 1a).

Although some of these enzymes are over-expressed in
tumours, cancer-selectivity data for these NO donors are not
available. Lastly, glutathione/glutathione S-transferase (GSH/GST)
NO prodrugs such as JS-K'® and PABA/NO" are reported. Although
these thiol-activated NO donors have limited cancer specificity,
they have potent anti-proliferative activity in animal models,
supporting the further development of NO as a tumoristatic agent.

(@
R A R pH7.4
R Nsfi-Nepn o N -Napn >
0" SNTTUR ¢ g R 37°C

%

B-Gal-NONOate JS-K, PABA/NO INDQ/NO
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Cancer- Latent Fluorescence
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m

Fig. 1 (a) Selective examples of diazeniumdiolate based NO donors R’
and R” = various groups. (b) Strategy for NO-based theraNOstics: if the
trigger is cancer-specific, localized NO release along with a fluorescence
reporter is possible. (c) FLUORO/NO, a reported strategy for esterase activated
NO generation triggered by esterase, and boronate-ester-based NO delivery
(Thera/NO) towards a theraNOstic agent.
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Furthermore, the absence of a methodology for real-time monitor-
ing of NO release in the above examples is a major limitation.
Since detection of NO is invariably associated with collateral
consumption of NO,?® a reporter for activation would be useful
which can report the quantum of NO release. Such a strategy may
lay a platform for NO-based theranostics (Fig. 1b). Here, we report
a new small molecule NO donor attached with a fluorescence
reporter that is activated selectively in cancers.

Cancers are complex in their phenotypes,*! but one feature
that has been widely reported is the high levels of reactive
oxygen species (ROS). These are reduced forms of oxygen that
mediate certain signalling events within the cell but are harm-
ful at elevated concentrations and damage biomacromolecules
including DNA, proteins and RNA. Hydrogen peroxide (H,0,)
generation in several cancer cell lines has been estimated to be
0.5 nM per 10* cells per h.?* Other studies estimate H,0, levels
in cancers to be 5 pM to 1 mM, which are significantly higher
than those in normal cells.>*™2° Keeping this in mind, H,0, has
been used as a specific agent to activate prodrugs®>’° and
latent fluorophores®’ (as imaging agents) in cancers. A functional
group that has been widely used is the arylboronate ester, which
is known to react with H,0, to produce an aryl alcohol.>**** This
functional group was hence chosen as a substrate for the meta-
bolic stimulus, i.e. H,O, to specifically generate NO in cancer
cells. Furthermore, due to the complexity associated with the
detection of NO, the presence of a “turn on” fluorescence
reporter for NO would be an additional feature which will be
useful for studying possible cancer therapeutic outcomes of NO
in a systematic manner.

Recently, our laboratory has reported FLUORO/NO, a
diazeiniumdiolate-based NO donor with a fluorescence reporter
(Fig. 1¢).?° Here, esterase was used as the activating enzyme,
and NO generation from the donor correlated well with fluorescence
enhancement. Using this template, we designed 1, a ROS-sensitive
NO donor that can be used for selectively delivering and
monitoring the release of NO in cancer cells (Fig. 1c).

Compound 1 was synthesized in two steps from 3 (Scheme 1),
which was prepared using a reported methodology.****> Compound
3 was reacted with N-bromosuccinimide (NBS) in the presence
of a radical initiator azobisisobutyronitrile (AIBN) in carbon
tetrachloride to produce the corresponding bromide, which was
then reacted with sodium (Z)-1-(N,N-diethylamino)diazen-1-ium-
1,2-diolate (DEA/NO) to give the desired compound 1.

We first investigated the ability of the compound 1 to gene-
rate NO and a fluorescence signal in the presence of H,0, in
phosphate buffer (pH 7.4, 10 mM). Compound 1 was exposed to
10 eq. of H,0,, and the fluorescence signal attributable to 2 and
NO were independently monitored. The fluorescence signal at

s 77—
1. NBS, AIBN, CCly, NN

reflux, 4 h NoN
o. =\ O.
A§<1,3 0”0 2 DEAINO, THF, A§< B oo
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3 0 °CRT 1

3h, 5%

Scheme 1 Synthesis of 1.
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460 nm was measured using a micro-well plate reader, while
nitric oxide released was measured using a nitric oxide analyser
(a chemiluminescence-based detector for NO). We found a
gradual increase in the fluorescence signal attributable to 2 only
in the presence of the stimulus, H,0,, during 50 min (see the
ESLt Fig. S3a).

Similarly, when NO was monitored, we found that the
compound generated NO only in the presence of H,0, (see
the ESI, T Fig. S3b). The rate constant for the fluorescence signal
kruor Was found to be 4 x 10™* s~ while the rate constant for
the formation of NO, kyo, under similar conditions was found
to be comparable in magnitude: 2 x 10~* s™'. Next, through a
calibration curve of relative fluorescence intensity and authentic
2, the % 2 formed upon treatment of 1 with H,O, could be
calculated (see the ESI T Fig. S2). Using these quantitative data,
the time course for formation of 2 was monitored by its fluores-
cence signal at 460 nm, and independently, the formation of NO
was also monitored under similar conditions. A close correlation
between these two parameters was observed (Fig. 2a), suggesting
that the aforementioned fluorescence signal and NO generation
were nearly concurrent.

In order to study the responsiveness of 1 to elevated ROS, the
fluorescence signal and NO generated were monitored (Fig. 2b)
by first exposing the compound to 5 eq. (first arrow) of H,0,

a b
75 75
g o ——c] 2
5 —e— 2 S
~ 25 —e— NO N 25
3 X
0 0
0 t(min) 45 0 t(min) 45
c d w e
0.4 5
5200 | - 3 21
© s .
=100 - 5
e i S 1
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o~ g [T
o . 00 W e RE
ol H,0, St WT KD

Fig. 2 (a) Time course of the enhancement of the fluorescence signal
attributable to 2 and time course of the enhancement of NO upon
incubation of 1 (25 uM) with and without H,O, (10 eq.) (Ctrl = 1 without
H>0,). (b) Stimuli responsive fluorescence (black circle) and NO (red circle)
generation during exposure to 5 and 20 eq. of H,O,. (c) Comparison of the
fluorescence intensity attributable to 2 and extracellular nitrite release
during incubation of Hela cells when incubated with 1 (25 pM) alone (Ctrl)
or Hela cells pre-treated with H,O, (100 uM) for 30 min followed by
addition of 1 (25 pM). (d) Formation of NO in cells was confirmed by
measurement of cyclic GMP, a secondary messenger for NO, using a BRET
assay; **p-value = 0.004, **p-value = 0.007. Control 1 = cells only,
Control 2 = cells containing DeepBlueC (luciferase substrate) without
any treatment. (e) Intracellular ROS enhancement was measured using a
DCFH,-DA assay in wild type (WT) and catalase expression knockdown
(KD) cells. (f) Comparison of the relative fluorescence signal attributable to
2 in wild type (WT) and catalase expression knockdown (KD) cells after
treatment with 1. ***p-value = 0.006.
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followed by exposure to 20 eq. of H,O, (second arrow). Again, as
a testament to its stimuli-responsiveness, a close correlation
between NO and fluorescence signal at 460 nm was observed
(Fig. 2b). Next, the selectivity of 1 for H,0, over other biologically
relevant reactive species was evaluated and no significant
increase in fluorescence was seen except when 1 was treated
with H,O, (see the ESI, T Fig. S4a). The selectivity of the boronate
ester functional group towards oxidative cleavage was found to
be along the lines of previous reports.>”*>*"** Next, when 1 was
treated with increasing concentrations of H,0,, we found a dose-
dependent increase in the fluorescence signal at 460 nm (see the
ESL 7 Fig. S4b). The fluorescence intensity attributable to 2 was
not affected by the increasing concentration of hydrogen per-
oxide (see the ESI,t Fig. S5). Together, these results suggest the
responsiveness and selectivity of the functional group towards
activation by H,O,.

In order to study the capability of compound 1 to generate
fluorescence and NO in cells, HeLa cells were exposed to 1 and
exogenously H,0, was added. The fluorescence signal at 460 nm
was measured using a micro-well plate reader, while nitrite
released was measured using a Griess assay and an increase in
fluorescence and nitrite was observed (Fig. 2c).

Having established that 1 is a reliable source of NO within
cells, the fluorescence signal at 460 nm can now be used as a
surrogate for NO generation. Fluorescence microscopy images
of HeLa cells pretreated with 1 (25 uM) for 30 min and exposed
to the increasing concentration of exogenous H,0O, for 30 min
showed a dose-dependent increase in the fluorescence signal at
460 nm (see the ESLt Fig. S7). Similar results were obtained
using flow cytometry analysis (see the ESI,t Fig. S8), supporting
the cell-permeability of 1.

In order to study the cellular uptake and intracellular
localization of 1 using confocal microscopy, HeLa cells were
treated with 1 followed by incubation with H,0,. A significant
enhancement in the fluorescence signal, which overlapped with
the fluorescence signal of LysoTracker Green (fluorescence marker
for lysosomes) (see the ESLT Fig. S9), was observed. This result
suggested the preferential activation of 1 in lysosomes, which is
along the lines of previous reports.>

NO is known to activate soluble guanylate cyclase (sGC)
which catalyzes the conversion of GTP to cGMP and promotes
many biological functions of NO. In order to test whether 1 was
capable of activating sGC within cells, cGMP levels were measured
using a BRET-based assay in HEK cells.>* Here, the ratio between
GFP fluorescence and chemiluminescence was determined.
Sodium nitroprusside (SNP) was used as the positive control
(50 uM) and a significant enhancement in ¢cGMP levels was
observed (Fig. 2d). When a similar assay was conducted with 1
(25 uM), as expected, a signal for cGMP was observed.

Elevated levels of H,O, were found in numerous cancer cells
compared with normal cells. In a separate experiment, in order to
simulate increased ROS intracellularly, a catalase knockdown
Hela cell line (KD) was used. Here, due to low levels of catalase,
which was confirmed by quantitative real time PCR to check the
mRNA levels (see the ESI,} Fig. S10), an increased level of ROS was
expected. As predicted, the DCFH,-DA (fluorescence indicator for
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reactive oxygen species in cells) assay revealed that the catalase
knockdown cell line (KD) showed higher DCF fluorescence
(Fig. 2e) when compared with wild-type (WT). Both these cell
lines were independently exposed to 1 and fluorescence corres-
ponding to 2 was measured. We found that the relative increase in
fluorescence attributable to the formation of 2 was much higher
in the case of KD when compared with WT (Fig. 2f). Thus, when
encountered with cellular situations with varying ROS levels, 1 was
preferentially activated in cell lines where ROS levels were rela-
tively higher.

In order to further validate it, we tested 1 in MRC5 (normal
fibroblast) and cancer cell lines A549, HeLa, and MDA-MB-231
and evaluated the fluorescence response by fluorescence micro-
scopy imaging. As expected, we found an enhancement in the
fluorescence signal attributable to 2 in cancer cells compared
with normal cells (see the ESI,T Fig. S11). Together, these data
suggest that 1 gets selectively activated in cancer cells which
have relatively higher ROS levels.

Next we monitored the ability of 1 to induce DNA damage by
monitoring 53BP1 foci, which marks double-strand breaks and
accumulate as nuclear foci.*> HeLa cells stably expressing 53BP1
fused to GFP were seeded onto glass-bottom dishes, indepen-
dently treated with 1 and imaged 6 h post-treatment. Increased
foci indicative of DNA damage was observed (Fig. 3a), suggesting
the involvement of reactive nitrogen species (RNS) in the observed
phenotype.”*?® Under similar conditions, an increase in the

a 53BP1-GFP DAPI Merged

Control

‘S
=
= 3
=)
b
m Ctl® 10uM B 25uM
, 100
3
O
2
8 50
=
X *
0_

MRC5 AS549 Hela

MDA-MB-231

Fig. 3 (a) Formation of 53BP1 foci and the enhancement of the fluores-
cence signal attributable to 2 upon exposure of 1 in Hela cells. Images
were taken in the GFP channel (for foci) and the DAPI channel (for 2). DAPI
images have been pseudocolored (red) for better visualization. Scale bar:
100 pm. (b) Comparison of the cytotoxic effects of 1 (10 and 25 uM) on
primary cells (MRC5) and cancer cells (A549, HelLa and MDA-MB 231 cells)
after incubation for 12 h. Statistical analysis at 25 uM: A549 vs. MRC5,
p =0.0096; Hela vs. MRC5, p = 0.014; MDA-MB-231 vs. MRC5, p = 0.028.
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fluorescence signal attributable to 2 in the DAPI channel was also
observed (Fig. 3a). When the dose of Thera/NO was varied, a dose-
dependent increase in 53BP1 foci (see the ESI,T Fig. S12) as well as
fluorescence signal attributable to 2 (see the ESI,T Fig. S13) were
recorded, suggesting the suitability of Thera/NO for real-time
monitoring of NO.

Finally, the cytotoxic effect of compound 1 was evaluated with
MRC5 (normal fibroblast) and cancer cell lines (A549, HeLa, and
MDA-MB-231) using an Alamar Blue assay. As expected, we found
that compound 1 showed a significant cytotoxic effect on cancer
cells compared with normal cells (Fig. 3b and see the ESL Fig. S14).

Taken together, we report a new strategy for selectively
generating NO in cancer cells. Previous reports have established
H,0, as a biomarker for cancers and have validated drug delivery
to cancers using the boronate ester functional group. The boronate
ester group is also known to react with peroxynitrite (ONOO™), a
reactive nitrogen species at a much faster rate than H,0,.>” Thus,
the activation of 1 in cells with higher levels of ONOO™ might
occur. However, the estimated half-life of ONOO™ at physiological
pH is ~10 ms, while H,0, is relatively more stable.>® Previous
reports with a similar boronate ester-based fluorescent probe
have shown that activation of the fluorophore occurs only upon
exogenous addition of ONOO™.*° Lastly, nanoparticle-based carriers,
which use pH, thermal and light activation strategies; and a few
decorated with cancer-targeting functional groups including folate
have been reported.”>*> The use of a boronate ester functional
group for triggering NO release with a fluorescent reporter can
be adapted to such carrier systems as well.

The potential for use of NO in cancers is multifarious: (a) the
vasodilatory effects of NO may improve blood circulation in the
proximity of tumours; (b) the ability of NO to synergize with certain
cancer drugs, especially, by inhibition of drug efflux pumps may be
highly beneficial; and (c) NO can be a radiosensitizer facilitating
radiation therapy. Thera/NO will lay the platform for exploiting the
unique properties of NO in cancer therapy.
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ABSTRACT: Hydrogen sulfide (H,S) is a mediator of a
number of cellular processes, and modulating cellular levels of
this gas has emerged as an important therapeutic area.
Localized generation of H,S is thus very useful but highly
challenging. Here, we report pivaloyloxymethyl-based carbon-
othioates and carbamothioates that are activated by the

X
o D/\s X-R s
self-immolation
%)J\O/\O

Carbonic
anhydrase
=C=0

Esterase

H,S

enzyme, esterase, to generate carbonyl sulfide (COS), which is hydrolyzed to H,S.

aseous entities such as nitric oxide (NO),' carbon
monoxide (CO),>’ sulfur dioxide (SO,)*™° and hydro-
gen sulfide (H,S)” have emerged as major mediators of cellular
processes and have therapeutic applications.’ For example, H,S
is involved in regulating the homeostasis of various
physiological systems which include—cardiovascular, neuronal,
gastrointestinal, renal, liver and reproductive systems.®”"’
Modulating levels of H,S within cells has tremendous impact
on disease biology.10’12’13 Thus, methodologies for controlled
generation as well as dissipation assume importance.14 Due to
its gaseous nature, site-specific delivery of H,S is challenging. A
common strategy to deliver gaseous species is to mask them as
organic or inorganic compounds that dissociate to generate the
gas."> These compounds, known as H,S donors, are widely
used to %enerate this gas within cells and in animal
models.'”">'® Due to the ubiquitous targets of H,S, localized
delivery of H,S is highly desirable but remains a major hurdle.
Site-directed delivery requires installation of a structural trigger
in the H,S donor which is cleaved by a metabolic stimulus to
generate H,S.' 7
Carbonyl sulfide (COS) is a naturally occurring gas that
hydrolyzes to H,S. This reaction is accelerated by the widely
prevalent enzyme, carbonic anhydrase (CA).** Thus, generat-
ing COS within cells is a newly emerging and an attractive
strategy to localize H,S within cells. Recently, Pluth and co-
workers reported a new class of H,S generating small molecules
that are triggered by H,S.” ® These thiocarbamates generate
COS, which undergoes hydrolysis to produce H,S (Figure
1a).”” Thiocarbamates were proposed as analytical tools for
detection of H,S and may aid in analyte homeostasis. Matson
and co-workers, more recently, reported N-thiocarboxyanhy-
dride (NTA) as a nucleophile activated COS/H,S donor
(Figure 1b).>> Here, a nucleophile, such as an amine reacts with
NTA to generate COS/H,S. However, due to the ubiquitous
nature of nucleophiles in various biological media, selectivity of
this donor may be compromised. Our laboratory considered
the possibility of using enzyme-activated donors of COS/H,S.
The use of enzymes to deliver drugs, latent fluorophores (for
imaging), or biological species”®*’ has been widely used and
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Figure 1. (2) Analyte homeostasis during H,S detection is possible
using azide-based thiocarbamates. (b) Nucleophile-activated COS/
H,S donors and their corresponding polymeric analogue. (c) Proposed
enzyme-activated carbonothioate (1) and carbamothioate (2) COS/
H,S donors.

presents distinct advantages.”” We considered carbonothioates
(Figure 1c, 1; X = O) as well as carbamothioates (Figure 1c, 2;
X = NH) as enzyme activated COS/H,S donors. The
significantly lower bond dissociation energy of a typical C—S
bond (shown in green, Figure 1c) when compared with a C—O
bond (shown in blue, Figure la) might facilitate the process of
self-immolation.”” Tt is anticipated that, upon activation, a
carbonothioate (X = O) will dissociate rapidly in pH 7.4 buffer
to produce COS and an alcohol (Figure 1c).
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In order to test if the nature of the leaving group X affects the
rate of decomposition, carbamothioates (X = NH) were also
considered (Figure 1c). Together, these compounds will offer
an enzymatic trigger for H,S generation and a better
understanding of the nature of COS/H,S donors. The enzyme
that we chose was esterase (ES). Due to its wide occurrence in
nearly all cells, this metabolic trigger will find broad use for the
study of H,S biology. The choice of a pivaloyloxymethyl group
as the protective group will ensure rapid activation of the donor
and help with localization of the bioactive molecule.”

In order to test this hypothesis, the thiol 4 was synthesized
from 3 (Scheme 1). Reaction of 4 independently with Sa, Sb,

Scheme 1. Synthesis of Thiol 4

Q /©/\O 1. PBr3, DCM, 0 °C
3
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and Sc gave the desired compounds 1a, 1b, and 1c (Table 1).
Next, carbamothioates 2a, 2b, and 2c were synthesized from
the corresponding 4-nitrophenolates 6a, 6b, and 6c, respec-
tively by reaction with the thiol 4 (Table 1). 53

Table 1. Synthesis of Carbonothioates and Carbamothioates

4 o+ i
Aer % g
50r6
1a-1¢c; X =0
2a-2c; X = NH
X Y R reactant prod yield, %
(0] Cl 4-NO,Ph Sa la 77
e} cl Ph sb 1b 64
(¢} Cl CH,Ph Sc 1c 16
NH OAr? Ph 6a 2a 11
NH OAr? 4-OMePh 6b 2b 44
NH OAr? CH,Ph 6¢c 2 37

“Unoptimized isolated yields. “Ar = 4-NO,Ph.

(4-((4-Nitrophenoxy)methyl)phenoxy)methyl pivalate 7 was
prepared and used as a negative control. This compound
should be cleaved by esterases but will not produce COS. The
formation of 4-nitrophenol (as in the case of 1a) will serve as a
colorimetric indicator for mechanistic investigations.

o
e
7

Using Dansyl-Azide (Dn-N;), a H,S-sensitive fluorogenic
dye, the formation of H,S was assessed. This probe is known to
react with HS™ to produce dansylamine (Dn-NH,), which has a
distinct fluorescence signal at 535 nm (excitation 340 nm).
When authentic H,S was treated with Dn-N;, we find a
fluorescence signal at 535 nm (excitation 340 nm) for Dn-NH,
(Figure 2a).”* Compound 1a was incubated in the presence of
ES and CA for 1 h, followed by addition of Dn-N; A
fluorescence signal at 535 nm was indicative of the capability of
this compound to generate H,S under these conditions (Figure
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Figure 2. (a) H,S yields were measured using a Dn-N;-based assay.
Compounds were incubated with ES and CA in pH 7.4 buffer for 60
min followed by addition of Dn-Nj. Fluorescence intensity at 535 nm
(excitation 340 nm) was measured. (b) HPLC analysis of a reaction
mixture consisting of 1lc, ES, CA, and Dn-N; Ctrl is Dn-Nj.
Fluorescence detector was used: excitation 340 nm; emission 535 nm.
Positive control: Na,$ (see SI, Figure S2). (c) Formation of methylene
blue as determined by spectrophotometry during incubation of 2b in
the presence of ES and CA. Na,S was used as the positive control in
this experiment. (d) Representative trace for H,S detection using a
H,S-sensitive electrode: la was incubated in pH 7.4 buffer in the
presence of CA. After S min, ES was added to the reaction mixture. (e)
Representative images of MCF-7 cells. The H,S-sensitive fluorogenic
probe NBD-fluorescein (10 uM) was cotreated with (i) DMSO; (ii)
2b, S0 uM; (iii) 2b, 100 uM, for 40 min followed by imaging using a
fluorescence microscope. Scale bar is 200 pm.

2a). All other compounds 1—2 were similarly found to generate
H,S under these conditions (Figure 2a). Compound 7, which is
expected to dissociate in the presence of ES but does not
generate H,S, did not show a significant signal attributable to
Dn-NH, in this assay (Figure 2a). The formation of the Dn-
NH, fluorophore (see Supporting Information (SI), Figures S1,
S$2) was also independently confirmed by HPLC analysis of a
reaction mixture containing lc, ES, CA, and Dn-N; (Figure
2b). The formation of H,S durmg decomposition was also
inferred by a lead acetate assay 5 Here, incubation of 1c with
ES and CA followed by addition of an aliquot to lead acetate
paper showed a distinct dark coloration that is indicative of the
formation of lead sulfide (see SI, Figure S3).

Independent verification of H,S release from this class of
compounds was carried out by a colorimetric assay where
methylene blue formation is monitored (Figure 2c; see SI,
Figure S5).”° An absorbance profile that correlated well with
authentic Na,S was observed (see SI, Figure S4). When this
experiment was carried out with acetazolamide, a known
inhibitor of CA, we find nearly complete abrogation of the
absorbance for methylene blue formation (see SI, Figure
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$6).>**° Lastly, carbonothioate 1a was incubated with CA and a
H,S-selective electrode was used for detection of H,S (Figure
2d). The formation of COS was verified by a reported mass
spectrometry methodology, and a profile that is consistent with
COS was recorded (see SI, Figure S7). 3

The H,S donors prepared herein were evaluated for their
ability to inhibit proliferation of human breast cancer MCF-7
cells using a standard cell viability assay. We find no significant
cytotoxicity at 25 uM (see SI, Figure S13). The H,S generating
capability of 2b within cells was evaluated using a fluorogenic
probe NBD-Fluorescein for H,S (see SI, Figure S14). 7 Upon
incubation of MCEF-7 cells with this probe and subsequent
treatment of cells with 2b, we find a distinct fluorescence signal
suggesting increased intracellular H,S (Figure 2e). Together,
these data support the formation of COS/H,S under the assay
conditions from donors prepared in this study and their
compatibility for use in cellular studies.

Next, the kinetics of H,S release from these compounds was
studied. Using the Dn-N; method, the time course of Dn-NH,
formation, which is a proxy for H,S release, was monitored. A
representative curve for H,S release from la is shown (see SI,
Figure S1). The rate constant for H,S release was found by
fitting the initial rate data to first-order kinetics (see SI, Figure
S1). The rate constants for H,S release from 1a, 1b, and I1c
were found to be similar in magnitude suggesting no major
dependence on the nature of the leaving group (see SI, Table
S1, entries 1—3). In order to better understand the mechanism
of decomposition (Scheme 2), the decomposition of la was
monitored by HPLC (see SI, Figure S8).

Scheme 2. Proposed Mechanism for Decomposition of
Carbonothioates and Carbamothioates in the Presence of ES
and CA

(0]
fast /@j\’é‘* R st
ES ’—‘0

10r2

H+
fast (
[x- o LS
Cc=

23‘—0

Upon addition of esterase, nearly complete disappearance of
la within 15 min was recorded suggesting that cleavage of the
pivaloyloxymethyl group is fast.”> During this study, concom-
itant formation of 4-nitrophenol was observed, which was
confirmed by using an authentic sample of this compound (see
SI, Figure S8). The time course of 4-nitrophenol formation
during decomposition of 1a was next independently recorded
by spectrophotometry by monitoring the absorbance of 4-
nitrophenol at 405 nm (see SI, Figure S9). The rate constant
was found as 0.14 min~'. When a similar experiment was
conducted with 7 where 4-nitrophenol release does not involve
the formation of COS, a comparable rate constant of 0.15
min~" was recorded. Together, these data suggest the short-
lived nature of intermediate I in the case of la. Although the
rate of 4-nitrophenol formation is faster than H,S release as
determined by Dn-NH, formation, these relatively small
differences do not support significant accumulation of
intermediate I (Scheme 2).** Next, H,S release profiles of
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carbamothioates 2a, 2b, and 2c¢ in pH 7.4 buffer in the presence
of ES and CA were recorded by using a similar Dn-Nj assay.
The relative rates for Dn-NH, formation during incubation of
2a and 2b were found to be comparable with those of la—1c
(see SI, Table S1, entries 4—5); it is thus likely that a similar
mechanism is operational. The rate of H,S release from 2b was
monitored by a methylene blue formation assay (see SI, Figure
SS), and we found a similar rate when compared with the
dansyl azide method.”” HPLC analysis of the decomposition of
2b (see SI, Figure S10) showed the formation of an
intermediate (possibly I, Scheme 2) that decomposed to
produce p-anisidine. Thus, rapid cleavage of the pivaloylox-
ymethyl group followed by self-immolation produces a short-
lived intermediate I, which dissociates to produce COS.
Hydrolysis of COS in the presence of CA produces H,S.

When H,S release from 2c was monitored by the Dn-Nj;
assay as well as methylene blue formation, we found a slower
rate of release when compared with other compounds tested
(see SI, Table S1 and Figure S5).”” Decomposition of 2c in the
presence of ES was carried out: HPLC analysis revealed nearly
complete disappearance of 2¢ within 15 min suggesting the
triggerable nature of this donor in the presence of the stimulus,
esterase (see SI, Figure S11). An intermediate (possibly I,
Scheme 2) was observed which gradually disappeared during
the course of the reaction (see SI, Figure S12). We were unable
to characterize this intermediate, but it appears that the rate of
COS release may, in part, depend on the decomposition of this
intermediate. Hence, the use of carbamothioates such as the
ones developed in this work may offer distinct advantages in
modulating H,S release through stereoelectronic effects on the
nitrogen.40 Although these offer mechanistic insight, the
differences among the release profiles are small, and in cellular
experiments, the concentrations of these enzymes will, in part,
determine the kinetics of H,S release. Wang and co-workers
reported an esterase triggered small molecule with tunable H,S
generating capability.”’ Here, the nature of the ester was
modified to attain differences in rates of H,S generation. The
compounds prepared in our study can perhaps similarly be
modified to achieve tunability. Furthermore, this scaffold is also
amenable to incorporation of other triggers of interest that
facilitate localized delivery of H,S: Pluth and co-workers have
reported a hydrogen peroxide inducible H,S donor based on
the thiocarbamate scaffold.”® However, carbonothioates and
carbamothioates prepared in this study, to our knowledge, have
thus far not been reported as H,S donors.*!

In summary, we show that carbonothioates as well as
carbamothioates can be suitably modified to be triggered to
generate COS under physiologically relevant conditions. The
importance of gaseous species in mediating cellular processes as
well as close association with pathophysiological conditions has
been widely studied. In order to better understand the precise
roles of these gases, new and improved tools are necessary.
While these tools are being developed, they are also being
evaluated for their therapeutic potential. Numerous inves-
tigations have shown that H,S has enormous potential but is
limited by its toxicity. Therefore, being able to trigger H,S
generation intracellularly in a site of interest is of fundamental
importance. Our data reveal that the cleavage of these
compounds by esterase is rapid followed by generation of
COS/H,S. Although esterases are widely present in numerous
cell types, this study lays the foundation for site-directed
delivery of COS/H,S.
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ABSTRACT: A series of cell-permeable esterase-sensitive sulfonates that o SP Esterase
undergo self-immolation to produce sulfur dioxide (SO,), a gaseous /@Ad 0-R —— SO,
pollutant with new and emerging biological roles, is reported. These V)\O <

compounds should facilitate the study SO, biology and will lay the platform

for newer stimuli-responsive donors of this gas.

G aseous signaling molecules derived from nitrogen, carbon,
and sulfur are ubiquitous in nature and are emerging as
major modulators of diverse physiological processes.' For
example, hydrogen sulfide (H,S) has numerous roles in
neuromodulation, pathogen response to antibiotics,” and blood
vessel relaxation. Sulfur dioxide (SO,),” a potential product of
oxidation of H,S, similarly has recently assumed importance as a
mediator of cellular processes.” SO, is widely used in the food
industry as a preservative and as an antibacterial agent.” At
diminished concentrations, SO, can mediate signaling such as
vasodilation.® However, at elevated concentrations, SO, can
damage biomacromolecules such as DNA, especially in the
presence of metal ions.””” Thus, controlled generation of this
gaseous molecule has enormous potential but is challenging.
Biochemical and cellular experiments carried out with gaseous
SO, are somewhat unreliable, associated with potential variations,
and have limited therapeutic potential. The most commonly used
inorganic donor of sulfite, which is a mixture of sulfite and bisulfite
has limited permeablhty and is thus used in high millimolar
concentrations.”® These elevated concentrations may compro-
mise appropriate interpretations regarding the effects of SO,.
Thus, small molecule donors of this gas assume importance.'’
Our laboratory reported benzosultines as donors of SO, under
ambient physiological pH conditions (Figure 1)."" These donors
spontaneously undergo retro Diels—Alder to generate SO, with
moderately tunable rates. Binghe Wang and co-workers have
recently shown a “click and release” strategy for generation of
sulfur dioxide (Figure 1).'"”"* These donors have the unique
advantage of having a wide range of rates of SO, generation.
However, these donors are more akin to spontaneous donors of

5 =" (L
o N “ONa

Benzothiazole Sulfinate

Benzosultine

o s ? R

4 S'N\

S‘b COOEt é‘, R
X=0,N NO,

Benzosulfone "Click and Release" SO, donor DNs-Amine

Figure 1. Representative examples of sulfur dioxide donors.
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SO, and again, incorporation of a trigger will help in controlling
delivery of this gas. Xian and co-workers have recently reported a
sulfinate which undergoes hydrolysis to produce SO,."* They
have also shown the vasodilatory effects of this molecule
underscoring the importance of controlled generation of SO,.
However, this donor does not contain a physiological trigger and
this may be a limitation for further exploitation of therapeutic
potential of this gas.

Photolabile SO, donors have also been reported. Benzosul-
fones were found to be photolabile under ultraviolet irradiation
conditions to produce SO,." A similar class of phototriggerable
SO, donors were reported by Uchida and co-workers.'® The use
of ultraviolet light, however, has limited utility and may be harmful
to cells due to phototoxicity. Our laboratory has reported 2,4-
dinitrophenylsulfonamides (DNs-Amine) as thiol-activated
sulfur dioxide donors (Figure 1)."”7' While these donors have
triggerable SO, donation, the use of thiols, which are a major
antioxidant within cells, as triggers may not be useful to study SO,,
a redox-active gaseous species. It is thus desirable to have a
relatively innocuous stimulus such as esterase (ES) to trigger SO,
generation within cells.

In order to design a new class of esterase-sensitive SO, donors,
we considered the chemistry associated with decomposition of
carbonates, which have been extensively used for drug delivery
and they operate by generation of carbon dioxide (CO,), which
presumably is an irreversible reaction. An appropriately placed
trigger and subsequent self-immolation can produce CO, from a
carbonate (Scheme 1a). The key bond that breaks is the C—O
bond shown by an arrow, whose estimated bond dissociation
energy (BDE) is 68 kcal-mol™". Similarly, it was envisaged that
cleavage of a C—S bond in sulfonates (shown by an arrow) will
similarly trigger generation of SO, and an alcohol. The BDE of
this bond is estimated to be 57 kcal-mol™", which is comparable
with the C—O bond.” If successful, such a method may have
broad relevance as a probe for SO, biology as well as a
methodology for codelivery of an alcohol-based drug. Further-
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Scheme 1. (a) Esterase-Cleavable Carbonate Should Generate
CO, and an Alcohol (1a, R = Umbelliferone (Figure 2)); (b)
Proposed Esterase Cleavable Sulfonates That Are Expected To
Generate SO, and an Alcohol

@ +ROH

(a) ﬂ

more, the nature of the leaving group i.e. the alcohol may
determine the SO, generation capability.

In order to test this hypothesis, first, the fluorophore
umbelliferone (Umb, Figure 2) was derivatized. The carbonate

Q\?&@hm

Umbelliferone

Figure 2. Structures of umbelliferone and 8.

la (Scheme la) was synthesized (see the SI). Due to the
improved hydrolytic stability of cyclopropyl esters when
compared with other aliphatic esters, this ester was chosen.”"**
The pivaloyloxymethyl group was not considered as sulfite is
known to react with formaldehyde, a byproduct of decom-
position.”® In order to synthesize the sulfonate 2a, first, the
aldehyde 3 was synthesized from 4-hydroxybenzaldehyde
(Scheme 2) Reduction with sodium borohydride gave 4, which

Scheme 2. Synthesis of the Sulfonyl Chloride 6
/©)‘\H NaBH, /@2 1. MsCl, DCM
V)J\ EtOH 2. KSAc
V)J\ /(jA ACN 2 M HCl V)k

was then converted to the thioacetate S in two steps. The
thioacetate was treated with N-chlorosuccinamide to afford the
sulfonyl chloride 6.** Treatment of 6 with umbelliferone (Figure
2) gave 2a (Table 1). The structure of 2a was confirmed by X-ray
diffraction analysis of crystalline material (see Figure S1).

The carbonate 1a and the sulfonate 2a were independently
treated with esterase.””** HPLC analysis of the reaction mixture
after 10 min revealed complete disappearance of the la (see
Figure S2). The disappearance of 2a (Figure 3a) was somewhat
slower when compared with 1a (0.54 + 0.08 min~"). The rate
constant was found to be 0.13 min™" and the half-life was 5 min.
This rate is comparable with the formation of umbelliferone, 0.18
min~" monitored under similar conditions (Figure 3b). The yield

Table 1. Synthesis of Sulfonates 2a—k

ROH o S//O
6 /©/g/ O_R
o

2a-2k
R pK, of ROH" product yield (%)
umbelliferone 7.7 2a 50
Ph 9.9 2b 75
4-OMePh 10.2 2c 65
4-NO,Ph 7.1 2d 70
(2-tert-b 10.2 2e 65
(3,5-dimethyl-4-Cl)Ph 94 2f 72
Bn 15.4 26 23
allyl 15.5 2h 27
propargyl 13.6 2i 24
n-butyl 160 2 s3
iPr 17.0 2k 44

“Values are from literature and are either for the compound itself or
analogues with similar structures. References 27—31.

B &0

0 20 40 60 0 20 40 60

time, min time, min

Figure 3. (a) HPLC analysis of 2a. Compound 2a (50 M) in PBS (pH
7.4, 10 mM) at 37 °C was incubated in the presence of esterase showed
the disappearance of 2a. Rate constant for disappearance was found as
0.13 + 0.01 min™". (b) HPLC analysis of the reaction mixture for Umb.
Rate constant for appearance of Umb was found as 0.18 + 0.006 min ™
(for a detailed protocol, see the ST).

of Umb was 80% suggesting an efficient conversion of 2a to Umb
in the prescence of esterase.

A coumarin—hemicyanine dye 7 (Scheme 3),”° for colorimetric
as well as fluorescence-based detection of sulfite (SO5>7), the

Scheme 3. Dye 7 and the Adduct It Forms upon Reaction with
Sulfite

S04~
S 3 s
Et, N Q Et '@
N A S0# N D N
Ef o o — e o N
o) Me Et o Me

7 7-SO3 adduct
A =545 nm; | =633 nm A =410 nm; | = 478 nm

hydrated form of SO,, was synthesized using reported procedures.
This probe has been found to be useful in in vitro as well as cellular
studies to detect SO,. The dye 7 reacts with sulfite to produce a
covalent adduct (Scheme 3). This results in a characteristic
decrease in absorbance at 545 nm with concomitant increase in
the absorbance signal at 410 nm (Figure 4a). In the presence of 2a
and esterase, a decrease in the absorbance at 545 nm was seen
(Figure 4b). Due to the significant absorbance of Umb at 410 nm,
the use of 7 to accurately determine sulfite is not possible.
However, based on the diminution of the absorbance at 545 nm,
the generation of sulfite during decomposition of 2a in the
presence of esterase was inferred (see Figure S6).

In the absence of esterase, no significant decomposition of 1a or
2a was observed (see Figure S3), suggesting that the cyclo-
propylester is not susceptible to hydrolysis. When 2a was
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Figure 4. (a) Incubation of 7 (10 #M) in the presence of NaHSO; (50
uM) for 15 min shows a decrease in absorbance at 545 nm and a
corresponding increase in absorbance at 410 nm.; (b) Incubation of 2a +
ES in the presence of 7 (10 #M) for 15 min. Disappearance of the 545 nm
signal was observed and is indicative of sulfite formation. Concentration
of 2a was 50 M. This experiment was carried out in the presence of Umb
(see Figure S6). (c) Incubation of 7 (10 M) in the presence of 2e + ES
for 15 min shows an absorbance profile comparable with NaHSO;. (d)
Ratio of absorbance at 410 nm (A,;,) to the absorbance at 545 nm (Asys)
during incubation of 7 with various compounds (Ctrl) and in the
presence of ES (see Figure S7). Concentration of 2e was S0 M. All of the
experiments were conducted in PBS (pH 7.4, 10 mM) at 37 °C (for a
detailed protocol, see the SI).

pretreated with an esterase inhibitor (phenylmethanesulfonyl
fluoride, PMSF)*” and subsequent exposure to ES, a diminished
signal for Umb was observed (see Figure S4). Preincubation of ES
with PMSF and subsequent addition of 2a showed a dose-
dependent decrease in fluorescence, again supporting catalysis by
esterase is necessary for activation of 2a (see Figure 54, inset). In
the presence of common biological nucleophiles, 2a was found to
be stable (see Figure S4). In basic pH (9.2), significant formation
of Umb from the hydrolysis of the carbonate was observed; while
the sulfonate remained stable. This enhanced stability of the
sulfonate may present opportunities for delivering SO,-based
hybrid drugs.

In order to study the reactivity of the sulfonate functional group
toward esterase, compound 8 (Figure 2) was synthesized. When
treated with esterase, no significant fluorescence signal
corresponding to Umb formation was recorded (see Figure S4).
A similar result was observed in human cervical cancer HeLa cell
lysate during 1 h suggesting that the sulfonate group is stable
under cellular conditions (see Figure SS). Incubation of 2a, as
expected, produced a fluorescence signal confirming the
production of Umb. Taken together, our data supports the
selectivity of cleavage by esterase and the broad-range stability of
the sulfonate group to cellular nucleopbhiles.

Having established that 2a was capable of undergoing self-
immolation in the presence of esterase to generate SO,, we next
proceeded to study the effect of the leaving group on this process.
Aseries of aromatic alcohols were independently reacted with 6 to
produce the corresponding sulfonates 2b—f (Table 1). Again, the
SO,-sensitive dye 7 was used to assess the capability of these
compounds to generate SO,. These compounds were next
exposed to esterase in the presence of the dye 7. A representative

absorbance profile for 2e is shown in Figure 4c. The ratio of
absorbance at 410 nm (A,;) to the absorbance at 545 nm (Ass)
provides an estimate of the ability of the compound to produce
SO,. Colorimetric analysis revealed that all the aforementioned
compounds were capable of generating sulfite. The dye 7 is also
used as a sulfite-sensitive fluorescence probe: the free probe
displayed a red emission with the maximum at 633 nm (excitation
at 545 nm). In the presence of sulfite, the fluorescence signal at
this wavelength is diminished with a concomitant increase in a
new blue emission peak at 478 nm (excitation at 410 nm). I,5/T¢35
is hence a measure of SO, donating capability. The fluorescence
data corroborated the absorbance data that was obtained with the
donors. Together, our data supports a mechanism of ester
hydrolysis leading to formation of intermediate I, which
undergoes self-immolation to produce an alkoxide and a quinone
methide (Scheme 4).

Scheme 4. Mechanism of Generation of SO, from Sulfonates”
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“For sulfonates derived from aromatic alcohols, SO, generation is
dominant. Certain sulfonates derived from aliphatic alcohols were
susceptible to hydrolysis (through II) and were poor SO, donors or
are possibly trapped as intermediate L.

Next, sulfonates 2g—k, which are derived from aliphatic
alcohols were synthesized. When estimated for SO, in the
presence of esterase, 2g, 2h, and 2k did not show a significant shift
in the absorbance profile, and accordingly, the ratio of A,;0/Asus
was diminished (Figure 4d). This data suggests that these
compounds are poor donors of SO, when compared with their
counterparts. Being aliphatic alcohols (Scheme 4), their leaving
group ability is significantly lower than aromatic alcohols and this
may contribute to diminished yield (see Table 1 for pK, values).
Prolonged incubation in buffer of these reaction mixtures also did
not produce significantlevels of sulfite. Since the cyclopropyl ester
is stable toward hydrolysis in pH 7.4 buffer, the propensity for the
sulfonate group to undergo hydrolysis to produce II was next
examined. Compounds 2g—k were independently incubated in
pH 7.4 buffer, and we found that all compounds except for the
benzyl and allyl compounds were stable toward hydrolysis (see
Figure $12). When the benzyl derivative was incubated in buffer,
nearly complete disappearance in 30 min was seen. While partial
hydrolysis was observed in the case of the allyl derivative, this data
suggested that certain sulfonates were susceptible to hydrolysis.
Thus, among aliphatic alcohol-derived sulfonates, SO, generation
after activation by esterase is possible provided the sulfonate is not
susceptible to hydrolysis and if the alcohol was a good leaving
group (such as propargyl alcohol).

Next, we investigated the capability of the SO, donors to
permeate cells and generate SO,. Accordingly, the dye 7 was used

DOI: 10.1021/acs.orglett.7b02544
Org. Lett. 2018, 20, 4-7


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02544/suppl_file/ol7b02544_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b02544

Organic Letters

in AS49 lung carcinoma cells. In the presence of sulfite (200 M),
a distinct increase in the signal in the blue channel with
concomitant decrease in signal in the red channel was observed
(Figure S and Figure S13). The SO, donors 2¢ was similarly found

N
o

Cells Ctrl Dye Ctrl NaHSO,

Blue
Channel

Red
Channel

Figure S. Fluorescence microscopy images of AS49 cells treated with dye
for 30 min and followed by treatment of the compound for 30 min in PBS
(pH 7.4, 10 mM) at 37 °C. Fluorescence signal was monitored in red
channel (7) and the blue channel (7-SO; ™ adduct). Final concentrations
of dye 7 was 10 uM; NaHS O3, 200 uM; sulfonates, 25 y#M. Scale bar = 200
um (for a detailed protocol, see the SI).

to fluoresce in the blue channel but at a much lower concentration
(25 uM) suggesting their superior capability to generate sulfite
within cells. Compounds 2g and 2h, which were poor SO, donors
in the presence of esterase were similarly found to be incapable of
generating SO, within cells. Lastly, the cytotoxicity of these
compounds was estimated using two different cell lines and a
majority of these compounds were not significantly cytotoxic (see
Figure S14 for AS49 cells and Figure S15 for HeLa cells). The
likely byproducts that were produced during decomposition of
SO, donors 2¢ and 2i were not cytotoxic either (see Figure S16).
Thus, the SO, donors prepared in this study are cell-permeable
and appear to be well tolerated by cells and should facilitate a
better understanding of the biology of this gas.”
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