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• Thin-layer chromatography (TLC) was performed using silica gel 60 GF254 precoated 

aluminium backed plates (0.25 mm thickness) and visualization was accomplished by 

irradiation with short and long UV light at  254 and 365 nm respectively or by staining 

with bromocresol green or phosphomolybdic acid (PMA) for the identification of 

carboxylic acid or alcohols respectively. 

• 19F spectra were recorded on a JEOL (376 MHz) using an external reference (a, a, a-

trifluorotoluene, δF = -63.72 ppm).  

• 1H and 13C spectra  were recorded on JEOL or Bruker 400 MHz (or 100 MHz for 13C) 

spectrometers using tetramethylsilane (TMS) as an internal standard.   

• Chemical shifts (δ) are reported in ppm downfield from CDCl3 (δ = 7.26 and 77.2 ppm) 

or DMSO-d6 (δ = 2.50 and 39.5 ppm) for 1H and 13C-NMR respectively as an internal 

reference. The coupling constants (J) are given in Hz. Multiplicities are indicated using 

the following abbreviations: br (broad), m (multiplet), s (singlet), d (doublet), t (triplet), 

q (quartet), h (heptet), ddd (doublet of doublet of doublet), dd (doublet of doublet), dt 

(doublet of triplet), dq (doublet of quartet), and td (triplet of doublet). The nature of the 

carbons (C, CH, CH2 or CH3) was determined by recording the DEPT-135 spectra, and 

is given in parentheses. 

• Column chromatography was performed using Rankem silica gel (60-120 mesh) eluting 

with petroleum ether and ethyl acetate (EtOAc).  

• Preparative High Performance Liquid Chromatography (Prep HPLC) was carried out on 

a Combiflash EZ Prep UV equipped with a Kromasil®C-18 preparative column (21.5 

mm x 250 mm, 10 µm) at a flow rate of 12 mL/min.  

• High-resolution mass spectra were obtained from HRMS-ESI-QTOF (quadrupole time-

of flight). 

• FT-IR spectra were recorded using Bruker ALPHA FT-IR spectrometer and reported in 

cm–1 

• Melting point was measured using a BÜCHI M-560 melting point apparatus. All melting 

points were measured in an open glass capillary, and the values are uncorrected. 

• LC-MS experiments were performed either on a Sciex X500R QTOF mass spectrometer 

fitted with an Exion UHPLC system or on a Bruker Daltonics ESI-QTOF (Maxis Impact) 

mass spectrometer connected to a Thermo Dionex (Ultimate 3000) micro-LC system in 

a positive ion mode using high resolution multiple reaction monitoring (MRM-HR) 

method. 
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• Fluorescence measurement corresponding to MXF was carried out using a Horiba Jobin 

Yvon Fluorolog Fluorescence Spectrophotometer or an EnSight Multimode Plate Reader 

(PerkinElmer) in a 96-well plate format. 

• Cyclic voltammetry studies were conducted using a standard three-electrode setup 

connected to a CHI760E electrochemical workstation. Glassy carbon and platinum wire 

were used as the working electrode and counter electrode respectively. Ag/AgCl was 

used as a reference electrode. These experiments were conducted under an atmosphere 

of argon in anhydrous ACN with tetra-butyl ammonium hexafluorophosphate (TBAP; 

0.1 M) as supporting electrolyte. 
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Abstract 

During tuberculosis (TB) infection caused by Mycobacterium tuberculosis (Mtb), a sub-

population of mycobacteria enter into a metabolically inactive, non-replicating persistent state 

that are not susceptible to most frontline TB drugs. Persisters become a reservoir with 

conditions favouring the emergence of drug-resistant mutants and also contribute to extended 

duration of TB therapy. Recent clinical trial data indicated that inclusion of Moxifloxacin 

(MXF) led to a shortening of TB treatment from 6-months to 4-months. Although MXF 

demonstrated lethality against actively replicating Mtb, it has limited efficacy against 

mycobacterial persisters. One important reason for the lack of activity of MXF against non-

replicating Mtb is its poor accumulation within bacteria. Non-replicating Mtb is known to have 

a thick lipid-rich cell wall and being relatively hydrophilic (clogP = -0.49), the permeability of 

MXF may be limited.  

       To address this problem, we utilized a prodrug approach to enhance the efficacy of MXF 

by increasing its permeation in non-replicating Mtb. Prodrugs are normally activated by 

enzymes and/or related metabolic conditions within the target cells. Non-replicating Mtb are 

associated with a reductive environment (hypoxia) and induce the expression of reductive 

enzymes such as nitroreducatases (NTRs). Since NTRs are prevalent in both replicating and 

non-replicating Mtb, we propose that a MXF prodrug can be cleaved by NTR to generate MXF 

and as a consequence may exhibit potent inhibitory activity against exponentially growing as 

well as dormant bacilli.  

        Herein, we designed and developed a focussed library of nitroaryl and nitroheteroaryl 

conjugates of MXF with varying reduction potentials to modulate the propensity to undergo 

reduction, rate and efficiency of drug release. A systematic screening was then conducted to 

identify the optimal prodrug to generate MXF under reductive conditions, in the presence of 

NTRs as well as in bacterial lysates. Our data revealed that the 2-nitrothiazole-based prodrug 

was rapidly and efficiently cleaved under both chemo- and bio-reductive conditions to produce 

MXF. Notably, this prodrug was equipotent in its inhibitory activity in both cellular models 

and animal models, and had superior inhibitory activity against non-replicating Mtb when 

compared with MXF. LC-MS based studies further supported that the increased intracellular 

accumulation of MXF from the prodrug as compared to MXF alone, could contribute to 

enhanced potency in the non-replicating Mtb model. Hence, the newly developed 2-

nitrothiazole-prodrug is rapidly, efficiently and selectively cleaved under reductive conditions 

to produce the active drug. Inspired by these differences in the sensitivity and specificity of 2-
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nitrothiazolyl group towards NTR, a dual colorimetric fluorescent probe sensitive to bacterial 

NTR was constructed. The probe exhibited high selectivity and sensitivity with an excellent 

ability for non-invasive real time detection of bacteria. The results outlined in this thesis lay 

the foundation for new prodrug approaches to developing interventions that are effective 

against both replicating as well as non-replicating Mtb and may have applications in imaging 

and diagnostics. 
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Chapter 1: Introduction 

1.1. Tuberculosis 

Tuberculosis is one of the world’s oldest and deadliest infectious diseases caused by facultative 

intracellular bacterium Mycobacterium tuberculosis (Mtb). Over the past twenty centuries, 

many people have died from tuberculosis (TB) than from any other infectious disease.1,2 

According to World Health Organization (WHO), in 2021, a total of 1.6 million people died 

from TB worldwide, making it the leading cause of mortality, surpassing COVID-19 and HIV.3 

The recommended standard treatment for drug-susceptible TB has a cure rate of >95% when 

provided under directly observed therapy (DOT).4,5 The 6-month regimen consists of two 

phases: an initial induction phase of 2 months consisting of a combination of four front-line 

TB drugs (isoniazid, rifampicin, pyrazinamide, and ethambutol) followed by a 4-month 

continuation phase consisting of isoniazid and rifampicin. This regimen is currently used in the 

treatment of pulmonary TB as well as most forms of extrapulmonary TB.6 The duration of this 

drug regimen is notably longer than that of other bacterial infectious diseases. It therefore leads 

to poor patient adherence to therapy, which in conjunction with inadequate control and 

management of TB led to emergence of multidrug-resistant (MDR), extensively drug-resistant 

(XDR) and totally drug-resistant (TDR) TB.4,7–10 The prolonged cumbersome treatment for TB 

is partly due to the coexistence of drug-sensitive replicating and drug-tolerant non-replicating 

bacteria.   

1.2. Persisters 

During the first two months of effective intensive treatment, a distinctive biphasic kill curve 

for viable bacteria is observed in patient sputum samples (Figure 1.1). This suggests that there 

are at least two bacterial subpopulations, one of which responds to TB drugs faster than the 

other. The majority of the susceptible replicating bacterial subpopulation is rapidly and 

effectively killed by front-line TB drugs. A smaller subpopulation of slowly growing non-

replicating bacteria, also known as persisters, survives for a longer time.7  
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Figure 1.1. Heterogeneity in the intrinsic drug susceptibility in the bacterial subpopulations of 
Mtb. A rapid rate of decline was seen with the replicating bacilli (blue line), but the number of 
non-replicating bacilli declined at a slower rate (red line). Adapted from Horsburgh, C. R et al. 
New Eng. J. Med. 2015.7 

In 1942, Hobby observed that exposure of Staphylococcus aureus culture to penicillin (β-

lactam antibiotic) killed only 99% of cells.11 The surviving 1% bacterial subpopulation was 

later termed as “Persisters” by Bigger.12 Persisters are genetically identical to the original 

susceptible population but are slow growing, and enter into a metabolically inactive phase, 

which makes them transiently resistant to antibiotics. Unlike resistant mutants, persisters, when 

re-established, retain their drug susceptibility as the original population. Persisters reside 

frequently in hostile microenvironments, such as in macrophages or granulomatous lesions.13 

However, they have also been discovered in adipose tissues, sputum, and biofilms.14–19  

During the course of infection, several unfavourable conditions such as acidic pH, hypoxia, 

nitrosative stress, nutrient starvation, and iron deprivation encountered within the granuloma 

trigger the metabolic downshift of Mtb into a viable dormant state.20–24 Recent findings have 

shown that persisters are present in exponentially growing and stationary phase cultures.25 This 

suggests that the formation of persister cells is driven by both stochastic and deterministic 

events.25,26 These persisters provide an evolutionary reservoir that favours the emergence of 

drug-resistant mutants and also contribute to the protracted regimen required for TB 

treatment.27,28 These non-replicating population can switch to active growth at any point 

resulting in the recalcitrance and relapse of TB infection.20,29 Hence, their existence often 

contributes to the development of latent infections which pose a significant problem for those 

with a weak or compromised immune system. Although the proportion of dormant and 
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replicating bacilli may differ, the equilibrium between them serves as a defining characteristic 

between latent and active infection.30,31 The proportion of non-replicating to replicating bacilli 

during latent infection is believed to be comparatively higher than during active disease.13,20 

Recently, a comprehensive study by Colangeli et al. suggested that Mtb exists in a replicating 

state during the early latency and later transitions into a non-replicating state during prolonged 

latency and plays a significant role in relapse and recalcitrance of TB.32   

1.3. Characteristics of persisters 

Numerous in vitro dormancy models, including the Loebel nutrient starvation model, Wayne 

hypoxic model, and the multiple stress model have elucidated the mechanisms underlying the 

transition of bacterium into a non-replicating persistent (NRP) state.23 In the Wayne hypoxic 

model, depletion of oxygen (hypoxia) induces a shift of replicating Mtb tubercle to a non-

replicating state through two characteristic stages: non-replicating persistence stage I and II 

(NRP-I and II). While microaerophilic NRP-I is achieved after oxygen levels are depleted to 

1%, anaerobic NRP-II is reached when oxygen levels are less than 0.06% (Figure 1.2).33 

 

Figure 1.2. Hypoxia induced progressive transition of replicating into non-replicating 
persistent states in wayne model 

The adaptation into a drug-tolerant NRP-II state is associated with following metabolic and 

morphological changes -  

(a) Metabolic downshift:  

High-throughput RNA sequencing (RNA-seq) studies of hypoxic Mtb cultures have 

demonstrated that lipid/energy metabolism, gluconeogenesis, protein synthesis, DNA 

replication and repair machinery pathways are down-regulated.34 This is accompanied by an 

induction of the DevR/DosR dormancy regulon, a collection of  about 50 genes essential for 

the survival of bacteria during latent infection.35 Furthermore, a plethora of genes associated 

with metabolism of carbohydrates, amino acids, sulfur, nucleotide and peptidoglycan 

biosynthesis are also upregulated.34,36 Global phosphoproteomic profiling revealed that several 

proteins associated with peptidoglycan and mycolic acid synthesis are differentially 
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phosphorylated in the non-replicating state.37–39 These post-translational modifications mediate 

cell-wall remodelling in non-replicating Mtb.39 

(b) Morphological changes: 

Non-replicating Mtb have also been found to undergo numerous morphological changes 

including altered outer surface, increased cell length, and thickened cell wall. Non-replicating 

Mtb cells are much larger than replicating cells, and possess a rough and unevenly wrinkled 

surface. An increase in the net negative charge on the cell surface is also observed as the cells 

progressed into NRP-I and NRP-II, as a result of an accumulation of negatively charged 

polysaccharides on the outer layer of the cell wall. Compared to rapidly dividing mid-log phase 

bacteria (~15.1 nm), non-replicating bacilli (NRP-I = 52.5 nm; NRP-II = 51.1 nm) exhibited 

increased thickening of lipid-rich cell walls, as a result of the extensive accumulation of free 

mycolates and lipoarabinomannans under hypoxic conditions.40 This also contributes to the 

loss of acid-fastness in Ziehl-Neelsen stained lung sections of mice and human patients. 41 

Metabolomic and lipidomic analysis demonstrated that NRP bacteria accumulate mycolate 

wax esters and long-chain triacylglycerol esters along with an increase in the ratio of 

lipoarabinomannan to lipomannan.42,43 This distinct feature is a characteristic phenotype of 

non-replicating tubercle bacilli and contributes to hindering the penetration and accumulation 

of antibiotics to reach their periplasmic or intracellular targets.44 LC-MS/MS analysis 

demonstrated that the intracellular accumulation of different TB drugs is affected to varying 

degrees in the non-replicating state. The permeability of many anti-TB drugs is significantly 

impaired and this account for the phenotypic drug resistance in non-replicating Mtb.45  

 

Figure 1.3. Schematic representation of distinct morphological differences observed in 
replicating and non-replicating Mtb 
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(c) Overexpression of nitroreductases (NTRs): 

NTRs are widespread among bacteria and are well known to catalyze the reduction of nitro 

groups using diverse mechanisms on a broad repertoire of substrates.46–48 Based on the 

sensitivities to molecular oxygen, the bacterial NTRs can be categorized into type I and type II 

NTRs.49 The type I or oxygen-insensitive NTR performs a stepwise two electron reduction of 

the nitro group while type II or oxygen-sensitive NTR carries out an one electron reduction of 

nitroaromatic moiety using a ping-pong bi-bi catalytic mechanism (Figure 1.4). In E. coli, 

oxygen-insensitive NTRs are either dependent on NADPH (major NTR; NfsA) or employ 

NADH and NADPH as electron donors (minor NTR; NfsB).48–52  

 

Figure 1.4. Proposed mechanisms of activation by Type I and II NTRs 

Non-replicating mycobacteria reside in the hypoxic regions of granulomas. Under these 

conditions, non-replicating bacteria strongly induce DevR regulon-controlled genes encoding 

several nitroreductases (NTRs) such as Rv2032, Rv3131, and Rv3127.53–55 Although several 

NTRs have been recognised in Mtb, their precise role in Mtb pathogenesis remains unclear. 

These NTRs probably contribute to combat nitrosative and oxidative stress encountered by Mtb 

inside host macrophage to survive and establish infection.56,57  

1.4. Therapeutic strategies to eliminate persisters 

The current objective of achieving effective and complete sterilisation with the recommended 

6-month therapy is rather difficult due to the presence of a persister subpopulation. Although 

targeting persisters is a very promising therapeutic strategy, it is not straightforward as multiple 

genes, pathways, or mechanisms are involved. Limited efforts have been devoted to the 

development of innovative therapies targeting both replicating and dormant bacilli. This 

necessitate the requirement of multiple strategies such as (a) combination treatment with other 

drugs or adjuvants, (b) enhancement of  host immune defence through the use of 
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immunomodulators, (c) the development of novel molecules to specifically target persisters, 

and (d) resensitization of the persisters by prodrugs using existing antibiotics.  

Although the development of new molecules with novel mechanism and targets is a promising 

strategy, the discovery and subsequent introduction of new antibiotics into the global market 

is a slow, expensive and cumbersome process.58,59 Therefore, the clinical need for new 

alternative approaches that would enhance the efficacy of existing antibiotics is urgent. The 

prodrug approach is a highly desirable strategy for the revival of drugs associated with 

suboptimal pharmacokinetic properties or host toxicity, to enhance therapeutic efficacy, and to 

selectively target drug-resistant clinical strains of E. coli. Prodrugs were also found to be lethal 

against antibiotic-tolerant persisters enriched in stationary phase cultures and biofilms of E. 

coli.60 Moreover, this approach has been widely employed to enhance the permeability of many 

hydrophilic drugs by increasing lipophilicity and allowing the targeted delivery of drugs via 

the activation of prodrug by mycobacteria-specific enzymes.61–69 This strategy is promising 

considering the fact that many anti-tubercular drugs share the common characteristic trait of 

being more hydrophobic, unlike many conventional antibiotics.70–73 

1.4.1. Antitubercular prodrugs containing nitro group 

Interestingly, several antitubercular drugs containing nitro groups have potent 

mycobactericidal activity against replicating as well as non-replicating Mtb. Bicyclic 

nitroimidazole prodrugs, such as delamanid (earlier known as OPC-67683), pretomanid (also 

known as PA-824), and TBA-354, have been approved as anti-tubercular agents. These 

prodrugs require specific activation by Mtb specific deazaflavin dependent nitroreductase (Ddn 

or Rv3547) to release nitric oxide (NO), crucial to kill both replicating and non-replicating 

tubercle bacilli by respiratory poisoning (Figure 1.5).64,74–76  
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Figure 1.5. (A) Structures of bicyclic nitroimidazole anti-tubercular prodrugs and their (B) 
proposed mechanism of activation by deazaflavin dependent nitroreductase (Ddn)  

Recently, a novel class of potent anti-TB compounds such as nitrothienopyrimidine analogue 

(TP-053) and nitrofuranylcalanolides (NFCs) were identified as prodrugs that require 

activation by a reduced form of unusual mycothiol-dependent NTR (Mrx2; also known as 

Rv2466c) (Figure 1.6.A).77–79 Although reductive activation by Mrx2 was central to the 

mechanism of action of NFC and TP053, the mycobactericidal metabolites generated from 

these prodrugs are entirely different. For instance, activation of TP053 by Mrx2 resulted in NO 

release similar to pretomanid activated by Ddn.77 In addition, Mrx2-mediated 

biotransformation of TP053 resulted in the generation of a highly reactive thiol intermediate 

that appears to be responsible for pleiotropic effects on Mtb growth that inhibit lipid 

biosynthesis, transcription and protein synthesis.78 In contrast, elegant studies by Negri et al. 

demonstrated that the mycobactericidal activity of nitrofuranyl calanolide (NFC) derivative 

relies on Mrx2-dependent reduction of the nitro group to an amine form using mycothiol 

(MSH) as a cofactor (Figure 1.6.B).79 
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Figure 1.6. Proposed mechanism of activation of (A) nitrothienopyrimidine analogue (TP-053) 
and (B) nitrofuranylcalanolides (NFCs) by mycothiol dependent NTR 

1.4.2. Fluoroquinolones (FQs) 

Fluoroquinolone (FQ) antibiotics have been a cornerstone of antimicrobial therapy for more 

than three decades. These are widely prescribed class of potent, broad-spectrum bactericidal 

agents commonly used in the treatment of bacterial infections. Among several classes of 

antimicrobial agents, FQs exhibited bactericidal activity against dormant as well as growing 

cultures of E.coli.26,80 Considering the fact that slow or non-growing populations may be 

transcriptionally active, it is not surprising that FQs retained lethality against these cells by 

inhibiting DNA gyrases.81,82  

1.4.2.1. Discovery, development and use of FQs 

The synthetic quinolones 1 and 2, reported in 1949, were first prepared by oxidation of the 

Australian Melicope alkaloids (Figure 1.7).83–85 However, the specific antibacterial property of 

3-carboxy substituted quinolones, including 3 and 4, was publicly unveiled in the patents 

published by Imperial Chemical Industries (ICI) in the early 1960s (Figure 1.7).86 
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colleagues at Sterling Drug stumbled upon compound 4, serendipitously discovered as a by-

product in the synthesis of antimalarial therapeutant chloroquine, which was later found to 

exhibit modest in vitro antibacterial activity.87 ICI’s intellectual property constraints certainly 

impelled Sterling Drug to launch the first clinically used antibiotic possessing “1,8-

napthyridone-core”,  Nalidixic acid with an improved activity restricted to gram-negative 

aerobes.88–90  Since then, several structural modifications were attempted in the basic core, 

which then ushered in a new era in the development of quinolones (Figure 1.8).91  

 

Figure 1.7. Origin of Quinolone’s pharmacophore 

1.4.2.1.A. First generation FQs 

In 1967, Nalidixic acid (NA) was introduced into clinical practice for the treatment of 

complicated urinary tract infections (UTIs) caused by gram-negative enterobacteriaceae except 

P. aeruginosa. Over the next few years, compounds such as oxolinic acid, piromidic acid, and 

cinoxacin were developed and offered a marginal improvement in antibacterial activity relative 

to NA. However, due to the lack of a broad spectrum activity and poor pharmacokinetic profile, 

its use was still limited to the treatment of UTIs.  The introduction of fluoro group at the C-6 

position onto the quinolone nucleus augmented the spectrum of activity. This outstanding 

breakthrough led to the development of the first-generation fluroquinolone (FQ) called 

Flumequine, which interestingly retained antibacterial activity against NA-resistant strains. 

Further structural modifications have led to the development of newer generation 

fluoroquinolones with improved pharmacological profile and antimicrobial properties.  
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Figure 1.8. Discovery and development of FQs 

1.4.2.1.B. Second generation FQs 

Subsequently, both fluorination at position C-6 and substitution of piperazine/methyl-

piperazine at position C-7 spawned an array of newer agents (including Norfloxacin, 

Ofloxacin, Pefloxacin, Lomefloxacin, Temafloxacin, Tosulfoxacin and Ciprofloxacin) acting 

on a wide range of  gram-positive and gram-negative bacteria, mycobacteria, mycoplasma, and 

legionella spp. Ciprofloxacin (CIP) is one of the most successful and commonly prescribed 

antibiotic of this class used to treat a variety of gram-negative infections, including UTIs, 

prostatitis, enteric infections, biliary tract infections, sexually transmitted diseases (STDs) and 

gram-positive infections to a lesser extent.  

1.4.2.1.C. Third generation FQs 

The advent of third-generation FQs epitomized by Enrofloxacin, Levofloxacin (L-enantiomer 

of Ofloxacin), Sparfloxacin, Grepafloxacin, Clinafloxacin, Marbofloxacin and Gatifloxacin 

has expanded the spectrum of activity to include anaerobes, S. pneumoniae resistant gram-

positive cocci and ciprofloxacin resistant gram-negative bacilli. Despite the favourable 

pharmacokinetic profile and better patient tolerance, the use of these fluroquinolones has been 

restricted due to major adverse effects.  

1.4.2.1.D. Fourth generation FQs 

The clinical success of Ciprofloxacin (CIP) and Levofloxacin (LVX) has fuelled the emergence 

of next generation fluoroquinolones exemplified by Moxifloxacin (MXF), Trovafloxacin 

(TVX), Besifloxacin, Prulifloxacin, Garenoxacin, and Sitafloxacin. These antibiotics displayed 
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significantly greater bactericidal activity against anaerobes and atypical organisms than their 

predecessors, while retaining their broad-spectrum efficacy.  

 

Figure 1.9. Structures of widely prescribed clinically imperative FQs 

1.4.2.2. Mechanism of action 

The antibiotic activity of the FQs is attributed to the inhibition of bacterial type II 

topoisomerase enzymes (DNA gyrase and Topo-IV), crucial for DNA replication and 

transcription. Although the Type II topoisomerases share a common trait of cleaving and 

resealing double stranded DNA, they exhibit substantial differences in topoisomerization 

activities.92 Primarily, DNA gyrase induces negative supercoiling whereas topoisomerase-IV 

(Topo-IV) is responsible for decatenating DNA.93 The susceptibility of these targets to FQs 
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varies across bacterial species. For instance, DNA gyrase is the primary target in gram-negative 

bacteria, while Topo-IV is preferentially targeted in gram-positive organisms. The FQs 

reversibly binds to the complexes formed between DNA and gyrase or Topo-IV at the interface 

in the DNA cleavage/ligation active site resulting in the formation of quinolone-enzyme-DNA 

complex, which is later processed into a ternary cleavage complex. At subinhibitory 

concentrations of FQs, the cleavage complex reversibly inhibits DNA synthesis culminating in 

impaired cell growth and eventually leading to slow cell death. This is thought to be 

predominantly responsible for bacteriostatic effect of FQs. At lethal concentrations (minimum 

inhibitory concentration; MIC and minimum bactericidal concentration; MBC), FQs are 

bactericidal and promote rapid cell death by converting transient cleavage complexes into 

permanent double-stranded breaks (DSBs), thereby inducing chromosomal fragmentation and, 

in turn, the SOS response.94–97 However, if quinolone-mediated primary DNA damage is 

insufficient to kill cells, FQs stimulates accumulation of intracellular reactive oxygen species 

(ROS) such as superoxide anion (O2-), hydrogen peroxide (H2O2) and hydroxyl radical (ȮH) 

by unknown mechanisms. FQ-induced ROS surge causes irreversible oxidative damage of 

macromolecules, and ultimately cell death.  

1.4.2.3. Adverse effects 

The most frequent side effects of FQs are gastrointestinal effects (including nausea, vomiting, 

and diarrhea) and CNS effects (such as headache and dizziness). Although FQs have been a 

cornerstone of antimicrobial therapy for more than three decades, serious side effects 

associated with long-term usage of FQs have prompted the Food and Drug Administration 

(FDA) to issue black box warnings and restrict the use to “drugs of last resort” for complicated 

life threatening infections. In fact, many FDA approved FQs (temafloxacin, sparfloxacin, 

grepafloxacin and trovafloxacin) were swiftly withdrawn from the market soon after clinical 

introduction owing to rare, devastating and irreversible adverse effects, often referred to as 

“floxing” or “being floxed” by patients. FQs have been found to prolong QT interval by 

blocking voltage gated hERG K+ channels, ultimately resulting in Torsades de Pointes, a 

potentially fatal polymorphic ventricular tachyarrhythmia. A study based on the analysis of 

FAERS database also reported that many patients treated with FQs were plagued with 

chondrotoxicity and tendinopathies.98 Badal and co-workers laid the molecular basis for these 

unusual obscure side effects and suggested that the strong iron chelating property of FQs 

presumably accounts for the inhibition of Fe+2 dependent 2-ketoglutarate (KG) dioxygenases, 
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a class of enzymes crucial in collagen biosynthesis and maturation.99 Therapy with FQs was 

also accompanied by a greater risk of acute kidney and liver injury.  

Despite significant toxicity concerns, the rampant overuse of FQs dramatically escalated the 

consumption of these broad-spectrum antibiotics that has been linked to affect the host health 

by perturbing the composition and functional diversity of the human microbiome, particularly 

in terms of emergence of resistance.100,101 Numerous studies have illuminated that the 

administration of FQs eventuated in selective depletion of oral and intestinal microflora,102–105 

insurgence of FQ-resistant strains and accumulation of antibiotic-resistant genes (ARGs) in the 

gut microbiota.106–109 To mitigate FQ induced host toxicity and reduce their tremendous impact 

on host microbial symbiosis,  prodrug strategies have been considered to minimize the 

unintended systemic exposure of antibiotics to host cells and deliver them in a spatiotemporal 

manner for selective targeting of the bacterial pathogen at an infection site.  

1.4.2.4. Fluoroquinolone prodrugs 

Due to the presence of distinct functional groups (secondary amine and carboxylic acid) in 

FQs, several research groups have employed post-hoc approach to utilize these groups as a 

synthetic handle for the design of carbamate and ester based prodrugs triggered by light, thiol 

and enzymatic stimuli.   

1.4.2.4.A. Light activated FQ prodrugs 

Feringa and co-workers did ground-breaking work in the development of photoresponsive 

antibiotics by incorporating photochromic molecular switches into the quinolone core to 

control the antibacterial activity with light. The piperazinyl moiety at the C-7 position of the 

parent antibiotic was swapped for an aryldiazo photoswitchable group, which upon irradiation 

with UV-light undergoes trans-to-cis isomerization resulting in the selective photoactivation 

of the modified quinolone (Scheme 1.1). Over time, slow reconversion to the 

thermodynamically stable inactive trans isomer led to the auto-inactivation of the compound, 

thereby avoiding the emergence of bacterial resistance to antibiotics by limiting their 

accumulation in the environment.110  
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Scheme 1.1. UV-light mediated selective photoactivation 

The authors later expanded this work by conjugating the secondary amine of ciprofloxacin 

(CIP) with an azobenzene or a spiropyran molecular switch that render the caged compounds 

with photoswitchable antibiotic activity (Figure 1.10).111  

 

Figure 1.10. UV light triggered uncaging of CIP  

However, to minimize the influence of covalently linked molecular switches on the drug’s 

PK/PD profile, the same group relied on another noteworthy approach of caging the FQ with a 

photocleavable motif. Light triggered orthogonal release of  FQ in its active form from the 

photolyzable ester (FQNC), which paved the way for the development of a unique 

methodology to selectively target a single bacterial strain in the complex populations (Figure 

1.11).112 
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Figure 1.11. UV light triggered release of FQ from photolyzable ester  

Forsythe and colleagues examined the on-demand release of ciprofloxacin from a click cross-

linked hydrogel triggered by UV light.113 The LPS-targeted dendrimer nanoconjugate was used 

to further extend the light controlled specific delivery of caged FQ to gram-negative bacteria.114 

Similarly, Pang and co-workers reported that the controllable release of levofloxacin (LVX) 

from a photocleavable polyprodrug-loaded wound dressing resulted in UV light responsive 

antibacterial activity.115 Due to the potential photodamaging ability and limited tissue 

penetration depth, to date, the therapeutic application of UV light is extremely restricted. More 

recently, Chakrapani and co-workers addressed these undesirable shortcomings and showcased 

the visible light mediated tunable release of LVX from BDP-LVX (Figure 1.12).116  

 

Figure 1.12. Visible light mediated release of LVX 

Although the aforementioned prodrugs had excellent spatiotemporal precision, the use of 

phototriggered antibiotic poses major concerns, including light delivery at the site of 

irradiation, photodruggability, lack of selectivity of bacterial over mammalian cells and 

subdued activity compared to parent antibiotic.  
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1.4.2.4.B. Thiol activated FQ prodrugs 

A different approach was proposed by Reddy and colleagues, who first demonstrated the 

directed controlled delivery of levofloxacin (LVX) to the infection site following glutathione 

(GSH) mediated disulphide bond cleavage of LSSTr prodrug (Figure 1.13).117 Recently, Nolan 

and co-workers employed a self-immolative disulphide linker for a siderophore-FQ conjugate 

and showed that the GSH mediated reductive cleavage of the disulphide bond facilitated the 

release of unmodified FQ, which afforded antibacterial activity against a few strains of E.coli 

(Figure 1.14).118 However, the selectivity of these prodrugs toward bacteria remains a major 

concern due to the ubiquitous nature of thiols.  

 

Figure 1.13. Glutathione (GSH) mediated release of LVX from prodrug 
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Figure 1.14. Glutathione (GSH) mediated reductive cleavage of siderophore-FQ conjugate 

1.4.2.4.C. Enzyme activated FQ prodrugs 

The selective enzyme mediated metabolic biotransformation of prodrug is one of the most 

promising strategies that provides an edge over the rest in the controlled and targeted delivery 

of antibiotics. Clinically, Prulifloxacin was developed as a new FQ lipophilic prodrug for the 

treatment of acute lower UTIs, bacterial prostatitis and chronic bronchitis. After absorption, 

human paraoxonase (hPON1) extensively hydrolyzes  prulifloxacin to ulifloxacin, an active 

FQ (Figure 1.15.A).119,120 Baker and co-workers demonstrated the release of an active 

antibiotic (PA2789) from a water-soluble FQ prodrug, PA2808 by taking advantage of alkaline 

phosphatase (ALP), an enzyme known to be elevated in the lungs of patients with cystic fibrosis 

(Figure 1.15.B).121 Similarly, bisphosphonated FQ esters were designed as osteotropic 

prodrugs to enhance FQ delivery to bone in the treatment of osteomyelitis.122 Another enzyme 

based prodrug strategy focused on the localized delivery of parent antibiotic (CIP or MXF) 

from glucuronide prodrugs mediated by an engineered implantable biomaterial to effectively 

tackle biofilm formation in bacteria (Figure 1.15.C).123 
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Figure 1.15. FQ prodrugs activated by enzymes such as (A) human paraoxonase (hPON1), (B) 
alkaline phosphatase (ALP) and (C) β-glucuronidase 

Miller and co-workers reported several N-acylated CIP derivatives based on quinone-trimethyl 

lock, which were activated by bioreductive enzymes to release CIP (Figure 1.16).124 The 

conjugate may exhibit dual action mechanism by serving as a covalent enzyme inhibitor. 

Despite notable success in localized delivery of FQ, these prodrugs suffered from lack of 

selectivity toward bacterial over mammalian cells owing to the wide distribution of the 

aforesaid enzymes. 
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Figure 1.16. Proposed mechanism of release of CIP from dual-action FQ prodrug  

Recently, Nolan and co-workers presented an elegant strategy to enhance the specific uptake 

of prodrugs into pathogenic bacteria by using a Ent-CIP siderophore conjugate. The prodrug 

was selectively transported into the cytoplasm by Ent uptake machinery and subsequent 

intracellular hydrolysis catalyzed by the salmochelin esterase IroD conferred targeted 

antibacterial activity against uropathogenic strains of E. coli.125 In another pioneering work, 

Albrecht and co-workers recognised the utility of b-lactamase activated FQ prodrugs by 

leveraging the established use of cephalosporins as highly versatile substrates for b-lactamase 

(Figure 1.17.A).126–129 Evans and co-workers have pursued an analogous approach using a 

cephalosporin-ciprofloxacin prodrug, to exploit antibiotic resistance by delivering 

ciprofloxacin selectively to b-lactamase expressing uropathogenic strains of E. coli (Figure 

1.17.B).130  
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Figure 1.17. (A) b-lactamase activated ester, carbamate and amine based FQ prodrugs. (B) 
Proposed mechanism of activation of cephalosporin-CIP prodrug by b-lactamase 

Although many fluoroquinolone prodrugs have been reported, but majority of them were not 

evaluated against Mtb. More recently, Chakrapani and co-workers has reported ciprofloxacin-

fluorophore conjugate, NTR-Umb-CIP that was unmasked by E. coli NTR to deliver FQ along 

with concomitant release of fluorescence reporter (Figure 1.18). The conjugate exhibited 

significant, albeit subdued bactericidal effect against many bacterial strains, compared to CIP, 

likely as a result of marked differences in metabolism of nitroaromatic substrate and varied 

bacterial cell permeability.131 Unfortunately, this conjugate was found to be ineffective against 

Mtb. 
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Figure 1.18. Nitroreductase catalyzed activation of prodrug to generate CIP and fluorescence 
reporter 

Constantino and colleagues employed lipophilic prodrug approach to deliver FQs from 

medium to long-chain alkyl ester prodrugs upon hydrolysis by Mtb specific esterases (Figure 

1.19). Despite being less potent than parent FQs, the prodrugs nonetheless showed 

antimycobacterial activity, albeit to a lesser extent against drug-susceptible as well as drug-

resistant strains. This could be partly explained by the presence of a different mode of action, 

a lack of selectivity, or inherent resistance to hydrolysis.132 

 

Figure 1.19. Lipophilic ester prodrugs of FQs 

1.5. Fluoroquinolones in TB 

Preclinical and clinical studies have shown that fluoroquinolones showcased excellent activity 

against Mtb. Many of them offer a favourable microbiological, pharmacokinetic and 

pharmacological profile with a well-tolerated safety profile. FQs such as Ciprofloxacin (CIP), 

Levofloxacin (LVX) and Moxifloxacin (MXF) are commonly used to combat TB. These are 

classified as Group A drugs by the WHO and are recommended in first-line therapy for 

multidrug-resistant tuberculosis (MDR-TB), to restrict the further development of XDR-TB 

and in patients unable to tolerate the standard HRZE regimen (WHO 2016).133,134  
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1.5.1. Moxifloxacin (MXF) in TB 

Fluoroquinolones have been extensively tested against TB, and the results have shown 

significant differences in their efficacy against Mtb. For example, Ciprofloxacin (CIP) is only 

moderately active and is no longer recommended in clinical settings. It has been substituted by 

newer-generation FQs such as ofloxacin (OFX) and levofloxacin (LVX) Currently, these two 

drugs have been found to be less effective and are replaced by fourth-generation FQs such as 

gatifloxacin (GFX) and moxifloxacin (MXF).135–138  

Moxifloxacin (MXF), patented by Bayer A. G. in 1991, is a fluorinated fourth-generation 

broad-spectrum quinolone antibiotic with C-7 azabicyclo and 8-methoxy substituents (Figure 

1.20).  

 

Figure 1.20. Structure of moxifloxacin (MXF)  

As a result of the structural innovations, MXF showed an impressive clinical and 

bacteriological outcomes for patients with TB. Besides, MXF has following distinct 

pharmacological features that makes it a special candidate among other FQs.  

(a) Efficacy against drug-susceptible Mtb: Linderman and co-workers used a systems 

pharmacology approach to compare the efficacy of three fluoroquinolones in TB 

granuloma and concluded that MXF has a potential clinical significant advantage over 

LVX and GFX in terms of total bacterial load, early bactericidal activity (EBA) 

efficacy.139,140 This in turn translated into superiority of MXF over other FQs in reducing 

bacterial burden in both mice and rabbit models.141,142  

(b) Enhanced DNA gyrase inhibitory activity: Comparative structural and in vitro 

biochemical analyses indicated that MXF fostered the highest level of antibiotic-induced 

cleaved-complex formation and inhibition of Mtb gyrase-mediated supercoiling over other 

FQs. Furthermore, this correlates more closely with the superior in vitro and in vivo 

efficacy of MXF.143,144 

(c) Emergence of resistance: The bulkiness at the C-7 substituent in MXF may contribute to 

the reduction of active drug efflux by Mtb and thus lowered the risk of the development of 
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bacterial resistance mediated by efflux mechanisms as compared to the earlier generation 

FQs.145 A population-based survey showed that resistance to MXF was much lower in 

many countries.146 A multitude of in vitro studies further showcased that FQs harbouring 

8-methoxy substituent, such as MXF, displayed lower MPC (mutant prevention 

concentration is the concentration that prevents the emergence of mutants from the drug-

susceptible population) than the earlier FQs.147,148  

(d) Drug interactions: The FQ-theophylline drug interaction is primarily controlled by the C-

7 substituent primarily and to a lesser extent by the C-8 substituent. Due to the presence 

of a bulky C-7 moiety and a C-8 methoxy substituent, MXF does not interact 

pharmacokinetically with xanthine derivatives, including theophylline that is metabolized 

by CYP1A2. In contrast to older FQs, no clinically significant drug interactions with 

probenecid, digoxin, and warfarin have been reported yet.149,150  

(e) PK/PD profile: Since FQs have concentration dependent bactericidal activity, 

AUCtot/MPC (total area under the curve/mutant prevention concentration) is often used as 

a practical predictor of their clinical and microbiological efficacy. Despite substantial 

inter-patient pharmacokinetic and pathogen-specific variability, several studies have 

reflected that a higher AUCtot/MPC of MXF resulted in the superior pharmacokinetic and 

pharmacodynamic properties that encouraged its extensive use as a promising surrogate 

for older FQs against Mtb.151–155 Furthermore, the structural modifications extended the 

elimination half-life and permitted once-daily dosing as compared to its predecessors.156 

(f) Safety profile: The overall incidence of phototoxicity, hepatotoxicity and CNS adverse 

effects were infrequent than with other FQs.  Moreover, the risk of tendon rupture, a class 

effect of FQ, was rare with MXF, even in elderly patients with chronic obstructive 

pulmonary disease (COPD).157  

(g) Shortening of TB treatment: The effective sterilizing activity of MXF in preclinical and 

clinical studies raised the hope about its potential to shorten the duration of therapy when 

given in combination with standard frontline anti-TB agents. Numerous clinical trials were 

performed to evaluate the effectiveness of MXF-containing regimens in the treatment of 

drug-susceptible TB. Recent clinical trial on MXF (RPT-MOXTB, 2020) have led to a 

shortening of TB treatment to 4-months from standard 6-months (Figure 1.21).134,158,159  
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Figure 1.21. MXF containing TB-drug regimens 

1.5.2. Reduced efficacy of MXF in Mtb persisters 

The elevated rate of successful clinical outcomes in MXF-containing regimens could be 

explained in part by its favourable intralesional partitioning and superior efficacy in reducing 

Mtb burden in cellular and necrotic lesions in a rabbit model.160,161 Although MXF 

demonstrated effective sterilization activity (casMBC90 = 2 µM), it displayed heterogeneous 

partitioning across the granuloma, with moderate to poor diffusion into the lipid-rich areas of 

caseous necrotic regions in the lungs of TB patients.140,160–163 Several confounding factors such 

as poor vascularization, decreased oxygen levels, and high hydrophilicity of MXF (clogP = -

0.49) might contribute to the differential spatial distribution and accumulation of MXF in 

necrotic lesions. The requirement that MXF permeate Mtb infected macrophages complicates 

the matters further. Following the penetration and accumulation in bacilli, MXF must finally 

reach to its molecular target to exhibit antimycobacterial activity.164  

Mass spectrometric studies revealed that the intracellular accumulation of many 

fluoroquinolones, including MXF is impaired to a significant extent in nutrient starved non-

replicating Mtb. This probably contributes to the marked reduction in bactericidal efficacy of 

MXF by more than 100-fold in non-replicating bacteria compared to replicating Mtb.45 

Similarly, MXF was found to be less effective against hypoxic non-replicating Mtb.148 As 

mentioned earlier, the presence of thickened cell envelope makes the non-replicating bacilli 

even more impermeable than replicating Mtb contributing to the reduced uptake of MXF in 

quiescent populations.  

To increase the efficacy of MXF against non-replicating bacilli while retaining its activity 

against replicating bacilli, lipophilic prodrugs activated by mycobacteria specific enzymes such 

as NTRs can be a potential approach. 
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1.6. Motivation and outline of the thesis 

The presence of a lipid rich thickened cell wall in non-replicating Mtb imposes a formidable 

barrier that reduce the uptake of many hydrophilic antibiotics, including MXF (clogP = -0.49). 

This is one of the important reason for the lack of activity of MXF against persisters. 

             To address this problem, we explored the possibility of utilizing a prodrug approach to 

enhance the efficacy of MXF by increasing its permeability in non-replicating Mtb. Since 

bacterial NTRs are prevalent in both replicating and non-replicating Mtb, we propose that a 

MXF prodrug may be cleaved by NTR to generate MXF. Hence, these prodrugs should retain 

their potency against both exponentially growing cells and persisters of Mtb (Figure 1.22). 

Additionally, the prodrug should have the following characteristics: 

• Entry inside mycobacteria; 

• Rapid and efficient cleavage to release MXF; 

• Bacterial selective; 

• Equipotent like MXF against replicating Mtb; 

• Enhanced lethality in non-replicating Mtb. 

 

Figure 1.22. Proposed prodrug strategy to enhance accumulation and efficacy of MXF in non-
replicating Mtb 

Non-replicating Mtb are associated with a reductive environment (hypoxia) and induce the 

expression of reductive enzymes such as nitroreducatases (NTRs). In Chapter 2, we designed 
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and developed a focussed library of nitroaryl and nitroheteroaryl conjugates of MXF. Two 

principles were used in the enzyme-prodrug design: first, to use NTR as an enzyme to activate 

a prodrug to produce MXF with both rate and efficiency serving as optimization criteria; and 

second, to increase lipophilicity of the ensuing prodrug in order to improve permeability.  

In Chapter 3, a detailed computational and biochemical analysis was conducted to understand 

the reactivity of substrates toward E.coli NTR and identify an optimal substrate. The ability of 

prodrugs to generate MXF in a variety of bacterial lysates and their stability in mammalian 

lysates were also tested. Among the tested prodrugs, 2-nitrothiazole-based prodrug was found 

to undergo rapid and efficient cleavage under both chemo- and bio-reductive conditions to 

release MXF. 

In Chapter 4, the prodrugs were evaluated for antimycobacterial activity against replicating 

and non-replicating Mtb. Again, 2-nitrothiazole MXF prodrug demonstrated equipotent 

antimycobacterial activity against replicating Mtb and superior inhibitory activity against non-

replicating Mtb compared to MXF. LC-MS/MS analysis was conducted to correlate the 

enhanced efficacy of the prodrug with the intracellular accumulation of MXF in non-replicating 

Mtb.  

The prodrug strategy was further exploited to enhance the antibacterial activity of another 

fluoroquinolone antibiotic, ciprofloxacin (CIP) in Chapter 5.1. Since detection of Mtb is 

challenging and in order to work towards rapid and real detection of Mtb, we next proposed to 

utilize the newly identified NTR sensitive 2-nitrothiazole moiety to develop NTR responsive 

dual colorimetric fluorescence “turn OFF-ON” NIR probe in Chapter 5.2. 
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Chapter 2. Design, Synthesis, and Evaluation of Nitroheterocyclic prodrugs of 

Moxifloxacin (MXF) 

2.1. Introduction 

As mentioned in Chapter 1, the adaptation of M. tuberculosis (Mtb) into a drug-tolerant 

persistent state during latent infection has been implicated in the failure of TB therapy, 

emergence of resistance, relapse, and recalcitrance of infection. This characteristic phenotype 

contributes to the reduced permeability of MXF conferring phenotypic drug resistance in non-

replicating Mtb.1–3 Therefore, we sought to enhance permeation and efficacy of MXF by 

developing lipophilic bioreductive prodrugs, which upon activation under conditions 

associated with both replicating and non-replicating bacteria could liberate MXF.  

2.2. Design of nitroreductase (NTR)-activated FQ prodrug 

MXF contains two functional groups that can be modified into a prodrug form (Figure 2.1). 

The carboxylic acid can be converted to a nitroaryl ester, and the amine on the piperidine ring 

can be derivatized as a nitroaryl carbamate.  

 

Figure 2.1. Proposed strategy for the generation of MXF from ester and carbamate prodrugs 

The activation of bioreductive prodrugs involves sequential one- or two-electron reductions of 

the nitroaryl ring to form a hydroxylamino intermediate, which then rearranges to liberate the 

drug (Figure 2.2). The propensity to undergo reduction will likely determine the efficiency of 

the formation of the key intermediate whereas the rate of self-immolation will influence the 

rate of drug release. Lastly, the efficiency of release also depends on the cell permeability of 

the prodrug and its subsequent enzymatic turnover by mycobacterial NTRs. We considered a 

series of heterocycles with varying reduction potentials as possible structures wherein the 

above parameters could be modulated. Hence, we sought to rationally design MXF prodrugs 

that could be activated in reductive environments prevalent in replicating and non-replicating 
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Mtb (Figure 2.2). Our strategy involved exploiting the expressed NTRs as an enzyme trigger 

to activate the prodrug to produce MXF with both rate and efficiency as parameters for 

optimization; and to increase the lipophilicity of the ensuing prodrug to improve permeability. 

This strategy may shorten the duration of TB treatment and reduce the relapse rate. 

Additionally, the prodrug strategy can mitigate FQ-induced host toxicity and reduce its 

tremendous impact on the host microbial symbiosis by minimizing the unintended systemic 

exposure of MXF to host cells.  

 

Figure 2.2. Design and mechanism of bioreductive activation of nitroheteroaryl prodrugs. 
Reduction of prodrug by NTR results in the formation of hydroxylamine or amine intermediate, 
which upon subsequent self-immolation releases MXF. 

2.3. Results and discussion  

2.3.1. Synthesis 

The commercially available 4-nitrobenzyl alcohol 1a was used without further purification. 

The synthesis of compounds 1b and 1c was achieved by reducing the corresponding aldehydes 

in the presence of sodium borohydride (NaBH4) as outlined in Scheme 2.1 and 2.2.4  

Scheme 2.1. Synthesis of 1b 
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Scheme 2.2. Synthesis of 1c 

 

A previously published method was used for the synthesis of compound 1d. Nitration of 

imidazole 4 with a nitrating mixture of nitric acid and sulphuric acid in water gave 4(5)-nitro-

1H-imidazole 5 (Scheme 2.3).5 

Scheme 2.3. Synthesis of 4(5)-nitroimidazole 

 

The regioselective N-alkylation of 5 was found to be strongly influenced by several factors 

including the reaction conditions, orientation of the nitro substituent, and tautomeric nature of 

imidazole. Under alkaline conditions, the predominant tautomer 5b was preferentially 

methylated on N-3 via an SE2cB process to produce 1-methyl-4-nitroimidazole 6.  However, 

methylation of the major tautomeric form 5a in the presence of dimethyl sulphate exclusively 

favoured the formation of 1-methyl-5-nitroimidazole 7 (Scheme 2.4 and 2.5).5,6 

Consistent with the above discussion and earlier findings, methylation of 5 with dimethyl 

sulfate in 1,4-dioxane yielded 7.6 The hydroxymethylation of the latter compound was 

performed in a sealed tube with paraformaldehyde in DMSO to furnish 1d in an overall 57% 

yield (Scheme 2.6).7  

Scheme 2.4. Regioselective N-methylation of 5 with CH3I and (CH3)2SO4 
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Scheme 2.5. Plausible mechanism for regioselective N-alkylation of 5  

 

Scheme 2.6. Synthesis of 1d 

 

Considering the wide popularity and significant clinical acceptance of 1-methyl-2-

nitroimidazole groups in the development of bioreductive prodrugs and hypoxia-imaging 

agents,8–11 we next focused on the synthesis of 1e. The landmark synthesis of 9 as a key 

intermediate for 1e was initially disclosed by Cavalleri et al. (Scheme 2.7.A)12 and later 

modified and patented by Matteucci et al. (Scheme 2.7.B).13  

Despite its extensive use, synthesis of 1-methyl-2-nitroimidazole precursor, 9 from the 

hydrochloride salt of sarcosine methyl ester in high yields seems to be a challenging task and 

reinforces the need for scrupulous attention. Recently, O’Connor et al. reported an improved 

one-pot methodology for the synthesis of 9 in high yield (Scheme 2.7.C).10,14 This synthetic 

route was adopted to successfully isolate 16 by N-formylation of sarcosine ethyl ester 13 in the 

presence of ethyl formate and K2CO3 in THF (Scheme 2.8).10,15 However, the subsequent 

formation and isolation of enolate 14 proved futile. Further attempts aimed to obtain 15 directly 

without isolating enolate 14 from 13 were also unsuccessful, and consequently, an alternative 

route for the synthesis of 1e from 17 was pursued.9 
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Scheme 2.7. Original and optimized synthetic routes for 2-aminoimidazole ester 9 

 

Reagents and conditions: (A) Route 1: (a) HCl, NH2CN, 60 °C, 2 h. (B) Route 2: (b) EtOCHO, 
NaH, 16 h; (c) EtOH, conc. HCl, 90 °C, 2 h; (d) AcOH (aq.), NaOAc, NH2CN, 100 °C, 1.5 h. 
(C) Route 3: (e) EtOCHO, THF, NaH, 3 h; (f) EtOH, conc. HCl, 90 °C, 2 h; (g) EtOH, H2O, 
NH2CN, pH 3, 100 °C, 1.5 h. 

Scheme 2.8. Attempted synthesis of 15 

 

The route proceeds through Marckwald cyclization of dihydroxyacetone dimer 17 with KSCN 

and methylamine to generate 18 in 59% yield.16,17 Following a modified reported protocol, 

NaNO2 mediated desulfurization of 18 under acidic conditions led to a lower yield (6%) of 

19.17 Further investigation of this step demonstrated that the slow addition of NaNO2 to the 

reaction mixture over 30 min significantly improved the yield of 19. The protection of the 

resultant alcohol 19 as silyl ether 20,18 followed by selective lithiation at the C-2 position and 
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subsequent reaction with TsN3, eventually afforded 21. This azide derivative was deprotected 

with HCl/MeOH to alcohol 22 and later hydrogenated with Pd/C to provide 23. Finally, 

compound 1e was obtained in 62% yield by diazotization of 23 (Scheme 2.9).9 

Scheme 2.9. Synthesis of 1e 

 

To explore the quest of utilizing 2-nitrothiazole group as a bioreductive trigger, we set out to 

synthesize 1f as outlined in Scheme 2.10. The aromatic amine 24 was diazotized, and reacted 

with nitrite in the presence of catalytic amount of Cu to generate 25, which was subsequently 

reduced by NaBH4 to generate alcohol 1f in an overall yield of 68%.19,20   

Scheme 2.10. Synthesis of 1f 

 

With various bioreductive building blocks in hand, two different approaches have been tried to 

synthesize MXF prodrugs. The first approach enables facile access to esters either by 

nucleophilic substitution of aryl bromides with reactive carboxylate or condensation of 

carboxylic acid with nitroaryl alcohols. The second approach entailed the construction of 

carbamate prodrugs through base-catalyzed coupling of MXF with requisite carbonates 

(Scheme 2.11).  
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Scheme 2.11. Synthetic approaches to generate ester and carbamate prodrugs of MXF 

 

N-Boc protection of the secondary amine of MXF using (Boc)2O delivered 26 with a readily 

modifiable carboxylate functionality.21 The conversion of the resulting intermediate in situ to 

a highly reactive cesium carboxylate22, followed by nucleophilic substitution with 4-

nitrobenzyl bromide, furnished 27 in 73% yield (Scheme 2.12). 

Scheme 2.12. Synthesis of 27 
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Next, access to a series of esters 28-32 was gained through HBTU-mediated esterification of 

26 with various alcohols 1b-1f (Scheme 2.13 and Table 2.1).  

Scheme 2.13. Synthesis of 28-32 

 

Table 2.1. Synthesis of N-boc protected nitroheterocyclic esters of MXF 

Entry R Alcohol Ester % Yield 

1 

 

1b 28 61 

2 

 

1c 29 60 

3 

 

1d 30 85 

4 

 

1e 31 81 

5 

 

1f 32 78 

 

Chemoselective N-Boc deprotection was next attempted under acidic conditions using TFA. 

Given that the carboxylester group is also labile like t-butyl ester to acid-catalyzed hydrolysis, 

the optimal conditions were investigated, which favoured a maximal yield of compound 

accompanied by minimal non-specific hydrolysis. Initial screening for selective N-Boc 

deprotection was performed using 27 as a model compound, with varied equivalents of TFA. 

It was found that lower equivalents of TFA proved optimal for the quantitative formation of 33 

(Scheme 2.14). Furthermore, TLC analysis revealed that N-Boc deprotection of 27 in the 

presence of 100 equivalents of TFA at 0 °C successfully delivered 33 in quantitative yield over 

O

N

O
F

OH

OMe
N

N

26

O
O

O

N

O
F

O

OMe
N

N

28-32

O
O

R

ROH
HBTU, DMAP, 
DIPEA, DCM, 
38 °C, 12 h



  Chapter 2 

 

 

53 

a period of 6 h (Figure 2.3). Utilizing the optimized conditions, the reactions of 27-32 with 

TFA proceeded smoothly to give desired products 33-38 in excellent yields (Figure 2.4).  

 

Figure 2.3. Monitoring the formation of 33 following N-Boc deprotection of 27 with TFA by 
TLC using a 1:9 MeOH:CHCl3 solvent system. The TLC was visualized under a UV chamber 
(left panel: 250 nm and right panel: 365 nm) after 6 h with (a) authentic 27, (b) 27 + TFA (100 
eq.), and (c) authentic MXF. 

Scheme 2.14. Synthesis of 33-38 
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Figure 2.4. Structures of 33-38 

The two structurally closely related compounds lacking nitro groups, 41 and 42, were  

synthesized and used as negative controls (Scheme 2.15). These analogues were obtained in a 

two-step protocol following the scheme outlined below through coupling of 26 with alcohols 

1g and 1h, followed by subsequent N-boc deprotection with the resultant analogues with TFA 

(Table 2.2).  
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Scheme 2.15. Synthesis of negative control compounds 

 

Table 2.2. Synthesis of negative control compounds 

Entry R Alcohol Ester % Yield Ester % Yield 

1 

 

1g 39 65 41 85 

2 

 

1h 40 55 42 83 

 

As outlined in Scheme 2.16, base-promoted activation of alcohols 1a and 1f with 4-nitrophenyl 

chloroformate delivered carbonates 4323 and 44, respectively, in moderate yields. The resulting 

mixed stable carbonates were isolated. The reaction of these carbonates with MXF in the 

presence of triethylamine provided 45 and 46 in good yields following the elimination of 4-

nitrophenyl moiety (Scheme 2.17 and Table 2.3).  
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Scheme 2.16. Synthesis of 4-nitrophenyl mixed carbonates 

 

Scheme 2.17. Synthesis of carbamate derivatives of MXF 

 

Table 2.3. Synthesis of nitro(hetero)cyclic carbamates of MXF 

Entry R Carbonates Carbamates % Yield 

1 

 

43 45 56 

2 

 

44 46 62 

The purity of the prodrugs 33-38, 45 and 46 were found to be >95% pure, as determined by 

HPLC analysis. The retention times of the prodrugs are shown in Table 2.4 and HPLC traces 

are included in the experimental section 2.5.3.  
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Table 2.4.  HPLC analysis  

Entry Prodrug Retention time, min 

1 33 3.0 

2 34 3.0 

3 35 3.0 

4 36 3.0 

5 37 2.9 

6 38 3.0 

7 45 11.4 

8 46 10.8 

 

2.3.2. Physicochemical properties 

Inspired by the peculiar physicochemical space occupied by anti-tubercular drugs, we 

determined a variety of molecular descriptors using the SwissADME web tool24 and compared 

their properties with those of MXF (Table 2.5). As anticipated, the molar refractivity (MR), 

topological polar surface area (TPSA) and partition coefficient (log P) increased with 

increasing molecular weight of the MXF derivatives (Figure 2.5).  

 
Figure 2.5. Plot of (A) MR vs molecular weight , (B) TPSA vs molecular weight and (C) clogP 
vs molecular weight of MXF and its prodrugs (esters and carbamates) 
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Table 2.5.  Physicochemical descriptors of NTR-MXF prodrugs  

Entry Cmpd 
/Drug 

Mol. 
wt. 

MR TPSA clogP 
Silicos-

IT 
 

WLogP Conse
nsus 

 
ChemDraw 
 

1 MXF 437.8 120.8 88.3 2.23 -2.06 -0.04 -0.49 

2 33 650.5 164.3 163.3 2.04 2.91 2.51 3.0 

3 34 640.5 156.6 176.4 1.42 2.51 1.91 2.08 

4 35 656.6 162.2 191.5 2.67 2.98 2.41 2.55 

5 36 654.5 161.4 181.1 0.47 1.65 1.32 0.72 

6 37 654.5 161.4 181.1 0.47 1.65 1.32 0.72 

7 38 657.5 160.0 204.4 2.1 2.37 1.87 1.05 

8 41 605.5 155.5 117.5 4.2 3.01 2.72 2.82 

9 42 612.5 151.2 158.6 4.25 2.46 2.13 0.97 

10 45 580.5 158.7 147.1 0.95 3.77 2.9 4.46 

11 46 587.5 154.4 188.2 1.01 3.23 2.47 2.61 

Mol. wt. = Molecular weight; MR = molar refractivity; TPSA = total polar surface area; clogP 
= calculated partition coefficient determined by (a) Silicos-IT = an hybrid method relying on 
27 fragments and 7 topological descriptors to calculate logP; (b) WLogP = atomistic method 
based on the fragmental system of Wildman and Crippen; (c) Consensus = arithmetic mean of 
the values predicted by the five methods (XLogP3, WLogP, Silicos-IT, MLogP and iLogP)24; 
and (d) using ChemDraw 19.1.  

2.3.3. Electrochemistry 

To measure the intrinsic potential required to reduce the nitroaromatic functionality of the 

prodrugs, their electrochemical behaviour was investigated using cyclic voltammetry (Figure 

2.6). Experiments were performed under an inert atmosphere on a typical three-electrode cell 

with glassy carbon as the working electrode, platinum and Ag/AgCl as the counter and 

reference electrodes respectively. All the potentials were referenced to Ferrocene/Ferrocenium 

(Fc/Fc+) redox couple as an internal standard. The onset potentials were measured using 0.5 

mM solutions of MXF derivatives in DMSO containing 0.1 M TBAP as a supporting 

electrolyte in anhydrous acetonitrile.  
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Figure 2.6. Cyclic voltammograms of (A) controls (blank electrolyte and ferrocene), (B) 33, 
(C) 34, (D) 35, (E) 36, (F) 37, (G) 38, (H) 45 and (I) 46 recorded in argon saturated 0.1 M 
TBAP solution in ACN with an initial positive scan (shown by a purple arrow) at a sweep rate 
of 100 mV/s, sample interval of 1 mV, quiet time of 2 s, and a sensitivity of 1 × 10-5 A/V. The 
final concentration of analytes was 0.5 mM. The onset reduction potentials are indicated by 
arrows in the voltammograms.  

Owing to the reversibly redox active behaviour, Fc/Fc+ exhibited a characteristic “duck-

shaped” cyclic voltammogram showing cathodic and anodic peaks with a peak current ratio 

(ipa/ipc) close to unity (Figure 2.6.A).25 On the contrary, a well-defined anodic peak was not 

observed, indicating an irreversible reduction of 33 at an onset potential of -0.96 V referenced 

against Fc/Fc+ (Figure 2.6.B). A similar irreversible cyclic voltammetric response was 

observed for other prodrugs 34-38, 45, and 46 (Figure 2.6.C-I). The onset reduction potential 
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for prodrug 38 at -0.63 V was significantly lower (Table 2.7., entry 6)  than other prodrugs 

tested (Table 2.7. entries 1-5, 7, and 8), supporting that the reduction of 2-nitrothiazole moiety 

is more thermodynamically favoured when compared with other similar nitroaryl groups. 

Furthermore, a moderately good linear correlation between the experimentally determined 

values and the computed reduction potentials was found (data provided by Dr. SharathChandra 

M., Prof. Jennifer Hirschi Lab, Department of Chemistry, Binghamton University, New York, 

U.S.A.) (Table 2.7. and Figure 2.7).  

Table 2.7. Experimentally and computationally derived reduction potentials of prodrugs 

Entry Prodrug R Onset potential (V)a Computed E° (V)b 

1 33 
 

-0.96 -1.02 

2 34 
 

-0.81 -0.89 

3 35 
 

-0.88 -0.86 

4 36 

 

-1.20 - 

5 37 

 

-0.95 -0.99 

6 38 
 

-0.63 -0.53 

7 45 
 

-1.21 -1.02 

8 46 

 

-0.83 -0.53 

aOnset reduction potentials were measured using cyclic voltammetry and are reported in volts 
(V); bcomputed reduction potentials are reported in volts (V) 
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Figure 2.7. Comparison of the experimentally measured onset potentials with the 
computationally derived reduction potentials. A moderately good correlation (R2 = 0.58) was 
observed between the experimental and computed reduction values.  

2.3.4. Photophysical properties 

The spectral properties of the ester and carbamate prodrugs were investigated to determine the 

release of MXF following the reductive activation of prodrugs. Consistent with prior findings, 

MXF a characteristic absorption band centered at 289 nm in buffer (Figure 2.8.A). Similarly, 

MXF exhibited a distinct fluorescence response, with emission maxima at 488 nm upon 

excitation at 289 nm (Figure 2.8.B).26 In contrast, prodrugs were less fluorescent and displayed 

a weak emission band at 488 nm owing to the MXF fluorescence quenching effect by electron-

withdrawing nitroaromatic functionality (Figure 2.8.C). Consistent with this model, control 

compounds 41 and 42 were more fluorescent than their nitro counterparts, likely due to the 

absence of the nitroaryl group. Hence, we performed further in vitro studies to inspect the 

release of MXF from prodrugs under chemoreductive conditions by monitoring fluorescence.  

 
Figure 2.8. (A) Absorbance spectra and (B) Fluorescence emission spectra of MXF (10 µM, 
λex = 289 nm) in phosphate buffer (pH 7.4, 10 mM) at 37 ºC. MXF exhibits a strong emission 
peak at 488 nm. (C) Fluorescence response of MXF prodrugs (10 µM, λex = 289 nm; λem = 488 
nm) in phosphate buffer (pH 7.4, 10 mM) at 37 ºC. 
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2.3.5. Chemoreduction 

To evaluate the sensitivity to reduction of nitroaryl groups under milder and physiologically 

relevant bioreductive conditions, prodrugs were tested in the presence of sodium dithionite 

(Na2S2O4)27 and the fluorescence response was recorded after 15 min. The prodrug was mildly 

fluorescent in the absence of the reductant. However, the addition of a reducing agent led to a 

significant increase in the fluorescence signal (λex = 289 nm and λem = 488 nm) attributable to 

generation of MXF (Figure 2.9). This suggests that the chemical reduction and subsequent 

fragmentation of nitroaryl moieties, including 2-nitrothiazole moiety effectively triggers the 

release of MXF from the respective prodrugs. On the contrary, addition of the reducing agent 

did not elicit fluorescence in the negative control compounds, 41 and 42. This is understandable 

as the elimination of MXF is not feasible in 41 and 42 due to the absence of a nitro group. 

Overall, these studies indicate that the nitro group is crucial for reductive activation of prodrugs 

to generate MXF.  

 
Figure 2.9. Screening and evaluation for release of MXF following sodium dithionite 
(Na2S2O4) induced chemoreduction of compounds (10 μM) in H2O:MeOH (1:1) in a 
fluorescence-assay (λex = 289 nm; λem = 488 nm). All the data represent mean + SD from 
quadruplicate experiments performed in triplicate. p values were determined by student’s two-
tailed unpaired parametric t-test relative to untreated control. (** p ≤ 0.01, *** p ≤ 0.001 and 
ns indicate not significant). 

To determine the kinetics of MXF release from the prodrugs, fluorescence at λem 488 nm was 

monitored over time. Dithionite-induced reduction was rapid even with 250 eq. (2.5 mM), 

reaching a plateau in relative fluorescence intensity within 5 min. Compared to the other 

derivatives, prodrug 38 exhibited the highest fluorescence response (Figure 2.10). The 2-

nitroimidazole analogue, which is widely utilised in hypoxia activated prodrugs, was found to 

be considerably less effective than the 2-nitrothiazole derivative (Figure 2.11.A) Next, 

experiments were conducted to evaluate the degree of sensitivity to dithionite at different 

concentrations. The 2-nitrothiazole prodrug 38 provided maximal fluorescence even at the 
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lowest concentration of dithionite (250 eq., 2.5 mM) (Figure 2.11.B). Overall, these results 

clearly suggest that 2-nitrothiazole tethered MXF prodrug with the lowest reduction potential 

demonstrated superior sensitivity and enhanced response in an unprecedented fashion towards 

milder reducing agents such as dithionite.   

 
Figure 2.10. Kinetics of dithionite-dependent reduction of NTR-MXF prodrugs (10 μM) in 
H2O:MeOH (1:1) by measuring fluorescence attributable to MXF (λex = 289 nm; λem = 488 
nm) at a time interval of 1 s. The data was smoothed with second order function in GraphPad 
Prism 9.0 and the representative traces are shown. 

 
Figure 2.11. Monitoring time-dependent release kinetics of MXF following (A) chemical 
reduction with 250 eq. (2.5 mM) of sodium dithionite (Na2S2O4) from 37 and 38 and (B) with 
38 and various equivalents (0, 250, 500 and 750 eq.; 0, 2.5, 5 and 7.5 mM) of sodium dithionite.  

To ascertain the reductive activation of prodrugs and subsequent release of MXF, a 

fluorescence-based experiment was next carried out on 33 in the presence of Zn dust and 

ammonium formate (Zn/HCOONH4) in H2O:MeOH (1:1) as the reductant system.28 Under 

these conditions, cleavage of prodrugs provided MXF in considerably higher yields than 

dithionite-induced chemoreduction (Figure 2.12.A). Concurrent with these results, a time- 
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dependent increase in fluorescence signal corresponding to the formation of MXF from 33 was 

observed under these conditions over a period of 90 min (Figure 2.12.B). In agreement with 

the former findings, the addition of the reducing agent did not elicit fluorescence in the negative 

control, 41. 

 
Figure 2.12. (A) Evaluating the release of MXF from 33 and 41 following Zn/HCOONH4  
mediated  chemoreduction of compounds (10 μM) in H2O:MeOH (1:1) by monitoring 
fluorescence (λex = 289 nm; λem = 488 nm). Data represent mean + SD from quadruplicate 
experiments performed in triplicate. p values were determined by student’s two-tailed unpaired 
parametric t-test relative to t = 0 min. (*** p ≤ 0.001 and ns indicate not significant). (B) 
Investigating the time-dependent release of MXF from 33 following chemical reduction with 
Zinc/ammonium formate (Zn/HCOONH4).  

Following this assessment, reduction products of 33 were analysed using HPLC. As shown in 

Figure 2.13, the peak corresponding to 33 decreased over time. This was accompanied by the 

appearance of a new peak at 3.7 min corresponding to MXF after 2 h of incubation. As 

expected, HPLC analysis revealed that benzyl substituted analogue 41 was barely consumed 

without MXF formation during the reaction. Collectively, these findings are consistent with 

the proposed mechanism of reduction of electron-withdrawing nitro group to corresponding 

electron-rich hydroxylamine or amine intermediate, which subsequently undergoes 

fragmentation via 1,6-elimination to release MXF (Scheme 2.18).  
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Figure 2.13. HPLC traces of chemoreduction of compounds (A) 33 and (B) 41 (10 μM) in the 
absence and presence of Zn dust and ammonium formate in H2O:MeOH (1:1). MXF (10 μM) 
was used as a positive control. The signal was detected using the UV detector set at 280 nm. 

Scheme 2.18. Mechanism of Zn-dependent chemoreduction of 33 to release MXF 

 

Next, the propensity of prodrugs 34-38, 45, and 46 to undergo reduction and release of MXF 

was tested by measuring fluorescence after the addition of reducing agent. It was found that 

37, 38, and 46 exhibited a significant fluorescence enhancement relative to the other prodrugs 

(Figure 2.14). This suggests that chemical reduction and subsequent fragmentation of 2-

nitroimidazole and 2-nitrothiazole moiety efficiently triggers the release of MXF from these 

prodrugs.  
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Figure 2.14. Screening and evaluation for release of MXF following Zinc/ammonium formate 
(Zn/HCOONH4) based mediated chemoreduction of compounds (10 μM) in H2O:MeOH (1:1) 
in a fluorescence-assay. All the data represent mean + SD from quadruplicate experiments 
performed in triplicate. p values were determined by student’s two-tailed unpaired parametric 
t-test relative to untreated control. (** p ≤ 0.01, *** p ≤ 0.001 and ns indicate not significant). 

To identify the optimal nitroheteroaryl substrate, a comparative MXF release profile from 37 

and 38 was studied. Interestingly, the 2-nitrothiazole ester prodrug displayed identical 

behaviour to 37 in Zn-mediated chemoreductive condition (Figure 2.15). Altogether, these 

results establish that 2-nitrothiazole tethered MXF prodrug undergoes chemoreduction similar 

to the 2-nitroimidazole based prodrug to release active antibiotic. 

 
Figure 2.15. Monitoring time-dependent release of MXF from 37 and 38 following chemical 
reduction with Zinc/ammonium formate (Zn/HCOONH4) by a fluorescence-based assay 

Overall, these results clearly suggest that 2-nitrothiazole tethered MXF prodrug with the lowest 

reduction potential demonstrated superior sensitivity and enhanced response towards different 

reducing agents in an unprecedented fashion. 

2.4. Conclusion 

In summary, we have designed enzyme-activated Moxifloxacin (MXF) prodrugs. Two 

principles were used in the enzyme-prodrug design: first, to use NTR as an enzyme to activate 

a prodrug to produce MXF with both rate and efficiency as parameters for optimization; and 
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second, to increase lipophilicity of the ensuing prodrug in order to improve permeability. To 

this end, we synthesized a focussed library of nitro-heterocyclic esters and carbamates of MXF 

with a wide range of reduction potentials. The prodrugs were evaluated for physicochemical 

descriptors commonly observed with many anti-tubercular drugs. The prodrugs have shown 

significantly higher polar surface area and lipophilicity compared to MXF. Encouraged by the 

fact that lipophilic compounds have increased availability in areas of lipid-rich necrotic regions 

of lungs of TB patients and enhanced intracellular accumulation inside non-replicating Mtb, 

the prodrugs would presumably have higher accumulation than hydrophilic antibiotic, MXF. 

A systematic investigation was conducted to identify the optimal nitroaryl prodrug to generate 

MXF in the presence of mild and strong reducing agents. Despite the wide popularity of 2-

nitroimidazolyl group in the development of hypoxia-activated prodrugs, the synthesis of 1-

methyl-2-nitroimidazole precursor is quite lengthy and reinforces the need for rigorous 

attention. To circumvent these problems, the identification of a reliable, time-efficient, high 

yielding, and more sensitive bioreductive trigger appears to be a more logical and promising 

approach. Our synthetic endeavour culminated in the utilization of 2-nitrothiazole functionality 

to design ester and carbamate prodrugs of MXF. Interestingly, the 2-nitrothiazole prodrug 

demonstrated superior sensitivity and enhanced response towards milder reducing agents than 

prodrug tethered with extensively employed 2-nitroimidazole moiety. Moreover, the 2-

nitrothiazole ester prodrug follows a chemoreduction profile similar to the 2-nitroimidazole 

based prodrug in the presence of strong reducing agents.  
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2.5. Experimental and Characterization data 

2.5.1 General methods 

All the reagents were purchased from commercial sources and used as received unless stated 

otherwise. Tetrahydrofuran (THF) was dried and distilled over benzophenone/sodium under 

nitrogen and stored over activated 4 Å molecular sieves. All solvents were freshly distilled 

according to standard procedures prior to use. Unless otherwise noted, all reactions were 

performed with dried solvents using oven-dried glassware under nitrogen atmosphere. Thin-

layer chromatography (TLC) was performed using silica gel 60 GF254 precoated aluminium 

backed plates (0.25 mm thickness) and visualization was accomplished by irradiation with 

short and long UV light at  254 and 365 nm respectively or by staining with bromocresol green 

or phosphomolybdic acid (PMA) for the identification of carboxylic acid or alcohols 

respectively. The column chromatography was performed using Rankem silica gel (60-120 

mesh) eluting with petroleum ether and ethyl acetate (EtOAc). Preparative High Performance 

Liquid Chromatography (Prep HPLC) was carried out on a Combiflash EZ Prep UV equipped 

with a Kromasil®C-18 preparative column (21.5 mm x 250 mm, 10 µm) at a flow rate of 12 

mL/min. 19F spectra were recorded on a JEOL (376 MHz) using an external reference (, , 

-trifluorotoluene, δF = -63.72 ppm). 1H and 13C spectra  were recorded on JEOL or Bruker 

400 MHz (or 100 MHz for 13C) spectrometers using tetramethylsilane (TMS) as an internal 

standard.  Chemical shifts (δ) are reported in ppm downfield from CDCl3 (δ = 7.26 and 77.2 

ppm) or DMSO-d6 (δ = 2.50 and 39.5 ppm) for 1H and 13C-NMR respectively as an internal 

reference. The coupling constants (J) are given in Hz. Multiplicities are indicated using the 

following abbreviations: br (broad), m (multiplet), s (singlet), d (doublet), t (triplet), q (quartet), 

h (heptet), ddd (doublet of doublet of doublet), dd (doublet of doublet), dt (doublet of triplet), 

dq (doublet of quartet), and td (triplet of doublet). The nature of the carbons (C, CH, CH2 or 

CH3) was determined by recording the DEPT-135 spectra, and is given in parentheses. High-

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

FT-IR spectra were recorded using Bruker ALPHA FT-IR spectrometer and reported in cm–1. 

Melting point was measured using a BÜCHI M-560 melting point apparatus. All melting points 

were measured in an open glass capillary, and the values are uncorrected. LC-MS experiments 

were performed on a Sciex X500R QTOF mass spectrometer fitted with an Exion UHPLC 

system in a positive ion mode using high resolution multiple reaction monitoring (MRM-HR) 

method. Fluorescence measurement corresponding to MXF was carried out using a Horiba 
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Jobin Yvon Fluorolog Fluorescence Spectrophotometer or an EnSight Multimode Plate Reader 

(PerkinElmer) in a 96-well plate format. 

2.5.2 Synthesis and characterization 

Compounds 1b, 1c, 1d, 1e, 1f, 43, 5, 7, 15, 18-23 and 25 were synthesized following previously 

reported protocols and the analytical data for each compound was consistent with reported 

values.  

2.5.2.A. Synthesis of heterocyclic alcohols (1b-1f) 

(5-nitrofuran-2-yl)methanol (1b):4 NaBH4 (0.294 g, 7.80 mmol) was slowly added to a 

vigorously stirred one-neck round bottom flask charged with 2 (1 g, 7.09 

mmol) in dry MeOH (15 mL) under nitrogen atmosphere at 0 °C. The 

reaction mixture was allowed to stir at RT for 3 h. After completion of the reaction (as 

monitored by TLC), ice cold water (20 mL) was added and the solution was acidified to pH 

7.0 with 3 M HCl. The reaction mixture was extracted with EtOAc water (3 × 25 mL) and the 

combined organic extracts were dried over anhydrous Na2SO4, filtered and the filtrate was 

concentrated in vacuo. The residue was purified by silica gel (60-120 mesh) column 

chromatography using 20-25% EtOAc/hexane as an eluant to afford 1b (0.890 g, 89%) as a 

yellow oil. 

 (5-nitrothiophen-2-yl)methanol (1c):4 To a stirred solution of 3 (1 g, 6.36 mmol) in dry 

MeOH (15 mL), NaBH4 (0.265 g, 7.00 mmol) was added at 0 °C and the 

reaction mixture was allowed to stir at RT for 1.5 h. After completion of 

the reaction (as monitored by TLC), ice cold water (20 mL) was added and the solution was 

acidified to pH 7.0 with 3 M HCl. The reaction mixture was extracted with EtOAc water (3 × 

25 mL) and the combined organic extracts were dried over anhydrous Na2SO4, filtered and the 

filtrate was concentrated in vacuo. The residue was purified by silica gel (60-120 mesh) column 

chromatography using 25-30% EtOAc/hexane as an eluant to afford 1c (0.920 g, 91%) as a 

brown oil. 

(1-methyl-5-nitro-1H-imidazol-2-yl)methanol (1d):7 To a stirred solution of 7 (0.5 g, 3.93 

mmol) in DMSO (6 mL), paraformaldehyde (0.756 g, 9.83 mmol) was 

added. The reaction mixture was heated at 140 °C for 48 h. After 
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completion of the reaction (as monitored by TLC), the solution was cooled to RT, poured into 

brine solution (20 mL) and extracted with EtOAc (3 × 30 mL). The combined organic extracts 

were dried over  Na2SO4, filtered, and the filtrate was concentrated in vacuo. The residue was 

purified by silica gel (60-120 mesh) column chromatography using 5% MeOH/DCM as an 

eluant to afford 1d (0.392 g, 63%) as a white solid. 

 (1-methyl-2-nitro-1H-imidazol-5-yl)methanol (1e):9 Compound 23 (0.160 g, 1.26 mmol) 

was dissolved in fluoroboric acid (48% w/v, 986 L) and the resulting 

solution was cooled to -15 °C, followed by dropwise addition of NaNO2 

(0.130 g, 1.89 mmol) in water (1 mL). The solution was stirred at -15°C 

for 30 min, then added dropwise into a solution of Cu powder (0.080 g, 1.26 mmol) and sodium 

nitrite (1.17 g, 16.9 mmol) in water (2 mL).The reaction mixture was stirred at RT for 1 h, 

filtered to remove Cu and then the filtrate was extracted with EtOAc (3 × 10 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered, and the filtrate was 

evaporated in vacuum. The residue was purified by silica gel (60-120 mesh) column 

chromatography using 5% MeOH/CHCl3 as an eluant to afford 1e (0.123 g, 62%) as a gray 

solid.  

 

(2-nitrothiazol-5-yl)methanol (1f):19,20 Compound 25 (0.5 g, 3.16 mmol) was dissolved in 

dry MeOH (10 mL). NaBH4 (0.143 g, 3.79 mmol) was then added at 0 

°C and the reaction mixture was allowed to stir at RT for 1.5 h. After 

completion of the reaction (as monitored by TLC), ice cold water (10 mL) was added and the 

solution was acidified to pH 7.0 with 3 M HCl. The reaction mixture was extracted with EtOAc 

(3 × 10 mL) and the combined organic extracts were dried over anhydrous Na2SO4, filtered 

and the filtrate was concentrated in vacuo. The residue was purified by silica gel (60-120 mesh) 

column chromatography using 30-32% EtOAc/hexane as an eluant to give 1f (0.435 g, 85%) 

as a dark reddish solid.  

2.5.2.B. General procedure for synthesis of N-boc protected nitroheterocyclic esters of 

MXF (27-32)  

Procedure A: A solution of 26 and cesium carbonate (2.14 mmol) in DMF (5 mL) was stirred 

at RT for 30 min. The aryl bromide (0.61 mmol) in DMF (5 mL) was added to this solution 

and the mixture was allowed to stir for further 15 h. The crude solution was filtered, diluted 
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with water (20 mL) and extracted with EtOAc (3 × 15 mL). The combined organic layer was 

washed with brine (2 × 10 mL), dried over Na2SO4, concentrated in vacuo. The crude 

compound was purified by preparative HPLC using Kromasil®C-18 column and H2O:MeOH 

as mobile phase, under ambient temperature with a flow rate of 8 mL/min to afford pure 

product. This procedure was followed for the synthesis of 27. 

Procedure B: To a stirred solution of 26, HBTU (1.96 mmol) and DMAP (0.19 mmol) in dry 

DCM (100 mL), DIPEA (1.96 mmol) was added. The reaction mixture was stirred for 30 min 

at RT. The resulting solution turned yellow. To this reaction mixture, alcohol was added and 

heated to 38 °C for 12 h until the starting material was completely consumed (as monitored by 

TLC). After completion of the reaction, water (100 mL) was added and the aqueous layer was 

extracted with DCM (3 × 100 mL). The organic extracts were combined, washed with brine (2 

× 50 mL), dried over anhydrous Na2SO4, filtered and the filtrate was concentrated under 

reduced pressure. The residue was purified by preparative HPLC using KromasilC-18 column 

at ambient temperature under the gradient elution with H2O:ACN (20:80, v/v) as mobile phase 

at a flow rate of 12 mL/min to afford pure products (28-32).  

 

4-nitrobenzyl 7-(-1-(tert-butoxycarbonyl)hexahydro-1H-pyrrolo[3,4-b]pyridin-6(2H)-

yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (27): 

Starting from 26 (0.197 g, 0.39 mmol) and 4-

nitrobenzyl bromide (0.090 g, 0.58 mmol), 27 (183  

mg, 73%) was isolated as a white solid; mp = 127-

128 C; Rf (EtOAc:hexane = 70:30) = 0.4; FT-IR 

(max, cm-1): 2924 (C-H stretch), 1729 (ester C=O 

stretch), 1691 (conjugated ketone C=O stretch), 

1457 (asymmetric NO2 stretch), 1359 (symmetric NO2 stretch); 19F NMR (376 MHz, CDCl3): 

δ -123.3; 1H NMR (400 MHz, CDCl3) : δ  8.58 (s, 1H), 8.26 – 8.22 (m, 2H), 7.85 (d, J = 14.2 

Hz, 1H), 7.72 (d, J = 8.6 Hz, 2H), 5.52 – 5.44 (m, 2H), 4.78 (br, 1H), 4.08 – 4.03 (m, 2H), 3.93 

– 3.88 (m, 1H), 3.84 (dt, J = 11.2, 4.9 Hz, 1H), 3.56 (s, 3H), 3.37 (br, 1H), 3.22 (s, 1H), 2.88 

(t, J = 10.9 Hz, 1H), 2.28 – 2.21 (m, 1H), 1.77 (s, 2H), 1.48 (s, 11H), 1.24 – 1.22 (m, 1H), 1.08 

– 1.00 (m, 2H), 0.84 – 0.76 (m, 1H); 13C NMR (100 MHz, CDCl3): δ 161.0, 155.4, 151.1, 

147.6, 144.1, 140.6, 136.2, 134.6, 133.4, 130.9, 128.0, 123.9, 108.9 (d, J = 122.0 Hz), 80.2, 

65.1, 61.2, 56.4, 56.3, 56.0, 39.9, 35.9, 28.6, 25.5, 24.3, 10.6, 8.5; HRMS (ESI-TOF) for 

C33H37FN4O8 [M+H]+ : Calcd., 637.2673, Found, 637.2673. 
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(5-nitrofuran-2-yl)methyl 7-(-1-(tert-butoxycarbonyl)hexahydro-1H-pyrrolo [3,4-b] 

pyridin-6(2H)-yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydroquinoline-3-

carboxylate (28): Starting from 26 (0.160 g, 0.31 

mmol) and 1b (0.068 g, 0.47 mmol), 28 (0.110 g, 

56%) was isolated as a white solid; mp = 101-102 

C; Rf  (EtOAc:hexane = 70:30) = 0.5; FT-IR (max, 

cm-1): 2988 (C-H stretch), 1732 (ester C=O 

stretch), 1625 (conjugated ketone C=O stretch), 

1449 (asymmetric NO2 stretch), 1373 (symmetric NO2 stretch); 19F NMR (376 MHz, CDCl3): 

δ -122.7; 1H NMR (400 MHz, CDCl3) : δ  8.57 (s, 1H), 7.78 (d, J = 14.0 Hz, 1H), 7.30 (s, 1H), 

6.80 (d, J = 3.6 Hz, 1H), 5.40 – 5.31  (m, 2H), 4.78 (br, 1H), 4.07 – 4.02 (m, 2H), 3.94 - 3.81 

(m, 1H), 3.84 (t, J = 9.6 Hz, 1H), 3.57 (s, 3H), 3.39 - 3.36 (m, 1H), 3.21 (d, J = 9.1 Hz, 1H), 

2.88 (t, J = 11.2 Hz, 1H), 2.28 - 2.22 (m, 1H), 1.81 - 1.75 (m, 2H), 1.48 (s, 10H), 1.30 – 1.19 

(m, 2H), 1.12 – 1.00 (m, 2H), 0.86 - 0.77 (m, 1H) ; 13C NMR (100 MHz, CDCl3): δ 172.8, 

164.8, 155.4, 153.5, 152.3 (d, JC-F = 161.2 Hz), 151.0, 141.5, 136.0 (d, JC-F = 43.1 Hz), 133.3, 

122.1, 113.5, 112.5, 108.8 (d, JC-F = 94.7 Hz), 108.5, 80.2, 60.9, 57.7, 56.4, 56.3, 39.8, 35.7, 

28.5, 25.5, 24.3, 10.5, 8.5; DEPT-135 NMR (100 MHz, CDCl3): δ 151.0 (CH), 113.6 (CH), 

112.5 (CH), 108.5 (CH), 60.9 (CH3), 57.6 (CH2), 56.4 (CH2), 56.3 (CH2), 39.7 (CH), 35.7 

(CH), 28.8 (CH3), 25.8 (CH2), 24.4 (CH2), 10.5 (CH2), 8.5 (CH2); HRMS (ESI-TOF) for 

C31H35FN4O9 [M+H]+ : Calcd., 627.2466, Found, 627.2469.  

(5-nitrothiophen-2-yl)methyl-7-(-1-(tert-butoxycarbonyl)hexahydro-1H-pyrrolo[3,4-

b]pyridin-6(2H)-yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydro quinoline-3-

carboxylate (29):  Starting from 26 (0.150 g, 0.30 

mmol) and 1c (0.071 g, 0.44 mmol), 29 (0.114 g, 

59%) was isolated as a white solid; mp = 97-98 C; 

Rf  (EtOAc:hexane = 70:30) = 0.5; FT-IR (max, cm-

1): 1732 (ester C=O stretch), 1684 (conjugated 

ketone C=O stretch), 1455 (asymmetric NO2 

stretch), 1327 (symmetric NO2 stretch); 19F NMR (376 MHz, CDCl3): δ -122.5; 1H NMR (400 

MHz, CDCl3): δ 8.58 (s, 1H), 7.84 – 7.80 (m, 2H), 7.15 (d, J = 4.1 Hz, 1H), 5.52 – 5.44 (m, 

2H), 4.77 (br, 1H), 4.08 – 4.02 (m, 2H), 3.94 – 3.88 (m, 1H), 3.83 (td, J = 9.9, 2.1 Hz, 1H), 

3.56 (s, 3H), 3.36 (br, 1H), 3.21 (d, J = 9.8 Hz, 1H), 2.88 (t, J = 12.2 Hz, 1H), 2.28 – 2.21 (m, 
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1H), 1.82 – 1.75 (m, 2H), 1.48 (s, 10 H), 1.28 – 1.22 (m, 2H), 1.11 – 1.01 (m, 2H), 0.85 – 0.78 

(m, 1H); 13C NMR (100 MHz, CDCl3): δ 172.7, 165.5, 155.4, 152.3 (d, JC-F = 144.6 Hz), 151.1, 

147.0, 141.5, 136.0 (d, JC-F = 44.6 Hz), 133.3, 128.4, 126.9, 122.1, 122.0, 108.9 (d, JC-F = 95.5 

Hz), 108.6, 100.1, 80.2, 60.9, 60.7, 56.5, 56.4, 56.3, 39.9, 35.8, 28.6, 25.5, 24.3, 10.5, 8.5; 

DEPT-135 NMR (100 MHz, CDCl3): δ 151.1 (CH), 128.4 (CH), 126.9 (CH), 109.0 (CH), 61.0 

(CH3), 60.7 (CH2), 56.4 (CH2), 56.3 (CH2), 39.9 (CH), 35.7 (CH), 28.6 (CH3), 25.5 (CH2), 24.3 

(CH2), 10.5 (CH2); HRMS (ESI-TOF) for C31H35FN4O8S[M+H]+ : Calcd., 643.2238, Found, 

643.2242.  

(1-methyl-5-nitro-1H-imidazol-2-yl)methyl 7-(1-(tert-butoxycarbonyl)octahydro-6H-

pyrrolo[3,4-b]pyridin-6-yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-

dihydroquinoline-3-carboxylate (30): Starting from 26 (0.150 g, 0.30 mmol) and 1d (0.071 

g, 0.45 mmol), 30 (0.181 g, 94%) was isolated as 

a gray solid; mp = 104-105 C; Rf (MeOH:CHCl3 

= 05:95) = 0.4; FT-IR (max, cm-1): 2931 (C-H 

stretch), 1731 (ester C=O stretch), 1687 

(conjugated ketone C=O stretch), 1616 

(asymmetric NO2 stretch); 19F NMR (376 MHz, 

CDCl3): δ -122.8; 1H NMR (400 MHz, CDCl3) : δ 8.56 (s, 1H), 7.97 (s, 1H), 7.79 (d, J = 14.1 

Hz, 1H), 5.44 (q, J = 13.4 Hz, 2H), 4.77 (s, 1H), 4.19 (s, 3H), 4.07 – 4.01 (m, 2H), 3.92 – 3.87 

(m, 1H), 3.83 (td, J = 10.0, 2.2 Hz, 1H), 3.56 (s, 3H), 3.36 (br, 1H), 3.21 (d, J = 9.1 Hz, 1H), 

2.87 (t, J = 11.8 Hz, 1H), 2.28 – 2.22 (m, 1H), 1.81 – 1.72 (m, 2H), 1.72 (s, 1H), 1.48 (s, 10H), 

1.26 – 1.21 (m, 1H), 1.08 – 1.00 (m, 2H), 0.83 – 0.75 (m, 1H); 13C NMR (100 MHz, CDCl3): 

δ 172.7, 165.1, 155.4, 155.0, 152.5, 151.1, 147.2, 139.8, 136.1 (d, J = 43.6 Hz), 133.4, 132.1, 

122.0, 108.7 (d, J = 95.6 Hz), 108.5, 80.2, 61.0, 58.3, 56.4, 56.3, 39.9, 35.8, 34.1, 28.6, 25.5, 

24.3, 10.5, 8.5; DEPT-135 NMR (100 MHz, CDCl3): δ 151.0 (CH), 132.0 (CH), 108.8 (CH), 

60.8 (CH3), 58.1 (CH2), 56.3 (CH2), 56.2 (CH2), 39.7 (CH), 35.6 (CH), 34.0 (CH3), 28.5 (CH3), 

25.4 (CH2), 24.2 (CH2), 10.4 (CH2), 8.5 (CH2); HRMS (ESI-TOF) for C31H37FN6O8 [M+H]+ : 

Calcd., 641.2735, Found, 641.2726. 
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(1-methyl-2-nitro-1H-imidazol-5-yl)methyl 7-(-1-(tert-butoxy carbonyl) octa hydro-6H-

pyrrolo[3,4-b]pyridin-6-yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-

dihydroquinoline-3-carboxylate (31): Starting from 26 (0.170 g, 0.33 mmol) and 1e (0.080 

mg, 0.50 mmol), 31 (0.124 mg, 57%) was isolated 

as a gray solid; mp = 144-145 C; Rf (MeOH:CHCl3 

= 05:95) = 0.2; FT-IR (max, cm-1): 2974 (C-H 

stretch), 1731 (ester C=O stretch), 1684 

(conjugated ketone C=O stretch), 1539 

(asymmetric NO2 stretch), 1364 (symmetric NO2 

stretch); 19F NMR (376 MHz, CDCl3): δ -122.7; 1H NMR (400 MHz, CDCl3) : δ  8.54 (s, 1H), 

7.76 (d, J = 14.1 Hz, 1H), 7.27 (d, J = 10.1 Hz, 1H), 5.36 (q, J = 13.6 Hz, 2H), 4.77 (s, 1H), 

4.21 (s, 3H), 4.07 – 4.02 (m, 2H), 3.93 – 3.88 (m, 1H), 3.83 (td, J = 10.0, 2.7 Hz, 1H), 3.56 (s, 

3H), 3.35 (br, 1H), 3.21 (d, J = 8.6 Hz, 1H), 2.88 (t, J = 11.2 Hz, 1H), 2.27 – 2.22 (m, 1H), 

1.80 – 1.75 (m, 2H), 1.48 (s, 10H), 1.32 – 1.19 (m, 2H), 1.10 – 1.01 (m, 2H), 0.84 – 0.76 (m, 

1H); 13C NMR (100 MHz, CDCl3): δ 172.6, 165.5, 155.4, 155.0, 152.5, 151.1, 146.3, 141.5 (d, 

JC-F = 25.0 Hz), 136.1 (d, JC-F = 44.0 Hz), 133.3, 132.6, 129.6, 122.0, 121.9, 108.9, 108.6, 80.2, 

60.9, 56.4, 56.3, 55.2, 39.9, 35.7, 34.7, 28.5, 25.4, 24.3, 10.5, 8.5; DEPT-135 NMR (100 MHz, 

CDCl3): δ 151.0 (CH), 129.5 (CH), 108.6 (CH), 60.8 (CH3), 56.3 (CH2), 56.2 (CH2), 55.1 

(CH2), 39.8 (CH), 35.6 (CH), 34.6 (CH3), 28.4 (CH3), 25.3 (CH2), 24.2 (CH2), 10.4 (CH2), 8.4 

(CH2); HRMS (ESI-TOF) for C31H37FN6O8 [M+H]+ : Calcd., 641.2735, Found, 641.2737. 

(2-nitrothiazol-5-yl)methyl 7-(-1-(tert-butoxycarbonyl)octahydro-6H-pyrrolo [3,4-

b]pyridin-6-yl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydroquinoline-3-

carboxylate (32): Starting from 26 (0.125 g, 0.25 

mmol) and 1f (0.060 g, 0.37 mmol), 32 (0.125 g, 

78%) was isolated as yellowish white solid; mp = 

110-111 C; FT-IR (max, cm-1): 2992 (C-H 

stretch), 1739 (ester C=O stretch), 1681 

(conjugated ketone C=O stretch), 1358  

(symmetric NO2 stretch); Rf (EtOAc:hexane = 70:30) = 0.5; 19F NMR (376 MHz, CDCl3): δ -

122.6; 1H NMR (400 MHz, CDCl3) : δ  8.58 (s, 1H), 7.91 (s, 1H), 7.80 (d, J = 14.0 Hz, 1H), 

5.54 (s, 2H), 4.76 (s, 1H), 4.07 – 4.02 (m, 2H), 3.94 – 3.89 (m, 1H), 3.83 (td, J = 9.8, 1.9 Hz, 

1H), 3.56 (s, 3H), 3.36 (s, 1H), 3.21 (d, J = 9.2 Hz, 1H), 2.88 (t, J = 11.5 Hz, 1H), 2.28 – 2.23 
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(m, 1H), 1.80 – 1.75 (m, 2H), 1.48 (s, 11H), 1.32 – 1.23 (m, 1H), 1.11 – 1.00 (m, 2H), 0.83 – 

0.77 (m, 1H);  13C NMR (100 MHz, CDCl3): δ172.6, 166.8, 165.8, 155.4, 151.3, 142.1, 142.0, 

136.1 (d, JC-F = 43.7 Hz), 133.3, 122.0, 108.8 (d, JC-F = 95.0 Hz), 108.2, 80.2, 60.9, 58.1, 56.4, 

56.3, 39.9, 35.7, 28.6, 25.5, 24.3, 10.5, 8.5; DEPT-135 NMR (100 MHz, CDCl3): δ 156.0 (CH), 

141.9 (CH), 108.8 (CH), 60.8 (CH3), 58.0 (CH2), 56.2 (CH2), 39.8 (CH), 35.6 (CH), 28.4 

(CH3), 25.4 (CH2), 24.2 (CH2), 10.4 (CH2), 8.4 (CH2); HRMS (ESI-TOF) for C30H34FN5O8S 

[M+H]+ : Calcd., 644.2190, Found, 644.2184. 

Benzyl 7-(-1-(tert-butoxycarbonyl)hexahydro-1H-pyrrolo[3,4-b]pyridin-6(2H)-yl)-1-

cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate (39): Starting 

from 26 (0.150 g, 0.30 mmol) and benzyl alcohol 

(0.048 g, 0.44 mmol), 39 (0.115 g, 65%) was 

isolated as a white solid; mp = 109-110 C; Rf 

(EtOAc:hexane = 70:30) = 0.5; FT-IR (max, cm-

1): 2932 (C-H stretch), 1685 (conjugated ketone 

C=O stretch), 1614 (conjugated ketone C=O 

stretch); 19F NMR (376 MHz, CDCl3): δ -123.2; 
1H NMR (400 MHz, CDCl3): δ 8.55 (s, 1H), 7.84 (d, J = 14.2 Hz, 1H), 7.53 – 7.50 (m, 2H), 

7.39 – 7.35 (m, 2H), 7.32 – 7.29 (m, 1H), 5.42 – 5.34 (m, 2H), 4.76 (s, 1H), 4.06 – 4.01 (m, 

2H), 3.89 – 3.80 (m, 2H), 3.55 (s, 3H), 3.35 (s, 1H), 3.20 (d, J = 8.4 Hz, 1H), 2.88 (t, J = 12.0 

Hz, 1H), 2.27 – 2.20 (m, 1H), 1.83 – 1.75 (m, 4H), 1.48 (s, 9H), 1.24 – 1.17 (m, 1H), 1.08 – 

0.97 (m, 2H), 0.80 – 0.73 (m, 1H); 13C NMR (100 MHz, CDCl3): δ 173.0, 165.7, 155.4, 150.7, 

136.6, 135.8 (d, JC-F = 44.2 Hz), 133.4, 128.6, 128.1, 128.0, 122.2, 122.1, 109.7, 108.9 (d, JC-F 

= 96.5 Hz), 80.2, 66.4, 60.9, 56.4, 56.3, 39.6, 35.7, 28.6, 25.5, 24.3, 10.4, 8.5; DEPT-135 NMR 

(100 MHz, CDCl3): δ 150.7 (CH), 128.6 (CH), 128.0 (CH), 127.9 (CH), 108.9 (CH), 66.4 

(CH2), 60.8 (CH3), 56.3 (CH2), 56.2 (CH2), 39.6 (CH), 35.7 (CH), 28.5 (CH3), 25.4 (CH2), 24.3 

(CH2), 10.4 (CH2), 8.5 (CH2); HRMS (ESI-TOF) for C33H38FN3O6 [M+H]+ : Calcd., 592.2817, 

Found, 592.2818.  
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Thiazol-5-ylmethyl 7-(1-(tert-butoxycarbonyl)octahydro-6H-pyrrolo[3,4-b]pyridin-6-yl)-

1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-dihydroquinoline-3-carboxylate  (40): 

Starting from 26 (0.130 g, 0.26 mmol) and thiazol-

5-yl methanol (0.045 g, 0.38 mmol), 40 (0.105 g, 

67%) was isolated as yellowish white solid; mp = 

129-130 C; Rf  (EtOAc:hexane = 70:30) = 0.5; FT-

IR (max, cm-1): 2971 (C-H stretch), 1742 (ester 

C=O stretch), 1668 (conjugated ketone C=O 

stretch); 19F NMR (376 MHz, CDCl3): δ -123.0; 1H 

NMR (400 MHz, CDCl3):  δ 8.80 (s, 1H), 8.54 (s, 1H), 7.97 (s, 1H), 7.81 (d, J = 14.2 Hz, 1H), 

5.60 – 5.53 (m, 2H), 4.76 (s, 1H), 4.07 – 4.01 (m, 2H), 3.90 – 3.85 (m, 1H), 3.83 (td, J = 9.8, 

2.0 Hz, 1H), 3.55 (s, 3H), 3.35 (s, 1H), 3.20 (d, J = 8.2 Hz, 1H), 2.87 (t, J = 11.7 Hz, 1H), 2.28 

– 2.20 (m, 1H), 1.81 – 1.75 (m, 2H), 1.48 (s, 11H), 1.26 – 1.19 (m, 1H), 1.07 – 0.97 (m, 2H), 

0.81 – 0.74 (m, 1H); 13C NMR (100 MHz, CDCl3): δ 172.7, 165.4, 155.5, 155.0, 154.7, 152.5, 

150.9, 144.0, 141.5 (d, JC-F = 24.3 Hz), 135.9 (d, JC-F = 43.9 Hz), 133.3, 122.2, 122.1, 109.0, 

108.8, 80.2, 60.9, 58.0, 56.4, 56.3, 39.7, 35.7, 28.5, 25.5, 24.3, 10.4, 8.5; DEPT-135 NMR (100 

MHz, CDCl3): δ 150.8 (CH), 143.9 (CH), 108.8 (CH), 60.8 (CH3), 57.9 (CH2), 56.2 (CH2), 

39.6 (CH), 35.6 (CH), 28.4 (CH3), 25.4 (CH2), 24.2 (CH2), 10.3 (CH2), 8.4 (CH2); HRMS (ESI-

TOF) for C30H35FN4O6S [M+H]+ : Calcd., 599.2339, Found, 599.2343.  

2.5.2.C. General procedure for N-boc deprotection of NTR-MXF derivatives (33-38, 41 

and 42) 

To a solution of compound in dry DCM (15 mL), TFA (26.47 mmol) was added dropwise at 0 

°C under nitrogen atmosphere. The resulting reaction mixture was stirred at RT (~ 4-6 h) until 

the starting material had been completely consumed (determined by TLC) and the solvent was 

concentrated in vacuo at ~5 °C . The product was precipitated by diethyl ether on sonication 

and the ether solution was then carefully decanted.  The obtained solid was washed twice with 

diethyl ether, and the ethereal solution was concentrated in vacuo to afford prodrugs 33-38, 41 

and 42 as pure products.  
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 6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((4-nitrobenzyl)oxy)carbonyl)-4-oxo-1,4-

dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-tri fluoro acetate 

(33): Starting from 27 (0.100 g, 0.16 mmol), 33 (0.090 g, 83%) was obtained as a white solid; 

mp = 217-218 C; Rf (MeOH:CHCl3 = 10:90) = 

0.2; FT-IR (max, cm-1): 3394 (N-H stretch), 2924 

(C-H stretch), 1691 (ester C=O stretch), 1616 

(conjugated ketone C=O stretch); 19F NMR (376 

MHz, DMSO-d6): δ -74.4, -122.8; 1H NMR (400 

MHz, DMSO-d6) : δ  9.24 (d, J = 9.6 Hz, 1H), 8.59 

(d, J = 10.1 Hz, 1H), 8.55 (s, 1H), 8.27 (d, J = 8.7 Hz, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.60 (d, J 

= 14.4 Hz, 1H), 5.47 – 5.39 (m, 2H), 4.03 – 4.00 (m, 2H), 3.90 (s, 1H), 3.79 (td, J = 9.8, 4.6 

Hz, 1H), 3.70 (t, J = 7.7 Hz, 1H), 3.57 (s, 3H), 3.50 (d, J = 11.7 Hz, 1H), 3.24 (d, J = 9.4 Hz, 

1H), 2.99 (q, J = 9.5, 8.0 Hz, 1H), 2.68 – 2.65 (m, 1H), 1.83 -1.70 (m, 4H), 1.18 – 1.10 (m, 

1H), 1.07 – 0.94 (m, 2H), 0.85 – 0.78 (m, 1H);  13C NMR (100 MHz, DMSO-d6): δ 171.3, 

164.4, 153.5, 151.2, 147.0, 144.7, 141.0 (d, J = 26.6 Hz), 134.9 (d, J = 41.3 Hz), 133.3, 128.1, 

123.6, 120.9 (d, J = 29.4 Hz), 108.2, 107.3 (d, J = 94.1 Hz), 64.2, 61.5, 54.4, 54.1 (d, J = 31.2 

Hz), 51.6 (d, J = 38.0 Hz), 41.9, 34.3, 20.7, 17.8, 9.5, 8.4; DEPT-135 NMR (100 MHz, DMSO-

d6): δ 150.9 (CH), 127.8 (CH), 123.3 (CH), 107.0 (CH), 63.9 (CH2), 61.3 (CH3), 54.2 (CH), 

54.0 (CH2), 51.3 (CH2), 41.6 (CH2), 34.0 (CH), 20.4 (CH2), 17.5 (CH2), 9.2 (CH2), 8.1 (CH2); 

HRMS (ESI-TOF) for C28H30FN4O6 [M]+ : Calcd., 537.2144, Found, 537.2146. 

 6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((5-nitrofuran-2-yl)methoxy) carbonyl)-4-oxo-

1,4-dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-trifluoro 

acetate (34): Starting from 28 (0.100 mg, 0.15 mmol), 34 (0.092 mg, 85%) was obtained as a 

reddish yellow solid; mp = 198-199 C; Rf 

(MeOH:CHCl3 = 10:90) = 0.2; FT-IR (max, cm-

1): 3427 (N-H stretch), 2971 (C-H stretch), 1690 

(ester C=O stretch), 1660 (conjugated ketone 

C=O stretch), 1451 (asymmetric NO2 stretch), 

1361 (symmetric NO2 stretch); 19F NMR (376 

MHz, DMSO-d6): δ -74.6, -122.8; 1H NMR (400 MHz, DMSO-d6) : δ  9.21 (d, J = 11.4 Hz, 

1H), 8.55 (d, J = 9.0 Hz, 1H), 8.51 (s, 1H), 7.71 (d, J = 3.7 Hz, 1H), 7.55 (d, J = 13.5 Hz, 1H), 

6.99 (d, J = 3.7 Hz, 1H), 5.38 – 5.31 (m, 2H), 4.02 – 3.98 (m, 2H), 3.89 (s, 1H), 3.77 (td , J = 
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10.0, 4.5 Hz, 1H), 3.72 – 3.67 (m, 1H), 3.56 (s, 3H), 3.51 (d, J = 11.9 Hz, 1H), 3.25 – 3.22 (m, 

1H), 2.98 (q, J = 9.6 Hz, 1H), 2.67 – 2.63 (m, 1H), 1.83 – 1.66 (m, 4H), 1.16 – 1.07 (m, 1H), 

1.04 – 0.96 (m, 2H), 0.82 – 0.77 (m, 1H); 13C NMR (100 MHz, DMSO-d6): δ 171.3, 163.7, 

158.4 (d, J = 140.6 Hz), 153.9, 153.5, 151.3, 151.1, 141.0 (d, J = 26.7 Hz), 135.0 (d, J = 41.6 

Hz), 133.3, 120.8 (d, J = 29.4 Hz), 114.1, 113.9, 107.8, 107.2 (d, J = 95.1 Hz), 61.6, 57.2, 54.5, 

54.2 (d, J = 12.4 Hz), 51.5 (d, J = 37.7 Hz), 41.9, 34.3, 20.7, 17.7, 9.5, 8.4; DEPT-135 NMR 

(100 MHz, DMSO-d6): δ 151.0 (CH), 113.7 (CH), 113.5 (CH), 106.9 (CH), 61.3 (CH3), 56.8 

(CH2), 54.1 (CH), 53.9 (CH2), 51.2 (CH2), 41.5 (CH2), 34.0 (CH), 20.4 (CH2), 17.4 (CH2), 9.2 

(CH2), 8.1 (CH2); HRMS (ESI-TOF) for C28H28FN4O7 [M]+ : Calcd., 527.1937, Found, 

527.1938.  

 6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((5-nitrothiophen-2-yl)methoxy) carbonyl)-4-

oxo-1,4-dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-

trifluoroacetate (35): Starting from 29 (0.100 mg, 0.15 mmol), 35 (0.094 mg, 85%) was 

obtained as a yellow solid; mp = 211-212 C; Rf 

(MeOH:CHCl3 = 10:90) = 0.2; FT-IR (max, cm-1): 

3425 (N-H stretch), 2999 (C-H stretch), 1670 

(ester C=O stretch), 1659 (conjugated ketone C=O 

stretch), 1423 (asymmetric NO2 stretch), 1314 

(symmetric NO2 stretch); 19F NMR (376 MHz, DMSO-d6): δ -74.8, -122.7; 1H NMR (400 

MHz, DMSO-d6): δ 9.13 (s, 1H), 8.53 (s, 2H), 8.07 (d, J = 3.8 Hz, 1H), 7.59 (d, J = 14.4 Hz, 

1H), 7.36 (d, J = 4.4 Hz, 1H), 5.53 – 5.46 (m, 2H), 4.06 – 3.98 (m, 2H), 3.88 (t, J = 5.4 Hz, 

1H), 3.76 (td , J = 10.0, 4.5 Hz, 1H), 3.69 (dt , J = 8.2 Hz, 2.9 Hz, 1H), 3.57 (s, 3H), 3.50 (d, J 

= 12.0 Hz, 1H), 3.23 (d, J = 12.9 Hz, 1H), 2.99 (d, J = 11.4 Hz, 1H), 2.67 – 2.60 (m, 1H), 1.84 

– 1.66 (m, 4H), 1.17 – 1.10 (m, 1H), 1.06 – 0.94 (m, 2H), 0.87 – 0.78 (m, 1H); 13C NMR (100 

MHz, DMSO-d6): δ 171.2, 164.0, 153.5, 151.3, 151.0, 150.8, 148.1, 141.0 (d, J = 26.7 Hz), 

134.9 (d, J = 41.9 Hz), 133.2, 129.7, 127.5, 120.9 (d, J = 29.1 Hz), 107.6, 107.2 (d, J = 95.3 

Hz), 61.5, 60.3, 54.4, 54.1 (d, J = 16.3 Hz), 51.5 (d, J = 36.4 Hz), 41.8, 34.2, 20.6, 17.7, 9.4, 

8.4; DEPT-135 NMR (100 MHz, DMSO-d6): δ 151.1 (CH), 129.4 (CH), 127.3 (CH), 107.0 

(CH), 61.3 (CH3), 60.1 (CH2), 54.2 (CH), 53.9 (CH2), 51.2 (CH2), 41.5 (CH2), 34.0 (CH), 20.4 

(CH2), 17.4 (CH2), 9.2 (CH2), 8.1 (CH2); HRMS (ESI-TOF) for C26H28FN4O6S [M]+ : Calcd., 

543.1708, Found, 543.1716. 



  Chapter 2 

 

 

79 

6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((1-methyl-5-nitro-1H-imidazol-2-

yl)methoxy)carbonyl)-4-oxo-1,4-dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-

b]pyridin-1-ium 2,2,2-trifluoroacetate (36):  Starting from 30 (0.180 g, 0.28 mmol), 36 

(0.179 g,  97%) was obtained as a yellow solid; 

mp = 109-110 C; Rf  (MeOH:DCM = 10:90) = 

0.1; FT-IR (max, cm-1): 2932 (C-H stretch), 1685 

(conjugated ketone C=O stretch), 1614 (N-H 

bend); 19F NMR (376 MHz, DMSO-d6): δ -75.0, -

122.7; 1H NMR (400 MHz, DMSO-d6):  δ 9.21 (d, J = 10.5 Hz, 1H), 8.55 (d, J = 9.1 Hz, 1H), 

8.52 (s, 1H), 8.09 (s, 1H), 7.56 (d, J = 14.3 Hz, 1H), 5.43 – 5.36 (m, 2H), 4.02 (s, 4H), 3.99 – 

3.98 (m, 2H), 3.89 (br, 1H), 3.77 (td, J = 10.0, 4.6 Hz, 1H), 3.72 – 3.67 (m, 1H), 3.56 (s, 3H), 

3.51 (d, J = 11.7 Hz, 1H), 3.24 (d, J = 11.4 Hz, 1H), 2.99 (dd, J = 19.2, 9.8 Hz, 1H), 2.68 – 

2.62 (m, 1H), 1.85 – 1.68 (m, 4H), 1.17 – 1.10 (m, 1H), 1.05 – 0.94 (m, 2H), 0.84 – 0.77 (m, 

1H); 13C NMR (100 MHz, DMSO-d6): δ171.7, 164.1, 159.4, 159.0, 158.6, 158.3, 153.9, 151.5, 

148.2, 141.4 (d, J = 26.6 Hz), 140.0, 135.4, (d, J = 42.0 Hz), 133.7, 132.1, 121.3, 121.2, 108.2, 

107.6 (d, J = 94.8 Hz), 62.0, 58.1, 54.9, 54.5 (d, J = 14.1 Hz), 51.9 (d, J = 36.3 Hz), 42.2, 34.7, 

34.6, 34.0, 21.0, 18.1, 9.9, 8.8;  DEPT-135 NMR (100 MHz, DMSO-d6): δ 151.0 (CH), 131.5 

(CH), 106.9 (CH), 61.3 (CH3), 57.4 (CH2), 54.1 (CH), 53.8 (CH2), 51.2 (CH2), 41.5 (CH2), 

34.0 (CH), 33.9 (CH), 33.3 (CH3), 20.4 (CH2), 17.4 (CH2), 9.2 (CH2), 8.1 (CH2); HRMS (ESI-

TOF) for C26H30FN6O6 [M]+ : Calcd., 541.2205, Found, 541.2205. 

6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((1-methyl-2-nitro-1H-imidazol-5-

yl)methoxy)carbonyl)-4-oxo-1,4-dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-

b]pyridin-1-ium 2,2,2-trifluoroacetate (37):  Starting from 31 (0.180 g, 0.28 mmol), 37 

(0.178 g,  97%) was obtained as a white solid; mp 

= 189-190 C; Rf  (MeOH:DCM = 10:90) = 0.1; 

FT-IR (max, cm-1): 2963 (C-H stretch), 1718 

(ester C=O stretch), 1688 (conjugated ketone 

C=O stretch), 1617 (N-H bend), 1539 

(asymmetric NO2 stretch), 1320 (symmetric NO2 stretch); 19F NMR (376 MHz, DMSO-d6): δ 

-74.3, -122.8; 1H NMR (400 MHz, DMSO-d6):  δ 9.23 (d, J = 11.5 Hz, 1H), 8.60 – 8.55 (m, 

1H), 8.48 (s, 1H), 7.56 (d, J = 14.4 Hz, 1H), 7.33 (s, 1H), 5.38 (s, 2H), 4.04 (s, 3H), 4.02 - 3.97 

(m, 2H), 3.90 (s, 1H), 3.76 (td, J = 10.1, 4.8 Hz, 1H), 3.72 – 3.67 (m, 1H), 3.56 (s, 3H), 3.50 
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(d, J = 10.1 Hz, 1H), 3.23 (d, J = 13.4 Hz, 1H), 2.98 (d, J = 10.6 Hz, 1H), 2.68 – 2.65 (m, 1H), 

1.86 – 1.72 (m, 4H), 1.16 – 1.07 (m, 1H), 1.05 – 0.94 (m, 2H), 0.81 – 0.76 (m, 1H); 13C NMR 

(100 MHz, DMSO-d6): δ 171.3, 163.9, 158.5, 158.2, 153.5, 151.2, 151.0, 146.1, 141.0 (d, J = 

26.2 Hz), 134.9 (d, J = 42.2 Hz), 133.4, 133.3, 128.6, 120.8 (d, J = 29.1 Hz), 108.0, 107.2 (d, 

J = 93.2 Hz), 61.5, 55.1, 54.4, 54.1 (d, J = 14.1 Hz), 51.4 (d, J = 36.4 Hz), 41.8, 34.4, 34.2, 

20.6, 17.7, 9.4, 8.4;  DEPT-135 NMR (100 MHz, DMSO-d6): δ 150.9 (CH), 128.4 (CH), 107.0 

(CH), 61.3 (CH3), 54.8 (CH2), 54.2 (CH), 53.9 (CH2), 51.3 (CH2), 41.6 (CH2), 34.1 (CH), 34.0 

(CH), 20.4 (CH2), 17.4 (CH2), 9.2 (CH2), 8.1 (CH2); HRMS (ESI-TOF) for C26H30FN6O6 [M]+ 

: Calcd., 541.2205, Found, 541.2209. 

 6-(1-cyclopropyl-6-fluoro-8-methoxy-3-(((2-nitrothiazol-5-yl)methoxy) carbonyl)-4-oxo-

1,4-dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-

trifluoroacetate (38):  Starting from 32 (0.180 g, 

0.27 mmol), 38 (0.178 g,  97%) was obtained as 

orange yellow solid; mp = 207-208 C; Rf  (MeOH: 

DCM = 10:90) = 0.1; FT-IR (max, cm-1): 2924 (C-

H stretch), 1716 (ester C=O stretch), 1680 

(conjugated ketone C=O stretch), 1617 (N-H bend), 1543 (asymmetric NO2 stretch), 1322 

(symmetric NO2 stretch); 19F NMR (376 MHz, DMSO-d6): δ -74.6, -122.7; 1H NMR (400 

MHz, DMSO-d6):  δ 9.25 (d, J = 9.7 Hz, 1H), 8.58 (d, J = 9.1 Hz, 1H), 8.53 (s, 2H), 8.16 (s, 

1H), 7.57 (d, J = 14.2 Hz, 1H), 5.56 (s, 2H), 4.03 – 3.98 (m, 2H), 3.89 (t, J = 5.7 Hz, 1H), 3.77 

(td, J = 10.0, 4.6 Hz, 1H), 3.72 – 3.67 (m, 1H), 3.56 (s, 3H), 3.50 (d, J = 12.2 Hz, 1H), 3.23 (d, 

J = 12.8 Hz, 1H), 2.98 (t, J = 10.6 Hz, 1H), 2.68 – 2.64 (m, 1H), 1.83 – 1.70 (m, 4H), 1.15 – 

1.10 (m, 1H), 1.04 – 0.96 (m, 2H), 0.83 – 0.79 (m, 1H); 13C NMR (100 MHz, DMSO-d6): δ 

171.2, 166.3, 164.2, 153.5, 151.4, 151.0, 142.8, 141.9, 141.0 (d, J = 26.5 Hz), 135.0 (d, J = 

41.8 Hz), 120.8 (d, J = 28.3 Hz), 107.5, 107.2 (d, J = 94.7 Hz), 61.5, 57.9, 54.4, 54.0 (d, J = 

13.6 Hz), 51.5 (d, J = 36.8 Hz), 41.8, 34.2, 20.6, 17.7, 9.5, 8.4; DEPT-135 NMR (100 MHz, 

DMSO-d6): δ 151.1 (CH), 141.6 (CH), 107.0 (CH), 61.3 (CH3), 57.7 (CH2), 54.2 (CH), 53.9 

(CH2), 51.2 (CH2), 41.5 (CH2), 34.0 (CH), 20.4 (CH2), 17.4 (CH2), 9.2 (CH2), 8.1 (CH2); 

HRMS (ESI-TOF) for C25H27FN5O6S [M]+ : Calcd., 544.1661, Found, 544.1669. 
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 6-(3-((benzyloxy)carbonyl)-1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-1,4-

dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-trifluoroacetate 

(41): Starting from 39 (0.100 g, 0.17 mmol), 41 

(0.090 g, 88%) was isolated as a yellow solid; mp 

= 147-148 C; Rf  (MeOH: DCM = 10:90) = 0.2; 

FT-IR (max, cm-1): 3522 (N-H stretch), 2981 (C-H 

stretch), 1709 (ester C=O stretch), 1610 

(conjugated ketone C=O stretch); 19F NMR (376 

MHz, DMSO-d6): δ -74.2, -122.9; 1H NMR (400 MHz, DMSO-d6): δ 9.16 (d, J = 9.2 Hz, 1H), 

8.55 (d, J = 11.2 Hz, 1H), 8. 50 (s, 1H),  7.58 (d, J = 14.3 Hz, 1H), 7.50 – 7.47 (m, 2H), 7.42 – 

7.37 (m, 2H), 7.35 – 7.31 (m, 1H), 5.31 – 5.24 (m, 2H), 4.02 – 3.97 (m, 2H), 3.90 (br, 1H), 

3.77 (td, J = 10.0, 4.4 Hz, 1H), 3.72 – 3.67 (m, 1H), 3.56 (s, 3H), 3.50 (d, J = 11.3 Hz, 1H), 

3.23 (d, J = 12.4 Hz, 1H), 2.98 (d, J = 10.9 Hz, 1H), 2.68 – 2.62 (m, 1H), 1.84 – 1.66 (m, 4H), 

1.16 – 1.07 (m, 1H), 1.04 – 0.94 (m, 2H), 0.84 – 0.76 (m, 1H); 13C NMR (100 MHz, DMSO-

d6): δ 171.3, 164.3, 151.0, 150. 9, 141.0 (d, J = 26.0 Hz), 136.7, 134.8 (d, J = 42.2 Hz), 133.3, 

128.4, 127.8, 127.6, 120.9 (d, J = 29.7 Hz), 108.5, 107.2 (d, J = 95.5 Hz), 65.2, 61.5, 54.4, 54.1 

(d, J = 12.2 Hz), 51.4 (d, J = 35.8 Hz), 41.8, 40.2, 34.2, 20.6, 17.7, 9.4, 8.4; DEPT-135 NMR 

(100 MHz, DMSO-d6): δ 150.6 (CH), 128.1 (CH), 127.5 (CH), 127.4 (CH), 106.9 (CH), 64.9 

(CH2), 61.2 (CH3), 54.1 (CH), 53.8 (CH2), 51.1 (CH2), 41.5 (CH2), 33.9 (CH), 20.4 (CH2), 17.4 

(CH2), 9.2 (CH2), 8.1 (CH2); HRMS (ESI-TOF) for C28H31FN3O4 [M]+ : Calcd., 492.2293, 

Found, 492.2297.  

 

6-(1-cyclopropyl-6-fluoro-8-methoxy-4-oxo-3-((thiazol-5-ylmethoxy)carbonyl)-1,4-

dihydroquinolin-7-yl)octahydro-1H-pyrrolo[3,4-b]pyridin-1-ium 2,2,2-trifluoroacetate 

(42): Starting from 40 (0.100 g, 0.16 mmol), 42 

(0.090 g, 88%) was isolated as a yellow solid; mp 

= 188-189 C; Rf (MeOH: DCM = 10:90) = 0.2; 

FT-IR (max, cm-1): 2952 (C-H stretch), 1716 (ester 

C=O stretch), 1686 (conjugated ketone C=O 

stretch), 1617 (N-H stretch); 19F NMR (376 MHz, 

DMSO-d6): δ -74.3, -122.8; 1H NMR (400 MHz, DMSO-d6): δ 9.18 – 9.12 (m, 2H), 8.53 – 

8.48 (m, 2H), 8.02 (s, 1H), 7.54 (d, J = 14.3 Hz, 1H), 5.49 (s, 2H), 4.01 – 3.97 (m, 2H), 3.89 

(br, 1H), 3.76 (td, J = 9.9, 4.3 Hz, 1H), 3.71 – 3.66 (m, 1H), 3.55 (s, 3H), 3.49 (d, J = 11.2 Hz, 
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1H), 3.23 (d, J = 14.3 Hz, 1H), 2.98 (q, J = 10.8 Hz, 1H), 2.67 – 2.64 (m, 1H), 1.84 – 1.66 (m, 

4H), 1.15 – 1.07 (m, 1H), 1.03 – 0.93 (m, 2H), 0.83 – 0.75 (m, 1H); 13C NMR (100 MHz, 

DMSO-d6): δ 171.2, 164.0, 158.4, 158.1, 155.9, 153.4, 151.1, 151.0, 143.7, 141.0 (d, J = 25.8 

Hz), 135.0 (d, J = 41.8 Hz), 133.3, 120.8 (d, J = 30.1 Hz), 115.7, 108.0, 107.2 (d, J = 94.3 Hz), 

61.5, 57.5, 54.4, 54.1 (d, J = 16.0 Hz), 51.4 (d, J = 38.4 Hz), 41.8, 34.2, 20.6, 17.7, 9.4, 8.4;  

DEPT-135 NMR (100 MHz, DMSO-d6): δ 150.8 (CH), 143.4 (CH), 106.9 (CH), 61.3 (CH3), 

57.2 (CH2), 54.2 (CH), 53.9 (CH2), 51.2 (CH2), 41.6 (CH2), 34.0 (CH), 20.4 (CH2), 17.4 (CH2), 

9.2 (CH2), 8.1 (CH2); HRMS (ESI-TOF) for C25H28FN4O4S [M]+ : Calcd., 499.1810, Found, 

499.1816. 

 

2.5.2.D. Synthesis of carbonates 

4-nitrobenzyl (4-nitrophenyl) carbonate (43): A solution of 4-nitrophenyl chloroformate 

(0.987 g, 4.90 mmol) in anhydrous DCM (3 mL) was 

slowly added after 10 min to a stirred solution of 1a (0.5 g, 

3.27 mmol) and Et3N (0.911 mL, 6.53 mmol) in anhydrous 

DCM (6 mL). The reaction mixture was stirred under 

nitrogen atmosphere at RT for 16 h and then partitioned between DCM (20 mL) and water (20 

mL). The organic layer was washed with water (30 mL) and brine (30 mL). The combined 

organic extracts were dried and the solvent was evaporated. The residue was purified by silica 

gel (60-120 mesh) column chromatography using 12% EtOAc/hexane to obtain 43 (0.702 g, 

68%) as a white solid. The analytical data is consistent with the reported literature.23 

4-nitrophenyl ((2-nitrothiazol-5-yl)methyl) carbonate (44): A solution of 4-nitrophenyl 

chloroformate (1.36 g, 6.75 mmol) in anhydrous THF (3 

mL) was slowly added to a stirred solution of 1f (0.901 

g, 5.63 mmol) and pyridine (0.543 mL, 6.75 mmol) in 

anhydrous THF (6 mL) after 20 min at room 

temperature. The reaction mixture was allowed to stir under nitrogen atmosphere at RT for 12 

h and then partitioned between EtOAc (20 mL) and water (20 mL). The organic layer was 

washed with water (30 mL) and brine (30 mL). The combined extracts were dried and the 

solvent was evaporated. The residue was purified by silica gel (60-120 mesh) column 

chromatography using 10% EtOAc/hexane to obtain 44 (0.280 g, 16%) as yellow solid. Rf  

(EtOAc:hexane = 20:80) = 0.5; 1H NMR (400 MHz, CDCl3): δ 8.32 – 8.29 (m, 2H), 7.96 (s, 
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1H), 7.42 – 7.38 (m, 2H), 5.51 (s, 2H). HRMS (ESI-TOF) for C11H7N3O7S [M+H]+ : Calcd., 

326.0083, Found, 326.0078.  

2.5.2.E.  General procedure for synthesis of nitroheterocyclic carbamates of MXF (45-46) 

To a dried two-neck round bottom flask charged with a stir bar and carbonate derivative 43 or 

44 (0.383 mmol) in anhydrous DMF (2 mL), Et3N (0.106 mL, 0.766 mmol) was added. This 

was followed by dropwise addition of a solution of MXF (0.200 g, 0.498 mmol) in anhydrous 

DMF (2 mL). The reaction mixture was left to stir at RT overnight under a positive pressure of 

nitrogen. After completion of the reaction (determined by TLC), the crude product was 

adsorbed onto celite. The resulting filtrate was diluted with water (10 mL), and the aqueous 

layer was extracted with EtOAc (3 × 10 mL). The organic extracts were combined, washed 

with brine (2 × 10 mL), dried over anhydrous Na2SO4, filtered and the filtrate was concentrated 

under reduced pressure. The residue was subjected to purification by column chromatography 

over silica gel (60-120) with 5-10% MeOH/CHCl3 to provide MXF carbamates 45-46 as pure 

products.  

1-cyclopropyl-6-fluoro-8-methoxy-7-(1-(((4-nitrobenzyl)oxy)carbonyl)octahydro-6H-

pyrrolo[3,4-b]pyridin-6-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (45): Starting 

from 43 (0.122 g, 0.383 mmol) and MXF, 45 (0.126 g, 56%) was isolated as a yellow solid; 

mp = 183-184 C; Rf  (EtOAc:hexane = 50:50) = 0.5; FT-IR 

(max, cm-1): 3502 (N-H stretch), 2930 (C-H stretch), 1727 

(ester C=O stretch), 1701 (conjugated ketone C=O stretch), 

1619 (N-H stretch), 1442 (asymmetric NO2 stretch), 1319 

(symmetric NO2 stretch); 19F NMR (376 MHz, CDCl3): δ -

121.0; 1H NMR (400 MHz, CDCl3): δ 14.94 (s, 1H), 8.78 (s, 

1H), 8.23 (d, J = 6.7 Hz, 2H), 7.80 (d, J = 13.8 Hz, 1H), 7.53 (d, J = 8.8 Hz, 2H), 5.27 (s, 2H), 

4.88 (s, 1H), 4.20 – 4.09 (m, 2H), 4.02 – 3.96 (m, 1H), 3.93 (td, J = 10.1, 2.6 Hz, 1H), 3.58 (s, 

3H), 3.29 (s, 1H), 3.02 (s, 1H), 2.38 – 2.30 (m, 1H), 1.89 – 1.82 (m, 2H), 1.60 – 1.50 (m, 2H), 

1.35 – 1.27 (m, 1H), 1.17 – 1.05 (m, 2H), 0.90 – 0.79 (m, 2H); 13C NMR (100 MHz, CDCl3): 

δ 176.9, 167.1, 155.5, 149.9, 147.8, 144.0, 134.5, 128.4, 124.0, 119.1 (d, J = 35.0 Hz), 108.2 

(d, J = 94.7 Hz), 107.9, 66.1, 61.3, 56.5 (d, J = 30.6 Hz), 52.9, 40.5, 39.9, 35.7, 29.8, 25.3, 

10.7, 8.6; DEPT-135 NMR (100 MHz, CDCl3): δ 149.8 (CH), 128.3 (CH), 123.9 (CH), 108.1 

(CH), 66.0 (CH2), 61.2 (CH3), 56.5 (CH2), 52.8 (CH), 40.4 (CH), 39.8 (CH2), 35.6 (CH), 25.1 
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(CH2), 10.6 (CH2), 8.5 (CH2); HRMS (ESI-TOF) for C29H29FN4O8 [M+H]+ : Calcd., 581.2047, 

Found, 581.2051. 

1-cyclopropyl-6-fluoro-8-methoxy-7-(1-(((2-nitrothiazol-5-yl) methoxy) carbonyl) 

octahydro-6H-pyrrolo[3,4-b]pyridin-6-yl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

(46): Starting from 44 (0.124 g, 0.383 mmol) and MXF, 46 

(0.140 g, 62%) was isolated as a yellow solid; mp = 131-132 

C; Rf  (EtOAc:hexane = 50:50) = 0.35; FT-IR (max, cm-1): 

3647 (N-H stretch), 2933 (C-H stretch), 1725 (ester C=O 

stretch), 1701 (conjugated ketone C=O stretch), 1619 (N-H 

stretch), 1439 (asymmetric NO2 stretch), 1319 (symmetric 

NO2 stretch); 19F NMR (376 MHz, CDCl3): δ -121.1; 1H NMR 

(400 MHz, CDCl3): δ 14.93 (s, 1H), 8.78 (s, 1H), 7.84 (s, 1H), 7.79 (d, J = 13.8 Hz, 1H), 5.35 

(d, J = 4.7 Hz, 2H), 4.87 – 4.84 (m, 1H), 4.14 – 4.09 (m, 1H), 4.02 – 3.96 (m, 1H), 3.91 (td, J 

= 10.1, 2.6 Hz, 1H), 3.59 (s, 3H), 3.28 (d, J = 7.9 Hz, 1H), 3.01 (s, 1H), 2.36 – 2.30 (m, 1H), 

1.86 – 1.82 (m, 2H), 1.58 – 1.49 (m, 2H), 1.35 – 1.27 (m, 1H), 1.18 – 1.03 (m, 3H), 0.90 – 0.80 

(m, 2H); 13C NMR (100 MHz, CDCl3): δ 176.9, 167.1, 155.2, 149.9, 142.2, 141.9, 134.5, 119.1 

(d, J = 35.0 Hz), 108.3 (d, J = 94.7 Hz), 107.8, 61.3, 59.1, 56.5 (d, J = 30.6 Hz), 52.9, 40.5, 

40.0, 35.6, 29.8, 25.1, 10.7, 8.6; DEPT-135 NMR (100 MHz, CDCl3): δ 149.9 (CH), 141.9 

(CH), 108.2 (CH), 61.3 (CH3), 58.7 (CH2), 56.5 (CH2), 52.9 (CH), 40.5 (CH), 40.0 (CH2), 35.6 

(CH), 25.1 (CH2), 24.1 (CH2), 10.7 (CH2); HRMS (ESI-TOF) for C26H26FN5O8S [M+H]+ : 

Calcd., 588.1564, Found, 588.1572.  

 4(5)-nitro-1H-imidazole (5):5 Nitric acid (86 mL, 68%, 0.93 mol) was added dropwise to 

imidazole (10 g, 0.15 mol) in a round-bottom flask with a magnetic stir bar over 

an ice bath. The solution was stirred at 0 °C for 10 min. Then, sulphuric acid (41 

mL, 98%, 0.41 mol) was added and further stirred for 30 min over an ice bath. 

The reaction mixture was then refluxed overnight and then allowed to cool down to room 

temperature. The reaction mixture was then cooled down in the fridge and crushed ice was 

added to the solution. The white precipitate formed was filtered and washed with distilled water 

and dried under vacuum to obtain off-white crystals of 5 (2.5 g, 16%). 
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1-methyl-5-nitro-1H-imidazole (7):6 To a stirred solution of 5 (1 g, 8.84 mmol) in 1,4-dioxane 

(15 mL), dimethyl sulfate (1.26 mL, 13.27 mmol) was added. The reaction 

mixture was refluxed for 4 h. The reaction mixture was then concentrated and 

the oily residue was neutralized with a saturated solution of NaHCO3 (15 mL) 

and then extracted with DCM (3 × 25 mL). The organic layers were combined, dried over 

Na2SO4, filtered, and the filtrate was concentrated in vacuo. The residue was purified by silica 

gel (60-120 mesh) column chromatography using 2% MeOH/DCM as an eluant to give 7 

(0.612 g, 54%) as a dark greenish solid.  

Ethyl N-formyl-N-methylglycinate (15):10,14 To a suspension of 12 (3 g, 25.6 mmol) in a 

mixture of EtOH (20 mL) and EtOCHO (12.6 mL), K2CO3 (4 g, 29.4 mmol) 

was added and vigorously stirred at RT overnight. The reaction mixture was 

filtered, filtrate was concentrated, dissolved in a minimum amount of water (3 mL) and then 

extracted with EtOAc (4 × 20 mL). The combined organic layers were dried over Na2SO4, 

filtered and concentrated under reduced pressure to provide 7 (0.612 g, 54%) as a yellow liquid.  

(2-mercapto-1-methyl-1H-imidazol-5-yl)methanol (18):16,17 To a mixture of nBuOH (200 

mL) and AcOH (30 mL), dihydroxyacetone dimer (17) (25 g, 1.38 mol), 

KSCN (40.4 g, 4.16 mol) and methylamine hydrochloride (10.7 g, 3.46 

mol) were added and stirred at 25 °C. After 5 days, water (50 mL) was 

added and the solid was isolated by filtration. The solid  residue was washed with water (125 

mL) and Et2O (125 mL) and dried in vacuum to afford compound 18 (11.9 g, 59%) as a white 

powder.  

 

 (1-methyl-1H-imidazol-5-yl)methanol (19):16,17 The intermediate 18 (8.16 g, 56.62 mmol) 

was added in small portions to a vigorously stirred solution of NaNO2 (160 

mg, 2.32 mmol) in aq. HNO3 (20 mL, 2.4 M) at 0 °C over a period of 1 h. The 

resulting yellow solution was stirred at RT for 2 h. The reaction mixture was 

adjusted to pH 9.0 by adding solid NaHCO3 and evaporated to dryness in vacuum. The residue 

was extracted with hot CHCl3 (3 × 25 mL), dried over anhydrous Na2SO4, filtered, and the 

filtrate was concentrated in vacuo to give compound 19 (1.30 g, 20%) as a pale yellow solid.  
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5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (20):18 To a solution of 

compound 19 (1.32 g, 11.77 mmol) in N,N-DMF (10 mL), imidazole 

(2.40 g, 35.32 mmol) and TBDMSCl (1.95 g, 12.95 mmol) was added. 

The reaction was stirred at RT for 6 h under nitrogen atmosphere, and the 

resulting mixture was poured into water (20 mL) and extracted with DCM (3 × 20 mL). The 

organic layer was dried over anhydrous Na2SO4, concentrated in vacuo, and purified by silica 

gel (60-120 mesh) using 1% EtOAc/hexane as an eluant to yield 20 (0.710 g, 60%) as a yellow 

solid. 

 

2-azido-5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (21):9 nBuLi (1.5 

mL, 3.75 mmol, 2.4 N in hexane) was added dropwise at -78 °C to a 

solution of compound 20 (1 g, 4.42 mmol) in anhydrous THF (10 

mL). TsN3 (0.609 mL, 3.98 mmol) was then added dropwise and the 

reaction was continued stirring at -78 °C for 1 h. The reaction mixture was quenched with aq. 

NH4Cl (15 mL) and extracted with EtOAc water (3 × 20 mL) and the combined organic extracts 

were washed with brine, dried over anhydrous Na2SO4 (2 g), filtered and the filtrate was 

concentrated in vacuo to afford the crude product. The residue was purified by column 

chromatography on silica gel (60-120 mesh) using 2% EtOAc/hexane as an eluant to give 21 

(0.710 g, 60%) as yellow oil.  

 

 (2-azido-1-methyl-1H-imidazol-5-yl)methanol (22):9 The intermediate 21 (0.5 g, 1.87 

mmol) was stirred in 1 N HCl/MeOH (5 mL) at RT for 4 h. The pH of the 

reaction was adjusted to 7.0 by adding a few drops of Et3N. The reaction 

mixture was concentrated and then the crude product was washed with 

Et2O (5 mL) to afford compound 22 (0.225 g, 78%) as a yellow solid.  

 

 (2-amino-1-methyl-1H-imidazol-5-yl)methanol (23):9 The compound 22 (0.220 g, 1.44 

mmol) was dissolved in MeOH (5 mL). Pd/C (10%, 0.022 g) was then 

added and the mixture was hydrogenated under H2 balloon at RT for 3 h. 

After reaction, the catalyst was removed by filtration and the filtrate was 

concentrated in vacuo to provide compound 23 (0.162 g, 89%) as a gray solid.  
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2-nitrothiazole-5-carbaldehyde (25):19,20 To a solution of 24 in fluoroboric acid (48% w/v, 

6.12 mL), NaNO2 (0.538 g, 7.80 mmol) in water (10 mL) was added 

dropwise at 0 °C for 1 h. The resulting solution was then added dropwise 

into a mixture of Cu powder (1.61 g, 25.3 mmol) and 30 % w/v solution of sodium nitrite in 

water (10 mL). The reaction mixture was stirred at RT for 1 h, filtered to remove Cu, and the 

filtrate was extracted with EtOAc (3 × 20 mL). The combined organic extracts were dried over 

anhydrous Na2SO4 and the filtrate was evaporated in vacuum. The residue was purified by 

silica gel (60-120 mesh) column chromatography using 10-12% EtOAc/hexane as an eluant to 

afford 25 (0.990 g, 80%) as a dark reddish solid.  

2.5.3. Purity of prodrugs by HPLC 

Stock solutions (1 mM) of 33-38, 45 and 46 were independently prepared in DMSO. A solution 

of 25 μM of respective prodrug (5 μL, 1 mM stock) was added to 195 μL of ACN and then 

injected (25 μL) in an HPLC instrument attached with a diode-array detector (detection 

wavelength 280 nm). The stationary phase used was C-18 reversed phase column (4.6 mm × 

100 mm, 5 µm). The mobile phase used was 0.1 % HCOOH in H2O:ACN at a flow rate of 0.5 

mL/min with a run time of 18 min starting with 40:60 → 0-4 min, 20:80 → 4-12 min, 40:60 

→ 12-15 min, 40:60 → 15-18 min.  

 

 

 

 

 

 

 

 

Figure 2.16. HPLC trace of 33 
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Figure 2.17. HPLC trace of 34 

 

 

 

 

 

 

 

 

 

Figure 2.18. HPLC trace of 35 
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Figure 2.19. HPLC trace of 36 

 

 

 

 

 

 

 

 

 

Figure 2.20. HPLC trace of 37 
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Figure 2.21. HPLC trace of 38 

 

 

Figure 2.22. HPLC trace of 45 
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Figure 2.23. HPLC trace of 46 

2.5.4. Electrochemical studies by Cyclic voltammetry 

Cyclic voltammetry studies were conducted using a standard three-electrode setup connected 

to a CHI760E electrochemical workstation. Glassy carbon and platinum wire were used as the 

working electrode and counter electrode respectively. Ag/AgCl was used as a reference 

electrode. These experiments were conducted under an atmosphere of argon in anhydrous ACN 

with tetra-butyl ammonium hexafluorophosphate (TBAP; 0.1 M) as supporting electrolyte. 

Stock solutions of compounds 33-38, 45 and 46 (10 mM in DMSO) were prepared, added to 

respective 25 mL volumetric flasks and diluted (20-fold; final conc. 0.5 mM) with electrolyte 

solution. The cyclic voltammograms (CV) were recorded at 20 °C in a potential range between 

-2 V to +2 V at a scan rate of 100 mV/s with 10 sweep segments, 0.001 V sample interval, 2 s 

quiet time and 1 × 10-5 A/V sensitivity. Potentials (V) were calibrated using an internal standard 

Fc/Fc+ redox couple and are reported vs. Ag/AgCl. 

2.5.5. Monitoring the absorbance and fluorescence of MXF by fluorimetry  

A stock solution of MXF (1 mM) was prepared in DMSO. MXF (10 μL, 1 mM stock) was 

diluted with 990 μL of pH 7.4 phosphate buffer (10 mM) in a 1.5 mL eppendorf tube and then 

transferred into a quartz micro-fluorescence cuvette (Hellma, path length 1 cm).  Absorption 

spectra was recorded on a SHIMADZU UV-2600 UV-Vis spectrophotometer. Fluorescence 

spectra (λex = 289 nm and λem = 488 nm) was recorded using a HORIBA Jobin Yvon Fluorolog 

fluorescence spectrophotometer with an excitation and emission slit width of 1 nm.  
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2.5.6. Monitoring the release of MXF upon chemoreduction of prodrugs 

(A)  Sodium dithionite induced chemoreduction of NTR-MXF prodrugs  

A stock solution of sodium dithionite (38.2 mM) was prepared in 15 mL of methanol-water 

(1:1 v/v). A solution of 10 μM of prodrug (2 μL, 1 mM stock) was added to 198 μL of 38.2 

mM Na2S2O4 solution in a 96-well plate. The plate was incubated at 25 ºC inside microplate 

reader (EnSight) with shaking (60 rpm) and the fluorescence response was recorded after 15 

min.  

(B) Zinc/Ammonium formate mediated chemoreduction of prodrugs  

Chemoreduction assays were conducted as previously reported with some modifications.28 A 

stock solution of ammonium formate (3 mM) was prepared in deionised water. The reaction 

samples were prepared by adding 30 μM of ammonium formate (18 μL, 3 mM stock) followed 

by zinc dust (15 mg) to a 2 mL eppendorf tubes containing a solution of 10 μM of prodrugs 

(18 μL, 1 mM stock) in 1764 μL of methanol-water (1:1 v/v). The reaction mixtures were 

incubated at 37 ºC in an Eppendorf thermomixer comfort (800 rpm). Aliquots (250 μL) were 

taken from the reaction mixture after 30 min (or at periodic intervals to monitor the time course 

of MXF release from 37 and 38), and centrifuged (9,391 x g for 2 min). The supernatant (200 

μL) was then carefully transferred to a 96-well plate (Tarson). Reduction of the prodrugs were 

monitored by measurement of fluorescence (λex = 289 nm and λem = 488 nm) using a microplate 

reader (EnSight).  

2.5.7. Kinetics of dithionite-dependent reduction of NTR-MXF prodrugs 

Varying concentrations of sodium dithionite (Na2S2O4; 2.5-7.5 mM) in 15 mL of methanol-

water (1:1 v/v) were independently prepared. Reduction reactions were performed in a 96-well 

microtiter plate by addition of 10 µM of compound (2 µL; 1 mM stock) to 198 μL of Na2S2O4 

solution with a fixed (2.5 mM) or a range of concentrations of dithionite (2.5-7.5 mM). The 

kinetics of dithionite-dependent changes in fluorescence (λex = 289 nm and λem = 488 nm) was 

recorded at 25 ºC for a period of 4 min (frequency of measurement was 1 s) using a microplate 

reader (EnSight).  

2.5.8. Decomposition studies by HPLC 

Stock solutions of 33 (5 mM), 41 (5 mM) and MXF (5 mM) were prepared in DMSO 

independently. The reactions were initiated by adding 30 μM of ammonium formate (18 μL, 3 

mM stock) followed by zinc dust (15 mg) to a 2 mL eppendorf tubes containing a solution of 

10 μM of prodrugs (18 μL, 1 mM stock) in 1764 μL of methanol-water (1:1 v/v). The reaction 
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mixtures were incubated at 37 ºC in an Eppendorf thermomixer comfort (800 rpm). Aliquots 

(250 μL) were taken at designated time points from the reaction mixture and centrifuged (9,391 

x g for 2 min). The supernatant (200 μL) was then injected (25 μL) in an HPLC instrument 

attached with a diode-array detector (detection wavelength 280 nm). The stationary phase used 

was C-18 reversed phase column (4.6 mm × 100 mm, 5 µm). The mobile phase used was 

0.0005 % TFA in ACN:H2O with a run time of 20 min with flow rate of 1 mL/min starting 

with 81:19 → 0-5 min, 80:20 → 5-10 min, 70:30 → 10-12 min, 50:50 → 12-14 min, 30:70 → 

14-16 min, 70:30 → 16-18, 81:19 → 18-20 min and the  reduction of the test compounds were 

analyzed using HPLC by monitoring disappearance of the peak for the test compound.  
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2.6. NMR spectral data 
 

1H NMR spectrum (400 MHz, CDCl3) of 1b 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 1c 
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1H NMR spectrum (400 MHz, CDCl3) of 1d 

 
 

 

1H NMR spectrum (400 MHz, DMSO-d6) of 1e 
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1H NMR spectrum (400 MHz, CDCl3) of 1f 

 

 

1H NMR spectrum (400 MHz, DMSO-d6) of 5 
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1H NMR spectrum (400 MHz, CDCl3) of 7 

 

 

1H NMR spectrum (400 MHz, CDCl3) of 15 
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1H NMR spectrum (400 MHz, DMSO-d6) of 18 

 

 

1H NMR spectrum (400 MHz, CDCl3) of 19 
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1H NMR spectrum (400 MHz, CDCl3) of 20 

 

 

1H NMR spectrum (400 MHz, CDCl3) of 21 
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1H NMR spectrum (400 MHz, CDCl3) of 22 

 

 

1H NMR spectrum (400 MHz, DMSO-d6) of 23 
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1H NMR spectrum (400 MHz, CDCl3) of 25 

 

 

19F NMR spectrum (376 MHz, CDCl3) of 26 
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1H NMR spectrum (400 MHz, CDCl3) of 26 

 
 

19F NMR spectrum (376 MHz, CDCl3) of 27 
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1H NMR spectrum (400 MHz, CDCl3) of 27 

 
 

13C NMR spectrum (100 MHz, CDCl3) of 27 
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19F NMR spectrum (376 MHz, CDCl3) of 28 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 28 

 
 

 



  Chapter 2 

 

 

105 

13C NMR spectrum (100 MHz, CDCl3) of 28 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 28 
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19F NMR spectrum (376 MHz, CDCl3) of 29 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 29 
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13C NMR spectrum (100 MHz, CDCl3) of 29 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 29 
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19F NMR spectrum (376 MHz, CDCl3) of 30 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 30 
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13C NMR spectrum (100 MHz, CDCl3) of 30 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 30 
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19F NMR spectrum (376 MHz, CDCl3) of 31 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 31 
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13C NMR spectrum (100 MHz, CDCl3) of 31 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 31 
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19F NMR spectrum (376 MHz, CDCl3) of 32 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 32 
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13C NMR spectrum (100 MHz, CDCl3) of 32 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 32 
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19F NMR spectrum (376 MHz, CDCl3) of 39 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 39 
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13C NMR spectrum (100 MHz, CDCl3) of 39 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 39 
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19F NMR spectrum (376 MHz, CDCl3) of 40 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 40 
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13C NMR spectrum (100 MHz, CDCl3) of 40 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 40 
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19F NMR spectrum (376 MHz, DMSO-d6) of 33 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 33 
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13C NMR spectrum (100 MHz, DMSO-d6) of 33 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 33 
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19F NMR spectrum (376 MHz, DMSO-d6) of 34 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 34 
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13C NMR spectrum (100 MHz, DMSO-d6) of 34 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 34 
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19F NMR spectrum (376 MHz, DMSO-d6) of 35 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 35 
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13C NMR spectrum (100 MHz, DMSO-d6) of 35 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 35 
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19F NMR spectrum (376 MHz, DMSO-d6) of 36 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 36 
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13C NMR spectrum (100 MHz, DMSO-d6) of 36 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 36 
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19F NMR spectrum (376 MHz, DMSO-d6) of 37 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 37 
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13C NMR spectrum (100 MHz, DMSO-d6) of 37 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 37 
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19F NMR spectrum (376 MHz, DMSO-d6) of 38 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 38 
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13C NMR spectrum (100 MHz, DMSO-d6) of 38 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 38 
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19F NMR spectrum (376 MHz, DMSO-d6) of 41 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 41 
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13C NMR spectrum (100 MHz, DMSO-d6) of 41 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 41 
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19F NMR spectrum (376 MHz, DMSO-d6) of 42 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 42 
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13C NMR spectrum (100 MHz, DMSO-d6) of 42 

 
 

DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 42 
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1H NMR spectrum (400 MHz, CDCl3) of 43 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 44 
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19F NMR spectrum (376 MHz, CDCl3) of 45 

 
 

 
1H NMR spectrum (400 MHz, CDCl3) of 45 
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13C NMR spectrum (100 MHz, CDCl3) of 45 

 
 

 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 45 
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19F NMR spectrum (376 MHz, CDCl3) of 46 

 
 

1H NMR spectrum (400 MHz, CDCl3) of 46 
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13C NMR spectrum (100 MHz, CDCl3) of 46 

 
 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 46 
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2.7. HRMS spectra of final compounds 

 

 HRMS spectrum of 33 

 

HRMS spectrum of 34
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HRMS spectrum of 35 

 

 

HRMS spectrum of 36 
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HRMS spectrum of 37 

 
 

 

HRMS spectrum of 38 
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HRMS spectrum of 41 

 

 

HRMS spectrum of 42 
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HRMS spectrum of 45 

 

 

HRMS spectrum of 46 
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Chapter 3. Nitroreductase (NTR) mediated bioreductive activation of Moxifloxacin 

(MXF) prodrugs  

3.1. Introduction 

Having established that chemical reduction facilitated the release of MXF from nitro-

heterocyclic prodrugs in Chapter 2, we evaluated their substrate specificities towards bacterial 

nitroreductases (NTRs). The minor oxygen-insensitive NTR, NfsB of E. coli is one of the most 

recognized enzyme and is widely used as a model system, largely due to its potential for 

inducible targeted cell/tissue ablation1,2 and gene directed enzyme prodrug therapy (GDEPT) 

for cancer treatment.3–7 It has been exploited in a variety of research areas, including prodrug 

activation for the treatment of leishmaniasis8–12 and cancer,13–16 development of fluorescent 

probes for the detection of hypoxia,17–37 and real-time detection of bacteria.38–40 This enzyme 

has been used in delivery of several reactive species such as NO41,42 and H2S using donor 

molecules.43 Additionally, NTRs have garnered a lot of attention due to their ability to bio-

remediate nitrocompounds,44–47 serve as a biosensor, 48–50 to enhance the efficacy of existing 

antibiotics as prodrug51 and reduce the incidence of resistance.52 A recent piece of compelling 

evidence suggests that the expression of NTR in E.coli conferred resistance to chloramphenicol 

antibiotic.53 Furthermore, the development of aplastic anemia, a rare but serious adverse effect 

of chloramphenicol, has been postulated to emerge as a result of chloramphenicol 

nitroreduction by host-associated bacteria.53,54  

Biochemical screening using purified enzyme revealed that E. coli NfsB catalyzes the 

reduction of nitroaromatic and several nitroheteroaromatic compounds, including nitrofuran, 

nitrothiophene, and nitroimidazole groups. Previously, it has been shown that 1-methyl-2-

nitroimidazole was the optimal substrate in vitro using a panel of fluorophore masked ethers 

and carbamates respectively.28,29 This group was utilized as a favorable prodrug moiety for 

NTR-mediated release of lysine-specific demethylase 1 (LSD1) inhibitor.55 Furthermore, 1-

methyl-2-nitroimidazole was found to be an efficient NTR-labile modular uncaging moiety for 

cyclopropane-tetrazine ligation.56  

Despite the wide popularity of the 1-methyl-2-nitroimidazole bioreductive group, the 

efficiency of NTRs in bioactivation of structurally resembling nonimidazole five-membered 

nitroheterocycles, such as nitrooxazole and nitrothiazole has not yet been systematically 

studied. Owing to the fact that 5-nitrothiazole core conferred antiparasitic,52,57,58 antibacterial 

59,60 and antimycobacterial activity,61–63 there has been a resurgence in interest in the 
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application of nitrothiazole prodrugs. The reduction of the nitro group by bacterial NTR is a 

prerequisite for the mutagenic activity of these prodrugs.44,64 Halicin, a 5-nitrothiazole 

antibiotic, has been identified as a powerful, broad-spectrum bactericidal antibiotic using a 

ground-breaking machine-learning approach. Despite the fact that halicin is not a substrate for 

E. coli NfsA or NfsB, the antibiotic showed antibacterial activity by inducing the expression 

of iron acquisition genes and dissipating cytoplasmic transmembrane potential.65 

Recently, the 2-nitrothiazolyl moiety was used as a bioreductive trigger and has garnered 

significant attention in the development of hypoxia-activated prodrugs (HAPs) to specifically 

target hypoxic tumors.66 Nevertheless, to date, 2-nitrothiazoles have not been reported as a 

substrate for bacterial NTR, including E. coli and mycobacterial NTR. In light of this, attempts 

were made in this chapter to broaden the range of substrates for bacterial NTRs and identify a 

novel substrate with a profile resembling that of the exquisitely selective nitroaryl substrate, 1-

methyl-2-nitroimidazolyl group.  

3.2. Results and discussion  

3.2.1. Enzymatic nitroreduction of prodrugs and evaluation of release of MXF 

First, we tested the feasibility of the E. coli NTR-mediated decomposition of prodrugs by 

measuring the change in fluorescence corresponding to the formation of MXF (Scheme 3.1). 

The prodrugs (10 µM) were intrinsically less fluorescent in the absence of NTR, supporting 

the notion that they are stable in buffer. However, the prodrugs elicited a pronounced 

enhancement in fluorescence to varied degrees after 1 h of incubation with the lowest 

concentration of E. coli NTR (15 nM) under the same conditions (pH 7.4, 37 °C). Owing to the 

higher reactivity than nitrobenzyl tethered prodrug 33, it was expected that nitrothiophene 

prodrug 35 would result in enhanced fluorescence signal. Interestingly, the 2-nitrothiazole 

prodrugs 38 and 46 also displayed the highest increase in fluorescence response similar to 35. 

These results were in line with the results of the chemoreductive study (Figure 3.1). 

Scheme 3.1. Proposed strategy for NTR-dependent bioactivation of prodrugs 
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Figure 3.1. Monitoring the E. coli NTR mediated bioreductive activation of prodrugs by  
fluorescence (λex = 289 nm and λem = 488 nm) after 1 h of incubation with E. coli NTR (15 
nM) and NADH (100 µM) in pH 7.4 phosphate buffer (10 mM) at 37 °C. All the data represent 
mean + SD from three independent experiments performed in triplicate. p values were 
determined using the student’s two-tailed unpaired parametric t-test relative to the NTR 
untreated control. (* p < 0.05, ** p ≤ 0.01,**** p ≤ 0.001 and ns indicate not significant). 

3.2.2. Kinetics of E. coli NTR dependent reductive activation of MXF prodrugs 

To gain a better understanding of the differences in the rate of E. coli NTR catalyzed nitro-

reduction of various prodrugs, reaction progress curves were generated by using a fixed 

concentration of enzyme (15 nM) and NADH (100 µM) with a broad range of substrate 

concentrations and the fluorescence response was measured as a function of time (Figure 3.2). 

We chose a lowest concentration of enzyme adequate enough to catalyse a reaction and 

differentiate the fluorescence response among the substrates during an enzymatic reaction. 

Initial reaction rates were obtained from the linear portion of the experimental progress curves 

(Table 3.1), fitted to the Michaelis-Menten equation, and plotted as a function of initial 

substrate concentration in order to provide kinetic parameters (Table 3.2).   

Table 3.1.  Estimation of linearity from the reaction progress curves of NTR-MXF prodrugs 

 

 

 

Prodrug 33 34 35 36 37 38 45 46 

Linear portion (min) 0-12 0-2 0-2 0-7 0-6 0-0.3 0-12.5 0-0.3 
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Table 3.2.  Comparative analysis of kinetic parameters of NTR-MXF prodrugs  

 

 

 

 

*Initial rates were recorded relative to the rate of NTR-catalyzed nitro-reduction for 37 
under the defined conditions 

Entry Prodrug R Initial rate V 
(µM min-1) 

kcat 
(min-1) 

Km (µM) 
kcat/Km 

(µM-1 min-1) 
Relative 

rate* 

4-nitrophenyl 

1 33 
 

0.15 ± 0.005 10.0 7.28 ± 0.75 1.37 1.9 

5-membered heterocycles with one heteroatom 

2 34  0.54 ± 0.056 36.6 5.98 ± 1.59 6.11 6.8 

3 35  0.77 ± 0.016 51.6 5.08 ± 0.39 10.16 10 

5-membered heterocycles with two heteroatoms 

4 36 
 

0.07 ± 0.005 4.90 9.57 ± 1.57 0.51 0.9 

5 37 
 

0.08 ± 0.003 5.85 9.59 ± 0.87 0.61 1 

6 38  
7.41 ± 0.98 494.3 19.81 ± 5.18 24.95 93 

Carbamates 

7 45 
 

0.045 ± 0.002 3.05 6.66 ± 0.93 0.45 0.6 

8 46 
 

3.28 ± 1.14 218.9 22.5 ± 14.95 9.72 41 
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Figure 3.2. Representative reaction progress curves obtained by monitoring the release 
of MXF (λex = 289 nm and λem = 488 nm) as a function of time from (A) 33, (B) 34, (C) 
35, (D) 36, (E) 37, (F) 38, (G) 45 and (H) 46 using a fluorescence-based assay. The 
reactions were performed with a broad range of substrate concentrations (reported on 
the right of each curve) in the presence of NADH (100 µM) and a fixed concentration 
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of E. coli NTR (15 nM) in phosphate buffer (pH 7.4, 10 mM). The kinetic experiments 
were performed at either 37 ºC (for 33-37 and 45) or 25 ºC (for 38 and 46).  

Kinetic analysis revealed that nitrobenzyl prodrugs 33 and 45 were least preferred by E. 
coli NTR over 5-membered nitro-heterocyclic prodrugs containing one heteroatom, 34 

and 35, and these results were in good agreement with the earlier findings.28,29,55 Despite 

having higher onset reduction potential, 5-nitrothiophenyl MXF ester prodrug (E° = -

0.88 V) exhibited higher kcat and kcat/Km values than 5-nitrofuranyl prodrug (E° = -0.81 

V) (Figure 3.3; Table 3.2, entries 1-3 and 7).  

 

Figure 3.3. Michaelis-Menten analyses demonstrating the nitroreduction of prodrugs 
by E. coli NTR. Values are averages (n = 3, mean + SD). 

A closer inspection of the Michaelis-Menten kinetic curves in Figure 3.4.A leads to two 

significant observations upon substitution of 4-nitrophenyl moiety with a 5-membered 

nitroimidazolyl group. First, the 2-nitroimidazole MXF ester prodrug 37 was least 

preferred by E. coli NTR over other prodrugs, including the nitrobenzyl derivative 33. 

This result is not in agreement with earlier studies, albeit with a different leaving 

group.28,29,55,56 Second, prodrugs 36 and 37 were activated by NTR to a similar extent 

and showed lower kcat/Km values, despite 36 being less reactive than 37 (Figure 3.4.A; 

Table 3.2, entries 1, 4, and 5, respectively). We reckoned that the differential substrate 

specificities could be due to the accessibility of the prodrug to the active site of NTR, 

steric hinderance with the bound FMN or active site residues, nature of the leaving 

group, and ease of enzyme mediated nitroreduction. Surprisingly, 2-nitrothiazole 

prodrugs 38 and 46 were found to be the most favored active substrates for E. coli NTR 

in vitro, as evidenced by their higher Vmax and catalytic efficiency values. The higher 

kcat/Km values of 24.95 µM-1min-1 and 9.72 µM-1min-1  for 38 and 46, respectively, which 
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were 93- and 41- fold more efficient than 37 with a kcat/Km of 0.61 µM-1min-1, clearly 

demonstrate that E. coli NTR had the highest catalytic efficiency for 2-nitrothiazole 

prodrugs (Figure 3.4.B; Table 3.2, entries 6 and 8, respectively).  

 

Figure 3.4. Michaelis-Menten analyses showing the nitroreduction of (A) nitrobenzyl 
versus nitroimidazolyl and (B) 2-nitroimidazolyl versus 2-nitrothiazolyl prodrugs by E. 
coli NTR. Values are averages (n = 3, mean + SD). 

Encouraged by the distinct specificities of 37 and 38 towards NTR, we then examined 

the degree of enzyme-dependent cleavage of these ester-based prodrugs with varied 

concentrations of NTR ranging from 1.875 to 60 nM. Fluorescence studies indicated 

that prodrug 37 responded to NTR far more slowly than was predicted. The reaction 

reached the fluorescence plateau after 10 min, although it was still only partially 

complete, even with a higher concentration (60 nM) of NTR  (Figure 3.5. A-C). On the 

other hand, lower concentrations (3.75 to 15 nM) of NTR promoted an instantaneous 

and complete reduction of 38 to MXF at 25 °C and 37 °C, allowing the reaction progress 

curves to plateau within a minute, even at 25 °C (Figure 3.5. A, D and E). These results 

collectively demonstrated that 2-nitrothiazolyl MXF prodrugs were the superior 

substrates for E. coli NTR among the analogues tested as evident by greater sensitivity 

and quick response kinetics for NTR.  
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Figure 3.5. Comparative NTR-dependent fluorescence response of 37 and 38. (A) 
Structures of 37 and 38. (B) Emission spectra of MXF recorded post-incubation of 37 
(10 μM) for 30 min with various concentrations of NTR (0, 3.75, 7.5, 15, 30 and 60 nM) 
in the presence of NADH (100 µM) in phosphate buffer (10 mM, pH 7.4) at 37 °C. (C) 
Representative reaction progress curves were obtained by monitoring the release of 
MXF as a function of time from 37 using a fluorescence-based assay. (D) Time-
dependent fluorimetric analysis of reaction mixtures containing 38 with or without NTR 
at different concentrations (0, 1.875, 3.75, 7.5 and 15 nM) in the presence of NADH 
(100 µM) in phosphate buffer (pH 7.4, 10 mM) at 25 ºC for 150 s. (E) Time-dependent 
fluorimetric analysis of reaction mixtures containing 38 with a fixed concentration of 
NTR (15 nM) at 25 ºC and 37 ºC in the presence of NADH (100 µM). The generation 
of MXF in the reaction mixtures were monitored at λex = 289 nm and λem = 488 nm. The 
data was smoothed using second order with twenty neighboring points in GraphPad 
Prism 9. 
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3.2.3. Assessment of bioreduction of prodrugs  

To more thoroughly investigate the release of MXF from prodrugs upon enzymatic 

nitro-reduction, fluorescence spectral characteristics were examined in the presence and 

absence of NTR. As seen in (Figure 3.6.A-C), the prodrugs showed almost no 

fluorescence, whereas treatment with NTR after 15 min resulted in a prominent increase 

in fluorescence intensity, indicating the release of MXF. Consistent with the in vitro 
enzyme kinetic findings, prodrugs 38 and 46 showed a prominent fluorescence emission 

peak centered at 488 nm (λex = 289 nm) corresponding to MXF. Furthermore, the 

fluorescence responses of 38 and 46 were respectively 11-fold and 7.5-fold higher than 

those of the prodrug tethered with the 2-nitroimidazole functional group, 37 (4.8 fold). 

To unequivocally confirm the generation of MXF and identify the specific reaction 

products formed upon incubation of prodrugs with NTR, LC-MS analysis was 

performed. 

 

Figure 3.6. Fluorescence spectra before and after incubation of prodrugs (A) 37 (10 µM), (B) 
38 (10 µM) and (C) 46 (10 µM) with E. coli NTR (15 nM) in the presence of NADH (100 
µM) in PB (pH 7.4, 10 mM) at 37 °C. A pronounced enhancement in fluorescence attributable 
to the generation of MXF (λex = 289 nm and λem = 488 nm) was observed from 2-nitrothiazole 
prodrugs when compared to 37. 

Prior to LC-MS analysis, the stability of prodrugs was initially evaluated under buffered 

conditions using HPLC. The prodrugs 38 and 46 alone remained stable during incubation in 

buffer for 2 h at 37 °C (Figure 3.7).  
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Figure 3.7. Stability of 2-nitrothiazole prodrugs in buffer. HPLC traces of stability of (A) 38 
and (B) 46 in pH 7.4 buffer (10 mM) at 37 °C. Area under the curve corresponding to (C) 38 
at 3.6 min and (D) 46 at 10.8 min remaining in buffer after 2 h of incubation (absorbance 280 
nm).  

The enzymatic activation of prodrugs 38 (10 µM) and 46 (10 µM) was next carried out with a 

fixed concentration of enzyme (E. coli; 15 nM) and cofactor (NADH; 100 µM). The prodrugs 

were incubated with NTR at 37 °C. After 30 min of incubation, the reaction mixtures were 

analyzed using LC-MS. The prodrugs underwent bioreduction as anticipated, followed by 

fragmentation to liberate MXF. In line with expectations, the peak corresponding to 38 

(expected, [M+H]+ = 544.1661; observed, [M+H]+ = 544.1664) at 11.7 min completely 

disappeared after being treated with NTR and NADH, demonstrating that the prodrug was, in 

fact, entirely consumed in the reaction. This was followed by the appearance of a second peak 

at 9.3 min in almost quantitative yield with a characteristic LC-MS feature like that of MXF 

(expected, [M+H]+ = 402.1824; observed, [M+H]+ = 402.1826) (Figure 3.8.A).  
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Figure 3.8. E. coli NTR mediated nitro-reduction of 38 resulted in the release of MXF. (A) 
LC/MS analysis showing the disappearance of 38 (left panel) and formation of MXF (right 
panel). Representative extracted ion chromatograms (EIC) are shown. (B-C) Area under the 
curve (AUC) for the peaks corresponding to (B) disappearance of 38 and (C) formation of 
MXF. Ctrl represents enzyme alone. All data presented as means + SD of peak areas for 
extracted ion chromatograms from triplicate experiments. p value was determined by unpaired 
two-tailed student’s t-test analyzed relative to 38 alone. (***; p < 0.001). (D) Positive-ion-
mode mass spectrum of the protonated singly charged [M+1]+ molecular ion of the reaction 
products  38a (top), 38b (middle), and 47 (bottom) formed in the enzymatic reaction of 38 with 
E. coli NTR.  
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Figure 3.9. E. coli NTR mediated nitro-reduction of 46 resulted in the release of MXF. (A) 
LC/MS analysis showing the disappearance of 46 (left panel) and formation of MXF (right 
panel). Representative extracted ion chromatograms (EIC) are shown. (B-C) Area under the 
curve (AUC) for the peaks corresponding to (B) disappearance of 46 and (C) formation of 
MXF. Ctrl represents enzyme alone. All data presented as means + SD of peak areas for 
extracted ion chromatograms from duplicate experiments. p value was determined by unpaired 
two-tailed student’s t-test analyzed relative to 46 alone. (***; p < 0.001). (D) Positive-ion-
mode mass spectrum of the protonated singly charged [M+1]+ molecular ion of the reaction 
products  46a (top), 46b (middle), and 47 (bottom) formed in the enzymatic reaction of 46 with 
E. coli NTR.  

Moreover, LC-MS analysis revealed a good correlation between the consumption of 38 and the 

formation of MXF during the enzymatic reaction (Figure 3.8.B-C). Mass peaks corresponding 

to the hydroxylamino (38a, m/z 530.18) and amino (38b, m/z 514.19) intermediates formed 

during the enzymatic reduction of 38 were detected at very low intensities (Figure 3.8.D). A 

similar observation was made in the case of 46 (Figure 3.9.A-D). The prodrug was readily 

converted to MXF upon treatment with NTR and NADH after 30 min of incubation. The 

consumption of prodrug 46 (96%) and the generation of MXF (71%), however, showed a 

discernible difference (Figure 3.9.B-C). This incongruity could most likely be attributable to 



 Chapter 3 

 

 

159 

the nature of leaving group (carboxylic acid in case of 38 and a secondary amine in case of 46) 

and the degree of fragmentation of intermediates. During the enzymatic biotransformation of 

the ester and carbamate prodrugs of MXF, the final byproduct 2-aminothiazolylmethanol (47, 

m/z 131.03) was found to be a common intermediate (Figure 3.8.D and 3.9.D; bottom panel).  

3.2.4. Mechanism 
On the basis of the existence of the aforementioned intermediates, a mechanism for the 

release of MXF from ester and carbamate prodrugs was proposed (Scheme 3.2 and 3.3). 

The chemoselective reduction of the nitro group in the nitrothiazole motif of 38 

catalyzed by E. coli NTR resulted in the formation of hydroxylamine intermediate 38a. 

Subsequently, this intermediate is reduced to the electron-rich amine intermediate 38b, 

which promotes self-immolation via a 1,5-elimination reaction. This, in turn, inevitably 

leads to trigger detachment and release of MXF and quinone-methide intermediate. The 

latter species produced 2-aminothiazole methanol, 47 with ease when quenched in an 

aqueous solution (Scheme 3.2).  

Scheme 3.2. Plausible mechanism for bioreductive activation of 38  

 

Reductive elimination from 46 can take place in one of two ways. (a) Pathway A: 

Intermediate 46a or 46b can undergo fragmentation in a concerted fashion to afford 

MXF and carbon dioxide after protonation of the amine group. (b) Pathway B: 

Intermediate 46a or 46b can dissociate to produce intermediate 46c or 46d. Subsequent 

protonation of the amine with concomitant decarboxylation afforded MXF and 2-

aminothiazole methanol, 47. As opposed to the carboxylic acid (pKa 6.3) in prodrug 38, 
the existence of secondary amine with a pKaH of 9.3, most likely led to the slower 

fragmentation of intermediate and promoted the formation of MXF from 46 to a lesser 

extent (Scheme 3.3).  
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Scheme 3.3. Plausible mechanism for bioreductive activation of 46 

 

3.2.5. Computational studies  
3.2.5.1. Docking analysis  
Computational studies were then conducted to comprehend the structural basis for the 

distinct differences in the reactivity and kinetic profile of prodrugs towards E. coli NTR.  
The target protein E. coli NTR exists as a homodimer with two identical subunits (chain 

A and B) that form two FMN-binding active sites located at the dimeric interface67 

(Figure 3.10). Owing to the fact that the FMN bound active pocket is formed as a result 

of the intertwining of the two monomers, the entire protein was considered for targeted 

docking. Prior to docking the designed prodrugs, the docking protocol was validated by 

removing the co-crystal bound ligand (FMN) from the chain A of oxidized (E. coli; PDB 

1DS7) NTR and then re-docking into the catalytic binding site. The minimal RMSD 

value (0.001 Å) between the resultant and native conformations of FMN in the chain A 

of E. coli NTR attests to the precision of the docking approach (Figure 3.11.A). The 

resemblance between the experimental and docked structures is illustrated by a 

molecular surface view of the active pocket (Figure 3.11.B). Furthermore, the top-

ranked pose of the docked conformer revealed interactions with the active site residues 
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that were identical to those of the native conformer (Figure 3.11.C and D). Among other 

amino acids, K14, K74, N71, E165, and G166 play a crucial role in the binding of the 

cofactor at the active site. The active conformation of the homodimer is influenced by 

the polar interaction of lysine (K205) and arginine residues (R10 and R207) with the 

phosphate moiety of FMN from the first monomer. The phosphate group of FMN is 

stabilized by R10, S12, N200, K205, S206 and R207 through hydrogen-bond 

interactions. The benzenoid component of FMN makes hydrophobic interactions with 

residues like E165 and P163. The isoalloxazine ring of FMN adopts a butterfly bend 

conformation along the N5-N10 axis. As it has already been seen in the other structurally 

related proteins, the si face is buried, whereas the solvent-accessible re face provides 

the putative binding site for nitroaryl substrates.  

 

 

 

 

 

 

 

Figure 3.10. Structure of E. coli NTR (NfsB, PDB 1DS7). The FMN ligands bound at 
the dimeric interface of both the chains are shown.  

Once the docking protocol was validated, targeted docking was performed using 

AutoDock Vina into the predicted binding site to delineate the role of active site 

architecture in NTR-catalyzed nitro-reduction of prodrugs. This generated twenty 

different docking poses for each prodrug, which were then ranked according to their 

respective binding energies. The prodrugs, in particular, showed predicted binding 

energies that were lower than those of FMN and considerably weaker interactions with 

NTR. As a consequence, the enzyme is easily departed following the reduction of nitro 

functionality in prodrugs. This outcome is primarily determined by the relative rate of 

enzyme mediated nitroreduction and the reduction potential of the prodrug. The top-



 Chapter 3 

 

 

162 

ranked docked poses with the lowest binding energy were chosen for further analysis 

and are shown in Table 3.3. 

 

Figure 3.11. (A) Alignment of the bound and docked conformer of FMN using Ligand 
alignment tool of PyMOL. The RMSD value between the conformations was found to be 0.001 
Å. (B) Molecular surface view of bound and docked pose of FMN at the dimeric interface of 
E. coli NTR (PDB: 1DS7). (C) Cartoon representation of the docked FMN at the active site of 
oxidized NTR of E. coli (PDB: 1DS7). The docked ligands and bound FMN are shown in a 
stick model, and the active site residues are indicated by a 1-letter code. The hydrogen, 
hydrophobic interactions, and salt bridges are drawn as blue, dark gray, and red dotted lines 
respectively and the lengths are indicated. (D) 2D LigPlot representation of the docking 
interaction of E. coli NTR (PDB: 1DS7) with FMN. Receptor residues involved in hydrophobic 
interactions are represented by brick red spoked arcs, hydrogen bonding shown by blue dotted 
lines. Receptor residues involved in H-bonding are colored green. Ligand residues involved in 
H-bonding are shown in red color. 
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Table 3.3.  Comparative analysis of the docking results of NTR-MXF prodrugs against E. coli 
NTR (PDB: 1DS7) 

 

 

 

 

 

Entry 
Ligand/
Prodrug 

R 
Binding affinity 

(kcal/mol) 

Distance (Å) from FMN to 
nitro group 

N5 (FMN) N1 (FMN) 

1 FMN - -10.2 - - 

2 33 
 

-9.2 2.7 3.5 

3 34 
 

-9.7 12.3 10.0 

4 35 
 

-9.3 12.2 9.7 

5 36 
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6 37 
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It is noteworthy that the prodrugs were fitted into the active site close to the FMN 

cofactor, allowing for the reduction of nitro group of the prodrugs. The 2D view of 

interactions of the protein with the generated best poses of the prodrugs is shown in 

Figure 3.12. As clearly depicted in Figure 3.13.A, the nitrobenzyl ester of MXF, 33 is 

stacked above the central ring of the FMN, with N5 being close to the nitro group (2.7 

Å). The nitro group of 33 forms a network of hydrogen bonds with the NfsB residues 

E165, G166, N71, and K74. This enables favorable orientation and spacing for reduction 

of 33 either through hydride transfer or electron transfer.  

 
Figure 3.12. 2D LigPlot representation of docking interaction of E. coli NTR (PDB: 
1DS7) with prodrugs (33-38, 45 and 46). Receptor residues involved in hydrophobic 
interactions are represented by brick red spoked arcs, hydrogen bonding shown by blue 
dotted lines. Receptor residues involved in hydrogen bonding are colored green. Ligand 
residues involved in H-bonding are shown in red color. 

Despite the fact that nitroheterocyclic ester prodrugs were positioned on the re face of 

isoalloxazine ring of FMN, the nitro groups of 34–38 were pointed away from N5 with 

distances ranging from 8.7-16.9 Å (Figure 3.13.B-F). With the nitrobenzyl carbamate 

prodrug 45, a comparable orientation and pose was noted (Figure 3.13.G). Almost the 

nitro group of all the prodrugs forms several hydrogen bonds with amino acid residues, 

including R10, N200, K205, S206, and R207. Additionally, these prodrugs are 
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stabilized by many hydrogen bonds, hydrophobic contacts, and salt bridges with the 

active site residues close to the FMN cofactor. The profound exception to this trend was 

2-nitrothiazolyl carbamate, 46. Contrary to ester prodrug 38, the nitro group in 

carbamate 46 was directed towards N5 of FMN with a distance of 8.7 Å (Figure 3.13.H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Cartoon representation of (A) 33, (B) 34, (C) 35, (D) 36, (E) 37, (F) 38, (G) 45 
and (H) 46 docked at the active site of chain A of E. coli NTR (PDB: 1DS7). The docked 
ligands and bound FMN are shown in a stick model and the active site residues are indicated 
by a 1- letter code. The hydrogen, hydrophobic interactions, π interactions and salt bridges are 
drawn as blue, dark gray, orange, and red dotted lines, respectively, and the lengths are 
indicated.  
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Given that the nitro group is within van der waal’s radii (14 Å) of flavin,75 FMN-mediated 

nitroreduction of 34–38 and 45 could possibly occur via electron transfer coupled to proton 

transfer rather than hydride transfer. It is interesting to note that 2-nitrothiazole prodrugs, 38 

and 46 showed shortest distance (8.7 Å and 9.0 Å respectively) between the nitro group from 

N5 of FMN among the tested prodrugs except 33. Unfortunately, the docking score and the 

interactions generated with the active site residues were not adequate to rationalize the 

discrepancies in the kinetic profiles of the prodrugs. 

3.2.5.2. Molecular dynamics simulations 
To shed light on the notable differences in the kinetic profiles, the top ranked docked 

pose of all the prodrugs (33-38, 45 and 46) with its target (E. coli NTR; PDB 1DS7) 

were used as structural models for running Molecular Dynamics (MD) simulations. 

These studies were performed by Dr. SharathChandra M. (Prof. Jennifer Hirschi Lab, 

University of Binghamton, New York, U.S.A). The models were then reduced without 

constraints after being solvated in a TIP3P water box (Transferable intermolecular 

potential with 3 points, a widely used 3-point water model). The system was brought to 

300K using simulated annealing with a 2 ns equilibration and a 1 fs time step. Using a 

Nosé-Hoover thermostat, the reduced geometries were then put through 50 ns 

production cycles. The overlay of the docked conformations of 33, 37 and 38 from FMN 

in the active site is displayed in Fig 3.14, and the average distance between the nitro 

groups of the prodrugs from FMN cofactor, bound to the same monomer was found to 

be within 6-8 Å.  

 

Figure 3.14. Simulation model showing the overlaid docked conformers of 33, 37 and 
38 from FMN in the active site of E. coli NTR. Data was provided by Dr. 
SharathChandra M. (Prof. Jennifer Hirschi Lab, University of Binghamton, USA). 
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Three possible mechanistic scenarios are illustrated in Scheme 3.4 viz. (1) proton 

transfer (PT) followed by a formal hydride transfer (HT), (2) a formal hydride transfer 

followed by a proton transfer, and (3) two consecutive electron transfer (ET)-proton 

transfer sequences can be envisioned for the reduction of nitro groups by NTR. A direct 

hydride transfer from FMN is improbable, based on the distances discovered through 

the aforementioned molecular dynamics simulations and the literature precedent found 

for CB1954 with other bacterial nitroreductase variations (1YKI and 1IDT).68 

Furthermore, a plausible mechanistic model that involves an electron transfer followed 

by protonation via water is supported by the active site's abundance of water.  

The electron transfer barriers were computed using Marcus theory in order to investigate 

the electron transfer step from FMN.69,70 The estimated electron transfer barriers listed 

in Table 3.4 are in good agreement with the yields measured for E. coli NTR. These 

outcomes are consistent with the findings in related NTR activated prodrugs developed 

by Wilke and colleagues.68 Notably, 2-nitrothiazole ester prodrug 38 has the lowest 

barrier for electron transfer reaction. Compared to 38, the steric effect imposed by 

methyl substituent in 37 might contribute to a higher electron transfer barrier, which 

would likely result in a slower rate of nitroreduction. Conversely, the rate of 

nitroreduction of 2-nitrothiazole carbamate prodrug 46 was comparatively lower than 

that of the ester prodrug, presumably due to a ~1.7-fold higher electron transfer barrier. 

This indubitably demonstrated that the E. coli NTR mediated nitroreduction of 38 is 

more kinetically and thermodynamically feasible than other prodrugs.  

Scheme 3.4. Plausible mechanistic scenarios for the reduction of nitro group by NTR 
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Table 3.4. Comparative analysis of electron transfer barriers with the rate and amount of MXF 

generated from prodrugs 

 

 

 

 

 

Entry Prodrug R Electron transfer 
barrier (kcal/mol) 

% of 
MXF 

Relative 
rate 

1 33 
 

9.6 13 1.9 

2 34 
 

6.7 8 6.8 

3 35 
 

5.9 64 10 

4 37 
 

9.5 7 0.9 

5 38 
 

3.6 86 1 

6 45 
 

13.5 3 93 

7 46 
 

6.4 49 0.6 

 
Taken together, the simulation studies offered emperical evidence behind the superiority 

of 2-nitrothiazole ester prodrug 38 over the carbamate prodrug, 46 as well as other 

nitroaryl prodrugs. These results are in agreement with the experimental findings, 

supporting the outstanding reactivity of 38 towards NTR that favours the rapid and 

complete reduction of the prodrug to generate MXF in a quantitative manner. These 

results motivated us to seek prodrug 38 for further studies. 
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3.2.6. Selectivity of 38 towards NTR 
Next, the selectivity of 38 to NTR was evaluated by determining the changes in 

fluorescence intensity. As clearly illustrated in (Figure 3.15), 38 displayed no significant 

enhancement in fluorescence response in the presence of biologically relevant analytes 

such as thiols (Cys, GSH), saccharides (Glu, Gal), reductants (Vit-C), amino acids (His), 

oxidizing agents (H2O2), esterase enzyme (Es), NADH or NTR alone. However, 38 

uniquely responded to E. coli NTR in the presence of NADH under the same conditions 

and produced an intense fluorescence signal within a minute at 37 °C. 

 

Figure 3.15.  Fluorescence response of 38 (10 μM) to various biological analytes (100 
μM) in phosphate buffer (pH 7.4, 10 mM) after 15 min at 37 ºC. Ctrl = 38 alone; Cys = 
cysteine; GSH = glutathione; Glu = glucose; Gal = galactose; Vit-C = ascorbic acid; 
H2O2 = hydrogen peroxide; Es = esterase 1 U/mL; NADH = reduced nicotinamide 
adenine dinucleotide (100 µM); NTR = E. coli nitroreductase (15 nM). All data are 
presented as means + SD of three independent experiments performed in triplicate.  

3.2.7. E. coli mediated bioreductive activation of prodrugs 

Guided by the impressive selectivity of the 2-nitrothiazolyl group towards NTR, the 

bioreductive ability of  38 was evaluated and compared to other prodrugs in a variety of 

bacterial lysates. Congruent with our invitro enzymatic kinetic findings, 38 exhibited a 

high degree of E. coli lysate dependent conversion into MXF than other prodrugs 

(Figure 3.16.A). A distinct time-dependent strong fluorescence was observed upon 

incubation with E. coli lysate, indicative of MXF generation. As anticipated, 

pretreatment with NTR inhibitor, Dicoumarol (DCOM)71 and heat-inactivation of the 

lysate significantly reduced the fluorescence intensity, underlining its specificity to 

FMN-dependent E. coli NTR (Figure 3.16.B). 
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Figure 3.16.  (A) Bioreductive activation of prodrugs (10 μM) in E. coli ATCC 25922 
lysate (1 mg/mL). All data are presented as means + SD from quadruplicate experiments 
performed in triplicate. p value was determined by the student’s two-tailed unpaired 
parametric t-test relative to 0 h. (** p < 0.01; *** p < 0.001 and ns indicates not 
significant). (B) Monitoring the release of MXF from 38 (10 µM) by measuring 
fluorescence (λex = 289 nm and λem = 488 nm) in lysates (1 mg/mL) of E. coli alone or 
in the presence of various concentrations of NTR inhibitor, dicoumarol (DCOM; 100, 
250 or 500 µM) and heat-inactivated lysates. 

3.2.8. In silico modeling of the interaction of prodrug with Mycobacterial NTRs 
Compared to E. coli, mycobacteria possess several NTRs that rely on canonical flavin 

cofactors, such as FMN or FAD and deazaflavin cofactors. For instance, overexpression 

of NfnB, an FMN-dependent NTR in Mycobacterium smegmatis (M.smegmatis), 

conferred resistance to anti-TB drugs such as dinitrobenzamides (DNBs)72 and 

benzothiazinones (BTZs)72,73 by reducing the more active nitrocompound into 

considerably less active hydroxylamino or amino derivatives. Conversely, another 

recent study indicated that the NfnB-dependent reduction of nitro derivative into 
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potentially active hydroxylamine rendered M.smegmatis sensitive to the nitazoxanide 

prodrug (TP053).74 The nitroreductase activity of NfnB uses both NADH and NADPH 

as physiological electron donors, similar to E. coli NTR. Considering that the FMN-

binding domain of mycobacterial NfnB shares a significant amount of sequence 

similarity (35%) with the E. coli NTR (Figure 3.17),73 we reasoned that mycobacterial 

NfnB-catalyzed nitroreduction of prodrugs could liberate MXF. 

 

Figure 3.17. Sequence alignment of NfsB from E. coli and NfnB from M.smegmatis. 
Alignments were performed using T-coffee and visualized with Jalview. The consensus 
symbols: “*” and “.” under the amino acids indicate identical and semi-conserved 
residues that are highlighted in red and blue color, respectively. The FMN binding 
region shown in bold shared 35% sequence identity.  

In order to validate our hypothesis, 38 was docked using AutoDock Vina into the active site of 

M. smegmatis NfnB (PDB: 2WZW). Molecular docking analysis demonstrated the interaction 

of prodrug into the FMN-bound active site of NfnB. Specifically, the prodrug is positioned on 

the re face of FMN bound at the dimer interface and surrounded by amino acid residues R105, 

S55, R29, and S53 through hydrogen bonds. More crucially, it is conceivable that the presence 

of possible polar interactions between the nitro group of 38 and residues of NfnB, such as A27, 

R25, and R223 contributed to enhanced binding with NTR and facile reduction of the prodrug 

(Figure 3.18). Furthermore, 38 has a higher predicted binding of -10.8 kcal/mol than FMN (-

12.8 kcal/mol), indicating that the 2-nitrothiazolyl moiety favours the quick departure of the 

enzyme following reduction of the prodrug. This was supported by the fact that the average 

distance between nitrogen of the nitro group in 38 and FMN cofactor bound to the same 

monomer was ~6.5 Å (Figure 3.19). 
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Figure 3.18. Predicted binding mode of 38 to FMN cofactor bound M. smegmatis NfnB (A) 
Ribbon model showing the docked pose of 38 to FMN bound chain A of NfnB (PDB: 2WZW). 
(B and C) Close-up view of the catalytic site of M. smegmatis NfnB showing top-ranked 
docked poses of (B) bound FMN and (C) 38 in the presence of bound FMN (cyan) resulting 
from docking simulations. The residues presenting interactions with FMN and 38 are labelled 
by a one-letter code and shown as a stick model. The red and black dashed lines represent polar 
and hydrophobic contacts, respectively, and the lengths are indicated.  

 

Figure 3.19. Simulation model showing the binding interaction of 38 with E. coli NTR. The 
average distance between the nitro group of 38 and FMN is displayed. Data was provided by 
Dr. SharathChandra M. (Prof. Jennifer Hirschi Lab, University of Binghamton, USA). 
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3.2.9. Bioreductive transformation of 38 in mycobacterial lysates 

To substantiate the docking results and demonstrate that a similar conversion prevails 

within mycobacteria, we tested the feasibility of 38 to generate MXF. As expected, 

fluorescence studies confirmed that prodrug 38 underwent a greater degree of M. 
smegmatis (WT) lysate dependent biotransformation into MXF than the other prodrugs 

(Figure 3.20.A). Similar results were also observed in lysates from MshA deletion 

mutants of M. smegmatis (ΔmshA) with defects in mycothiol biosynthesis (Figure 

3.20.B). This suggests that the likelihood of prodrugs being activated in a mycothiol-

dependent manner is low. However, this does not exclude the possibility of an alternate 

route of prodrug activation triggered by F420H2 dependent nitroreductases75 or unusual 

FMN-dependent MsAcg putative NTR76 that does not require NADH/NADPH for 

reductive catalysis. 

 

Figure 3.20. In vitro determination of the generation of MXF by measuring the increase 
in fluorescence (λex = 289 nm and λem = 488 nm) after incubation of prodrugs (10 μM) 
in lysates of (A) wild-type (WT) and (B) MshA deficient (ΔmshA) M. smegmatis (1 
mg/mL). All data are presented as means + SD from quadruplicate experiments 
performed in triplicate. p value was determined by the student’s two-tailed unpaired 
parametric t-test relative to 0 h. (*p < 0.05; ** p < 0.01; *** p < 0.001 and ns indicates 
not significant).  



 Chapter 3 

 

 

174 

The fluorescence signal was significantly diminished when 38 was added to M. 

smegmatis lysate that had already been subjected to treatment with different 

concentrations of DCOM. Furthermore, a marked reduction in the fluorescence signal 

was observed in 38 treated heat-inactivated Msm lysate. These results presented 

evidence of the specificity of the prodrug for FMN-dependent NTRs that are reliant on 

either NADH or NADPH (Figure 3.21).  

 

Figure 3.21. Monitoring the release of MXF from 38 (10 µM) by measuring 
enhancement in fluorescence in lysates (1 mg/mL) of wild-type (WT) and MshA 
deficient (ΔmshA) M. smegmatis alone or in the presence of various concentrations of 
NTR inhibitor, dicoumarol (DCOM; 100 and 250 μM) and heat-inactivated lysates. 

Although, several NTRs have been recognised in Mtb, their precise role in Mtb pathogenesis 

remains unclear. These NTRs probably contribute to combat nitrosative and oxidative stress 

encountered by Mtb inside host macrophage to survive and establish infection.77–80 It has been 

well established that hypoxia is one of the commonly encountered stress by Mtb residing in the 

granulomas of the lungs of TB patients. These hypoxic regions are a privileged reservoir for 

non-replicating Mtb persisters. Under hypoxic stress, these drug-tolerant bacilli strongly induce 

DevR regulon-controlled genes encoding several nitroreductases (NTRs) such as Rv2032, 

Rv3131 and Rv3127.80–84 Because Mtb lacks orthologues of M. smegmatis NfnB, 73 we posited 

that Mtb specific NTR driven reduction of 38 would release MXF. To test this idea, lysates 

from actively replicating and dormant cultures of Mtb were exposed to 38 (25 µM) and the 

fluorescence corresponding to the generation of MXF was monitored. The enhanced 

fluorescence of MXF in Mtb lysates indicated the involvement of Mtb specific NTRs in the 

bioreductive activation of 38 (Figure 3.22). However, further studies are warranted to identify 
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Mtb’s specific NTR and understand their precise role in the putative bioreduction of 38 to MXF 

in Mtb. Nevertheless, these results indisputably provide evidence that 38 served as a substrate 

for nitroreductases of E. coli, M. smegmatis and M. tuberculosis. 

 

Figure 3.22. Monitoring the release of MXF from 38 (25 µM) by measuring enhancement of 
fluorescence (λex = 289 nm and λem = 488 nm) in lysates of replicating (normoxic) and non-
replicating (hypoxic) cultures of Mtb. Data was provided by Dr. Piyali Mukherjee (Prof. Amit 
Singh Lab, IISc Bangalore).  

3.2.10. Stability of 38 in mammalian lysate 

Given that the carboxylester linkage in 38 is prone to hydrolysis, we also tested the stability in 

mammalian lysate owing to higher levels of ubiquitous esterase enzymes. After incubating 38 

(10 µM) in mammalian (A549) lysate at 37 C, the cleavage of the prodrug was evaluated by 

measuring the change in fluorescence intensity over time. As shown in (Figure 3.23.A), no 

discernible increase in fluorescence was seen, indicating the stability of 38. However, a small 

increase in fluorescence was observed only after 4 h of incubation in MEF cell lysate (Figure 

3.23.B). These results suggested that 38 was stable under physiological conditions and 

undergoes exclusive rapid bioreduction in bacteria.  

 
Figure 3.23. Evaluation of the stability of 38 in lysates (1 mg/mL) of mammalian cell line (A) 
A549 (lung-cancer cell line) after 2 h and (B) MEF (mouse embryonic fibroblast) after 4 h by 
measuring fluorescence (λex = 289 nm and λem = 488 nm) corresponding to MXF. 
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3.3. Conclusion 

Numerous investigations have demonstrated the superiority of the 1-methyl-2-nitroimidazole 

group in rapid, and sensitive turn-on fluorescence detection of E. coli NTR. Due to the 

challenges involved in the synthesis of the 1-methyl-2-nitroimidazolyl moiety, efforts towards 

identification of a novel resembling substrates which can be easily synthesized are gaining 

traction. In this chapter, a systematic study was conducted to tune the selectivity and enhance 

the reactivity of substrates toward E. coli NTR. Our investigation revealed that the prodrugs 

tethered with 2-nitrothiazolyl moiety were the optimal substrates with an outstanding 

selectivity to E. coli NTR, which upon enzymatic nitroreduction provided MXF in quantitative 

yield. Compared to the 2-nitroimidazolyl prodrug 37, E. coli NTR promoted an instantaneous 

and complete reduction in the 2-nitrothiazole prodrugs 38 and 46 to MXF. The relative 

sensitivity and superiority of ester prodrug 38 to E. coli NTR over 2-nitrothiazole carbamate 

prodrug is even more striking. Among all the prodrugs, E. coli NTR has demonstrated the 

highest catalytic efficiency with 2-nitrothiazolyl ester prodrug, 38 with a kcat/KM of 24.95 µM-

1min-1. These remarkable experimental findings were also complemented by the docking 

results. Furthermore, the MD simulations indicate that the mechanism of reduction is likely to 

be mediated by electron transfer from FMN followed by proton transfer via water at the active 

site. The lower electron transfer barrier between the bound FMN and prodrug allows the 

efficient and rapid reduction of the nitro group in 38. In agreement with these findings, the 

prodrug 38 showed remarkable stability in mammalian lysates under physiological conditions. 

Furthermore, the prodrug 38 was preferentially activated in a range of lysates derived from 

bacteria such as E. coli, M. smegmatis, and M. tuberculosis. This is a further testament to the 

incredible versatility and specificity of 2-nitrothiazole substrate, 38 towards a variety of 

bacterial NTRs.  
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3.4. Experimental protocols 

3.4.1. General methods 

Stock solutions of MXF (1 mM), compounds 33-38, 45 and 46 (1 mM) were prepared in DMSO 

whereas the stock solutions of E. coli NTR (1 mg/mL) and NADH (5 mM) were prepared in 

phosphate buffer (pH 7.4, 10 mM). Unless otherwise specified, the reaction mixtures were 

prepared in 10 mM pH 7.4 phosphate buffer (PB) and the fluorescence corresponding to MXF 

(λex = 289 nm and λem = 488 nm) was measured using an EnSight Multimode Plate Reader 

(PerkinElmer).  

3.4.2. Investigating the release of MXF from prodrugs using a fluorescence-based assay 

The reactions in the 96-well plate were initiated by the addition of 15 nM E. coli NTR (30 µL; 

0.1 µM) and 100 µM of NADH (4 µL; 5 mM stock) to a solution of 10 µM prodrugs (2 µL, 1 

mM stock) in 164 µL of buffer. The enhancement of the fluorescence signal corresponding to 

the release of MXF relative to the NTR untreated control was recorded at 37 ºC using an 

EnSight microplate reader (PerkinElmer) for 1 h.  

3.4.3. Determination of steady-state apparent kinetic parameters for NTR-mediated 

release of MXF from ester and carbamate derivatives (33-38, 45 and 46) 

Two-fold serial dilutions were prepared from compound stocks (10 mM in DMSO) yielding a 

concentration range of 0 to 4 mM. Kinetic measurements were carried out in a total volume of 

200 µL/well containing 164 µL of buffer, 100 µM of NADH (4 µL; 5 mM stock) with varying 

substrate concentrations ranged from 0 µM - 40 µM (2 µL; 0 to 4 mM stock). The final DMSO 

concentration was 1%. Reactions were initiated by the addition of 15 nM E. coli NTR (30 µL; 

0.1 µM stock) with a multichannel pipette. The control wells contained only substrates with or 

without either NADH or NTR. Fluorescence attributable to the formation of MXF was 

followed using a microplate reader in a 96-well plate format. The following parameters were 

used for fluorescence measurement: Readings were collected from the top at every 37 s interval 

for a period of 40 min (for prodrugs 33-37 and 45 at 37 ºC) or at every 1 s interval for a period 

of 4 min (for prodrugs 38 and 46 at 25 ºC) with 15 flashes per well and a focus height adjusted 

to 9.5 mm. The background fluorescence was subtracted for each time point from the total 

fluorescence signal to obtain corrected relative fluorescence intensity (RFI) values. Next, the 

change in fluorescence (ΔF, RFI/min) upon addition of enzyme was obtained by subtracting 

the fluorescence signal in the absence of enzyme (Fo) of the varying concentrations of 

substrates for given time points from the total fluorescence signal (F). The change in 
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fluorescence (ΔF) vs. time was plotted. The standard curve of MXF was generated by plotting 

the corrected RFI values vs. concentration (Figure 3.23). The slope and intercept were 

determined using linear regression (R2 = 0.99) and used to calculate the amount of MXF 

formed. The RFI/min was converted into µM/min of MXF produced from various 

concentrations of substrates using eq. 1.  

                                      µM/min = !"	(%"&/()*)	–	-*./01/2.	(3.4.1607/)
3892/	9:	3.4.		1607/	(%"&/;<)                               …eq. 1	

Linear regression analysis was performed to determine the initial reaction rates by taking the 

slope during the linear stage of the resulting curves of varying concentrations of substrates 

using OriginPro 8.5.1. These initial reaction velocities were replotted against substrate 

concentrations and kinetic parameters (Vmax, Km, and kcat/Km) for each concentration were 

calculated by nonlinear regression using the GraphPad Prism 9 (GraphPad Software, San 

Diego, California USA) according to the Michaelis-Menten equation (eq. 2). All data are 

shown as mean ± standard deviation for three biological replicates.  

																																															) = =!"#	[3]
@!A[3]

                                                     …eq. 2 

 

Figure 3.24. Calibration curve for MXF in pH 7.4 phosphate buffer (10 mM) at 37 ºC. 

3.4.4. Monitoring the release of MXF from 37  

(a) Fluorimetry studies 

To an eppendorf tube (1.5 mL) containing 10 µM solution of 37 (10 µL, 1 mM stock) in 870 

µL of buffer, 100 µM of NADH (20 µL, 5 mM stock) and varied concentrations of NTR ranged 

from 0 to 60 nM (100 µL, 0 to 0.6 µM stock) were added. Control reactions containing only 

37 or lacking NADH or NTR were also carried out. These reaction mixtures were transferred 

to a quartz micro-fluorescence cuvette (Hellma, path length 1 cm) after incubation at 37 ºC on 
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an Eppendorf thermomixer comfort (700 rpm) for 30 min. The fluorescence measurements 

were performed using a HORIBA Jobin Yvon Fluorolog fluorescence spectrophotometer with 

an excitation and emission slit width of 1 nm.  

(b) Fluorescence-based analysis 

A similar experiment as mentioned above was carried out in a 96-well plate to monitor the 

enzyme catalyzed reaction of 37 with different concentrations of NTR. The reaction mixture 

either contained only 10 µM of 37 (2 µL, 1 mM stock) or 10 µM of 37 (2 µL, 1 mM stock), 

100 µM of NADH (4 µL, 5 mM stock) with varied concentrations of NTR ranged from 0 to 60 

nM (30 µL, 0 to 0.4 µM stock) in 164 µL of buffer. The reactions were incubated at 37 ºC, and 

the progression of the NTR-dependent reaction was assessed by change in fluorescence over 

time using a microplate reader (EnSight) with readings collected from the top at every 30 s 

intervals for a period of 60 min with the same parameters as stated earlier in Section 3.4.3.  

3.4.5. Time- and concentration-dependent kinetics of 38 with NTR 

The reaction mixture contained 10 µM of 38 (10 µL, 1 mM stock), with or without 100 µM of 

NADH (20 µL, 5 mM stock) in 870 µL of buffer were independently added to a clean 1 mL 

micro-fluorescence cuvette (Hellma, path length 1 cm). The cuvette was placed in the 

fluorescence instrument with slow stirring condition by a magnetic stirrer equipped with the 

instrument (at t = 0 s). The fluorescence response was continuously recorded at an λem = 488 

nm (λex = 289 nm) either at 25 ºC or 37 ºC on a Fluoromax-4 spectrophotometer (Jobin Yvon 

Edison) following addition of NTR ranged from 0 to 15 nM (100 µL, 0 to 0.15 µM stock) at (t 

= 50 s) for 150 s. The time-axis was normalized according to eq. 3 and fluorescence intensity 

vs. time was plotted.  

                                                            t = t – 50                                                              …eq. 3 

3.4.6. Assessing the selectivity of 38 

Stock solutions of porcine liver esterase (50 U/mL), GSH (10 mM), Cys (10 mM), vitamin-C 

(10 mM), glucose (10 mM), galactose (10 mM), histidine (10 mM), and H2O2 (30%, 10 mM) 

in phosphate buffer were prepared independently from commercial sources. In a typical 

reaction, 10 µM of 38 (2 µL, 1 mM stock), 100 µM of NADH (4 µL, 5 mM stock), and 15 nM 

of NTR (30 µL; 0.1 µM stock) were added to 164 µL of buffer. Similarly, a reaction mixture 

of 10 µM of 38 (2 µL, 1 mM stock) and 100 µM of various analytes (2 µL, 10 mM stock) was 

prepared in 196 µL of buffer. In a separate experiment, the reaction mixture was prepared by 

adding compound 10 µM of 38 (2 µL, 1 mM stock) along with 1 U/mL esterase (4 µL, 50 
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U/mL stock) in 194 µL of buffer. The reaction mixtures were incubated for 1 min at 37 ºC, and 

then fluorescence response was recorded using a microplate reader (EnSight).  

3.4.7. Stability assessment of 38 and 46 by HPLC 

A stock solution of 38 and 46 (2.5 mM) was prepared independently in DMSO. In a typical 

reaction, the compound 38 or 46 (5 μL, final conc. 25 μM) was added to 495 μL of PB (pH 7.4, 

10 mM).  Reaction mixtures were incubated at 37 ºC on an Eppendorf thermomixer comfort 

(800 rpm). Aliquots were taken at determined time points (0 h and 2 h), and injected (25 μL) 

in an HPLC instrument attached with a diode-array detector (detection wavelength 280 nm). 

The stationary phase used was C-18 reversed phase column (4.6 mm × 250 mm, 5 μm). The 

mobile phase used was 0.1% HCOOH in H2O:ACN at a flow rate of 0.5 mL/min with a run 

time of 18 min, starting with 40:60 → 0-4 min, 20:80 → 4-12 min, 40:60 → 12-15 min, 40:60 

→ 15-18 min. 

3.4.8. LC-MS analysis of NTR-dependent decomposition of 38 and 46 

The reaction mixture was prepared by adding compound 20 µM of 38 or 46 (10 µL, 2 mM 

stock) to a solution of 100 µM NADH (20 µL, 5 mM stock), and 15 nM of NTR (150 µL; 0.1 

µM) in 820 µL of buffer. The reaction samples containing only prodrug (38 or 46) or MXF 

served as reference controls, while the reaction mixture with NADH and NTR was used as a 

blank. The reaction mixtures were incubated at 37 ºC on an Eppendorf thermomixer comfort 

(700 rpm) for 30 min. An aliquot (100 μL) was withdrawn from the reaction mixtures and 

centrifuged (9,391 x g) at RT for 5 min. The supernatants (100 μL) were carefully sampled, 

diluted with ACN (100 μL), and assessed thereafter by LC/MS. All measurements were done 

using a LC-MS method in the positive ion mode using a high resolution multiple reaction 

monitoring (MRM-HR) analysis on a Sciex X500R quadrupole time-of flight (QTOF) mass 

spectrometer fitted with an Exion UHPLC system using a Kinetex 2.6 mm hydrophilic 

interaction liquid chromatography (HILIC) column with 100 Å particle size, 150 mm length, 

and 3 mm internal diameter (Phenomenex). Nitrogen was the nebulizer gas, with the nebulizer 

pressure set at 50 psi. MS was calibrated in positive mode and samples were injected (50 μL) 

and analyzed with the following parameters: Mode: Electrospray ionization (ESI), ion source 

gas 1 = 40 psi, ion source gas 2 = 50 psi, curtain gas = 30, CAD gas = 7, spray voltage = 5500 

V and temperature = 500 °C. The MRM-HR mass spectrometry parameters are as follows: 

MXF (Q1, M + H+) = 402.18, 38 (Q2, M + H+) = 544.17 or 46 (Q2, M + H+) = 588.16, 38a 

(Q3, M + H+) = 514.19 and 46a (Q3, M + H+) = 574.18, 38b (Q4, M + H+) = 530.19 and 46b 
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(Q4, M + H+) = 558.18, 47 (Q5, M + H+) = 131.03, declustering potential = 80 V, declustering 

potential spread = 20 V, collision energy = 10 V, collision exit potential = 5 V and 

accumulation time = 0.24 s. The LC runs were for 30 min with a gradient of 100% solvent A 

(0.1% HCOOH in milliQ water) for 5 min, a linear gradient of solvent B (ACN, 0% to 100%) 

for 25 min followed by 100% solvent A for 5 min all at a flow rate of 0.5 mL per min. 

3.4.9. Sequence alignment 

The sequences of NfsB (E. coli; UniProtKB ID: P38489) and NfnB (M. smegmatis; UniProtKB 

ID: A0R6D0) were obtained from Uniprot database. The unweighted sequence alignments 

between NfsB and NfnB from E. coli and M. smegmatis were performed using T-coffee, a web-

server maintained by the European Bioinformatics Institute website (https://www.ebi.ac.uk) 

using the default settings and displayed using Jalview. The sequence name indicates the 

organism of origin, the Uniprot code, and the numbers indicate the amino acid residues 

displayed. The consensus symbols: ‘*’, ‘:’ and “.” under the amino acids indicate identical, 

conserved, and semi-conserved residues respectively. 

3.4.10. In silico molecular docking studies 

The structures of compounds (33-38, 45, and 46) were built with standard bond length and 

angles using ChemDraw and then energy minimized with Chem3D using the integrated MM2 

energy minimization script. The X-ray crystal structures of FMN-bound oxidized E. coli NTR 

(PDB ID: 1DS7; resolution = 2.0 Å), and FMN-bound M. smegmatis NfnB (PDB ID: 2WZW; 

resolution = 1.8 Å) were retrieved from PDB. The protein and ligand PDBQT files were 

prepared using AutoDock Tools 1.5.6 (ADT) following the standard protocol. The following 

docking parameters of FMN-bound active sites were employed for (a) E. coli NTR (PDB ID: 

1DS7): grid box (9.52 × 9.52 × 9.52 Å3) at the coordinates (x = 18.533, y = -32.728, z = 48.114); 

(c) M. smegmatis NfnB (PDB ID: 2WZW): grid box (9.6 × 9.6 × 9.6 Å3) at the coordinates (x 

= -14.253, y = -81.909, z = -25.468) with default settings: exhaustiveness = 24, energy range 

= 3 kcal/mol and number of modes = 20. The best-scored docking pose with the lowest binding 

energy was selected for analysis and figures were visualized using PyMOL (The PyMOL 

Molecular Graphics System, Version 2.0 Schrödinger, LLC). LigPLOT+ was used to depict 

the 2D interactions of the ligand and the protein.  

 

 

https://www.ebi.ac.uk/
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3.4.11. In situ detection of MXF generated from prodrugs in bacterial lysates (E. coli, WT 

and mshA M. smegmatis) using fluorescence-based assay 

E. coli ATCC 25922 was grown in LB media at 37 °C in a rotary shaker for overnight. M. 

smegmatis mc2155 bacteria was grown with agitation of 180 rpm in Middlebrook 7H9 broth 

media supplemented with glycerol (0.2%), and tween-80 (0.1%) at 37 °C for 24 h. The 

bacterial cells were harvested by centrifugation at 2486 x g (10 min for E. coli; 15 min for M. 

smegmatis) at 4 ºC. The bacterial pellets were washed twice with PBS buffer (1X, pH 7.4), 

resuspended in PBS (1X, 2 mL), and transferred to a microcentrifuge tube. The cells were 

lysed by sonication using (130 W ultrasonic processor, VX 130W) stepped microtip for 2 

minutes pulse on time (with 5 s ON and 10 s OFF pulse, 60% amplitude, 20 kHz frequency 

for E. coli) or 5 minutes pulse on time (with 3 s ON and 3 s OFF pulse, 60% amplitude, 20 

kHz frequency for M. smegmatis) under ice cold conditions. The total protein concentration 

of the whole cell lysate was determined by Bradford assay using bovine serum albumin (BSA) 

and further adjusted to 1 mg/mL with PBS (1X). The reactions were conducted by treatment 

of 10 µM of various prodrugs (5 µL, 1 mM stock) with 495 µL of E. coli or M. smegmatis 

lysate (1 mg/mL) at 37 ºC on an Eppendorf thermomixer comfort (800 rpm). An aliquot (100 

µL) was taken after 1 h or 2 h of incubation (for prodrugs 33-38, 45 and 46) or at 

predetermined time points (for prodrug 38), transferred to a 96-well microplate, and 

fluorescence for the release of MXF was recorded using a microplate reader (EnSight). A 

similar protocol was followed to determine the specificity of 38 toward E. coli and M. 

smegmatis NTR by treatment of 485 µL bacterial lysate with varying amounts of NTR 

inhibitor, DCOM ranging from 100 to 500 µM (10 µL, 5 to 25 mM stocks) for 10 min prior 

to the addition of 10 µM of 38 (5 µL, 1 mM stock). Furthermore, a control experiment was 

performed by incubating 38 in heat-inactivated bacterial lysates. These lysates were prepared 

by heating the bacterial lysates at 90 ºC for 45 min on an Eppendorf Thermomixer comfort 

(800 rpm) followed by cooling down to 37 ºC.  

3.4.12. Assessing the stability of 38 in mammalian cellular lysate by fluorescence 

MEF cells were grown in culture flask in complete DMEM medium supplemented with 5% 

FBS (fetal bovine serum) and 1% antibiotic solution in an atmosphere of 5% CO2 at 37 ºC. 

When the cells were 70% confluent, old media was removed and the cells were washed with 

PBS buffer (1x). The cells were then detached by trypsinization, subsequently resuspended 

in PBS (1x) and transferred to a microcentrifuge tube. The cells were lysed by sonication 

using (130 W ultrasonic processor, VX 130W) stepped microtip for 2 minutes (with 5 s ON 
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and 10 s OFF pulse, 60% amplitude) under ice cold conditions. The total protein 

concentration of the whole cell lysate was determined by Bradford assay and further adjusted 

to 1 mg/mL with PBS (1x). The stability of 1e was assessed by treatment of 10 µM of 1e (5 

µL, 1 mM stock) with 495 µL of whole cell lysate in PBS (pH 7.4, 10 mM) at 37 ºC on an 

Eppendorf Thermomixer comfort (800 rpm). At predetermined time points, aliquots (100 µL) 

were transferred to a 96-well microplate and the fluorescence was recorded using a microplate 

reader (EnSight).  
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Chapter 4: Evaluation of Antibacterial and Antimycobacterial activity of NTR-MXF 

prodrugs 

4.1. Introduction 

As described in the previous chapters, a focussed library of nitroheterocyclic esters and 

carbamates of MXF were synthesized and then their ability to generate MXF under chemo- 

and bio-reductive conditions in Chapter 2 and Chapter 3 respectively was investigated. 

Detailed analysis showed that one of the analogues 38 was efficiently activated by bacterial 

NTR to produce MXF quantitatively. Herein, the antibacterial activity of prodrugs, including 

38 against gram-positive and gram-negative bacteria as well as mycobacteria was evaluated.  

4.2. Results and discussion 

4.2.1. In vitro antibacterial activity 

The antibacterial activity of NTR-MXF prodrugs were assessed against S. aureus ATCC 

29213 (gram-positive) and E. coli ATCC 25922 (gram-negative) by our collaborator 

Dr. Sidharth Chopra Lab, CSIR-CDRI, Lucknow. Although the prodrugs 33-38, 45 and 

46 (Table 4.1) differ only in nature of bioreductive functional group, they exhibit 

different antibacterial activities. Among the prodrugs evaluated, 38 was remarkably 

active and exhibited significant potency (MIC, 0.09 µM) against E. coli and S. aureus, 

comparable to that of MXF (MIC of 0.078 µM against S. aureus and 0.039 µM against 

E. coli), parent FQ (Table 4.1, entries 1 and 7) presumably due to higher amount of 

MXF release triggered by bacterial NTR as shown earlier in Chapter 3. Furthermore, 38 

showed a significant reduction in bacterial burden of E. coli in a neutropenic thigh 

infection murine model similar to MXF (Figure 4.1). 
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Figure 4.1. In vivo efficacy of 38 (10 mg/kg) against E.coli ATCC 25922 in a 

neutropenic murine thigh infection model. MXF (10 mg/kg)  was used as a reference 

compound while Ctrl is untreated mice. Statistical significance was established with 

respect to Ctrl (***p < 0.001). Data was provided by Dr. Sidharth Chopra Lab, CSIR-

CDRI, Lucknow. 

4.2.2. In vitro antimycobacterial activity 

4.2.2.1. Against M. smegmatis mc2155 
These prodrugs were evaluated against Mycobacterium smegmatis (Msm), a rapidly 

growing mycobacterial species using resazurin reduction microplate assay (REMA). 
REMA is a reliable colorimetric method used to test the drug susceptibility for 

mycobacteria. The cellular metabolic activity was assessed by the reduction of oxidized 

non-fluorescent blue resazurin to a highly fluorescent pink colored resorufin (Scheme 

4.1).1 The presence of blue color indicate an absence of bacterial growth, while the pink 

color show resazurin reduction as a result of bacterial growth and metabolism. As 

expected, MXF (MIC = 0.25 µM) was effective against Msm (Table 4.1, entry 1). Of 

those tested, prodrugs 38 again displayed potent activity against Msm equivalent to 

MXF (MIC = 0.25 µM) (Figure 4.2, Figure 4.3 and Table 4.1, entries 2-7).  

Scheme 4.1. Reduction of Resazurin 
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Table 4.1. Antibacterial activity of MXF prodrugs against E. coli, S. aureus and M. smegmatis 

 

 

 

 

 

Entry Prodrug/ 
Drug, 
MIC 
(µM) 

R S. aureus 
(ATCC 
29213)* 

E. coli 
(ATCC 
25922) * 

M. smegmatis 
mc2155 

    1 
 

MXF - 0.078 0.039 0.25 

2 33 
 

6.1 3.0 4 

3 34 
 

1.5 0.39 2 

4 35 
 

3.0 1.5 4 

5 36 
 

24.4 6.1 4 

6 37 
 

1.5 1.5 2 

7 38 
 

0.09 0.09 0.25 

8 45 
 

3.4 13 - 

9 46 
 

0.05 0.85 0.5 

*Data was provided by Dr. Sidharth Chopra Lab, CSIR-CDRI, Lucknow 
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Figure 4.2.  Minimum inhibitory concentrations (MIC) of 38 and MXF against Mycobacterium 
smegmatis (mc2155; Msm) determined by Resazurin reduction microplate assay (REMA)  

 

Figure 4.3.  Minimum inhibitory concentrations (MIC) of prodrugs (A) 33 and 34, (B) 35 and 
37, and (C) 36 and 46 against Mycobacterium smegmatis (mc2155; Msm) determined by 
Resazurin reduction microplate assay (REMA) 
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4.2.2.2. Against M. tuberculosis H37Rv 

With the results from Msm study in hand, the prodrugs were then evaluated against pathogen 

Mtb H37Rv. The data was provided by Prof. Amit Singh, IISc Bangalore. The prodrugs 38 and 

46 (MIC = 0.25 µM) exhibited remarkable potent anti-mycobacterial activity equivalent to 

MXF (MIC = 0.25 µM) against drug-susceptible Mtb (Table 4.2, entries 1, 7 and 11). 

Furthermore, these prodrugs were more potent than other prodrugs (Table 4.2, entries 2-11).  

Interestingly, N-boc protected counterparts lacked activity, likely as a result of reduced 

permeability into bacterial cells or due to poor engagement with its targets (DNA gyrase or 

topoisomerase IV) (Table 4.3). 

Table 4.2. Antimycobacterial activity of prodrugs against Mtb 

Entry Prodrug/Drug MIC (µM), 
M.tuberculosis H37Rv 

1 MXF 0.25 

2 33 2 

3 34 8 

4 35 2-8 

6 37 1 

7 38 0.25 

8 41 1 

9 42 2-8 

10 45 >8 

11 46 0.25 

*Data was provided by Prof. Amit Singh Lab, IISc, Bangalore 
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Table 4.3. Antimycobacterial activity of N-boc protected MXF derivatives against Mtb 

 

Entry Prodrug/Drug R MIC (µM),  
M.tuberculosis H37Rv 

1 26 H >8 

2 27 
 

>8 

3 28 
 

>8 

4 29 
 

>8 

5 31 
 

>8 

6 32 
 

>8 

*Data was provided by Prof. Amit Singh Lab, IISc, Bangalore 

The cytotoxicity studies of prodrugs were then examined in VERO cells. The prodrugs 37 and 

38 exhibited a better selective index than the tested compounds (Table 4.4). Although both the 

prodrugs were better tolerated by mammalian cells, the prodrug 38 demonstrated more potent 

antibacterial and antimycobacterial activity than 37 and 46 (Table 4.1, entries 6-7 and Table 

4.4, entries 5-6 and 8). This encouraged us to pursue prodrug 38 for further studies. The prodrug 

38 demonstrated significant anti-mycobacterial activity similar to MXF against patient derived 

clinical isolates of Mtb (MDR = multidrug-resistant and XDR = extensively drug-resistant) 

resistant to first- and second-line anti-TB drugs (Table 4.5).  
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Table 4.4. Selective indices of MXF prodrugs 

Entry Prodrug/Drug aCC50 bMIC90 cSelective Index (SI) 

1 MXF 20 0.109 183 

2 33 40 1.30 30 

3 34 10 5.12 2 

4 35 40 1.31-5.25 8-30 

5 37 40 0.65 61 

6 38 10 0.16 62 

7 45 80 4.64 17 

8 46 5 0.14 36 

aCC50 (µg/mL) = cytotoxic concentration 50% against monkey (Vero cells); bMIC90 (µg/mL) 

= minimum concentration required to inhibit 90% of Mtb growth; cSI = CC50/ MIC90; a,bData 

was provided by Dr. Sidharth Chopra, CSIR-CDRI, Lucknow and Prof. Amit Singh, IISc 

Bangalore respectively. 

Table 4.5. MIC of MXF and 38 against drug resistant clinical isolates of Mtb 

Entry 

 

M. tuberculosis strains 

MIC (µM) 

MXF 38 

1 aMDR BND320 0.25 0.125 

2  

bXDR 

Jal1934 0.25 0.25 

3 Jal2261 0.25 0.25 

4 MYC431 0.25 0.25 

aMultidrug-resistant (MDR) and bExtensively drug-resistant (XDR) strains of Mtb; Data was 

provided by Prof. Amit Singh, IISc Bangalore) 
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Time-kill analysis indicated that the prodrug 38 was bactericidal and significantly reduced 

viable bacteria of Mtb at 5x MIC comparable to MXF (Figure 4.4).  

 
Figure 4.4. Bacterial survival kinetics after treatment of THP-1 macrophages infected with 
Mtb H37Rv at 5x MIC of 38 and MXF. Data was provided by Prof. Amit Singh, IISc 
Bangalore. 

The efficacy of 38 against dormant Mtb was evaluated against non-replicating Mtb in 
Wayne hypoxia dormancy model. Hypoxic Mtb cells were challenged with MXF and 
38 at 10x MIC and the viability of cells were evaluated by hypoxia resazurin reduction 
assay (HyRRA) and CFU enumeration (Figure 4.5.A-B). Interestingly, the non-
replicating Mtb cells were highly tolerant to INH (Isoniazid, first-line drug) and MXF 

but were rather more susceptible to 38, MXF prodrug. Collectively, prodrug 38 
exhibited potent antimycobacterial activity against non-replicating Mtb while retaining 
mycobactericidal activity similar to MXF against replicating Mtb.  

 
Figure 4.5.  Bactericidal activity of 38 against non-replicating Mtb. (A) Mycobactericidal 
effect of MXF and 38 at indicated concentrations (10x MIC) on hypoxia-adapted Mtb bacilli 
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based on visual hypoxia resazurin reduction assay (HyRRA). Isoniazid (INH, 10 µM) and 
Metronidazole (MZ, 10 mM) served as a negative and positive control respectively. The pink 
colour in the tube indicates cell viability under hypoxia while blue colour indicates no growth. 
(B) Survival of Mtb under hypoxia was measured as log10 of colony-forming units (CFU) after 
treatment with 10x MIC of MFX and 38 for 5 days. Data represent at least three independent 
experiments performed in triplicate. Error bars represent standard deviation from the mean. 
Statistical significance was established relative to untreated bacteria control (Ctrl) using 
unpaired t-test with welch’s correction student’s (** p ≤ 0.01,*** p ≤ 0.001 and ns indicate not 
significant).  

4.2.3. Plausible mechanisms behind the enhanced efficacy of 38 
Because 38 is a prodrug of MXF, we posited that NTR triggered decomposition of prodrug 

would exert the antibacterial activity as a result of the inhibition of DNA gyrase by the released 

active antibiotic MXF. We examined the antibacterial activity of 38 and MXF against FQ-

resistant clinical isolates of E.coli (Table 4.6).  

Table 4.6. MIC of MXF and 38 against FQ-sensitive and resistant strains of E. coli 

Entry E.coli 
MIC (µM)* 

MXF 38 

1 ATCC 25922 0.039 0.09 

2 NR 17661 73 >97 

3 NR 48983 73 >97 

4 NR 51487 73 >97 

(Data was provided by Dr. Sidharth Chopra, CSIR-CDRI, Lucknow) 

As anticipated, mutants (NR 17661, NR 48983 and NR 51487) challenged with 38 displayed 

a particularly high MIC value as compared to the wild-type strain (ATCC 25922) similar to 

MXF (Table 4.6, entries 1-4). These results indicate that 38 and MXF operate through a 

common mode of action.  

Despite the fact that these studies unequivocally show that the prodrug behaves identical to 

MXF against replicating Mtb, these findings do not provide an explanation underlying the 

enhanced lethality of 38 over MXF in non-replicating Mtb. As mentioned earlier, the presence 

of lipid enriched thickened cell wall is one of the important factors that contributes to the 
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reduced permeation of MXF in non-replicating Mtb.2–4 Given that the prodrug 38 (clogP = 

1.05) is more lipophilic than MXF (clogP = -0.49), the prodrug could augment the efficacy of 

MXF by increasing its intracellular concentration in non-replicating Mtb. Therefore, studies 

were conducted to quantitate the intracellular concentrations of MXF and 38. 

4.2.4. Accumulation studies 

Radiolabelled and fluorescence-based compounds are often used to detect and quantify the 

intracellular concentration of the compounds within bacteria.5–12 The intrinsic fluorescence of 

fluoroquinolones has frequently been used as a surrogate to measure the cellular internalization 

of clinically relevant quinolone antibiotics into bacteria.5,13,14 Initially, we chose to optimize 

spectrofluorimetric based permeability study using  E. coli as a model organism.  

4.2.4.1. Fluorescence based accumulation studies 
Infact, Pandeya and co-workers relied on the fluorescence emission intensity of FQ to 
quantify the uptake and subcellular distribution of the drug by gram-negative bacteria.14 

A preliminary fluorescence-based accumulation assay was performed with MXF (5 
µM). After incubation of E. coli ATCC 25922 at 37 °C for 15 min with MXF, the drug-
treated bacteria were centrifuged through silicone oil. This silicone oil method 
eliminates the need for numerous washes to remove the extracellular compound and 
results in a greater signal of the compound. After centrifugation, the resulting bacterial 
pellets were resuspended in pH 3.0 glycine-HCl buffer and lysed by sonication to afford 
whole-cell lysates. To evaluate the relative distribution of MXF in the periplasmic and 
cytoplasmic compartments of E. coli cells, the drug-treated bacterial pellets collected 
above were subjected to osmotic shock. After centrifugation, supernatant with the 
periplasmic fraction was carefully separated from the bacterial pellet. The cell pellet 
enriched with the cytoplasmic component was resuspended in glycine-HCl buffer and 
lysed. The fluorescence intensity of MXF (λex = 289 nm and λem = 488 nm) was recorded 
in all the collected fractions, and then the amount of accumulated drug was quantified 
by using a calibration curve (Figure 4.6 and 4.7).  

Strikingly, MXF accumulated in periplasm, cytoplasm and whole cell fractions of E. 
coli. It was found that the fluorescence intensity corresponding to MXF in the 
periplasmic compartment was higher than in the cytoplasmic and whole-cell 

components. This observation suggested that MXF accumulated in the periplasm at a 
higher concentration (Figure 4.7). This false positive result could originate either from 
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possible non-specific binding of MXF to uncharacterized periplasmic proteins or from 

leakage of MXF from the cytoplasmic compartment during osmotic shock. These 

findings are again congruent with the outcomes obtained by Pandeya and coworkers.14 

 
Figure 4.6. Emission spectra of MXF (excited at 289 nm) in (A) periplasmic, (B) 
cytosolic fractions and (C) whole-cell fractions lysates of E. coli ATCC 25922 
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Furthermore, MXF accumulated in the cytoplasmic and whole-cell fractions to a similar 

extent, albeit to a lesser degree in the whole-cell lysate. However, all drug-treated 

samples showed a marked alteration in the emission spectra of MXF (Figure 4.6). This 

may be due to an interference from background fluorescence from the media and/or 

bacterial autofluorescence, among other things. This prompted us to utilize LC-MS/MS, 

a more popular and straightforward technique, to measure the intracellular accumulation 

of MXF. Moreover, this method has advantages over fluorimetry for detecting 

intracellular levels of drug, even at nanomolar or picomolar concentrations. 

 

Figure 4.7. Calibration curve for MXF (λex = 289 nm and λem = 488 nm) in periplasmic, 
cytoplasmic fractions and whole cell lysate of E. coli in pH 3.0 glycine-HCl buffer (0.1 
M) 

4.2.4.2. LC-MS/MS based accumulation studies 
4.2.4.2.A. Drug uptake studies in E.coli ATCC 25922 
Owing to the high degree of sensitivity to detect compounds at low concentrations, a 

liquid chromatography coupled tandem mass spectrometry (LC-MS/MS) was used to 

directly quantify intracellular accumulation of MXF and 38 within bacteria. A schematic 

diagram of the assay is shown in Figure 4.8. During optimization of the assay, several 

factors were taken into account. Some of these factors include compound concentration, 

incubation time to achieve steady-state accumulation, and cell lysis method.  
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Figure 4.8. Schematic workflow for LC-MS/MS based accumulation assay in E. coli 

Initial pilot studies with E. coli ATCC 25922 were conducted to optimize the 

concentration and incubation time with MXF to avoid complications due to bactericidal 

effects. Following a protocol highlighted in a recent study by Hergenrother’s group, 

exponentially growing E. coli were incubated at 37 °C in pH 7.4 PBS (1x) with MXF at 

a final concentration of 50 µM for 10 min.11,15 This incubation time period is sufficient 

to achieve steady-state concentrations of many fluoroquinolones, including MXF.13,14 

PBS was used as the preferred medium for the assay to eliminate the possibility of 

bacterial growth during incubation with MXF. A significant reduction in bacterial 

viability was observed, likely as a result of the rapid bactericidal effect of MXF (Figure 

4.9). The assay was modified and bacteria were incubated with a 10-fold lower 

concentration of MXF (5 µM). At this concentration, bacteria maintained the cell 

viability of 80% relative to DMSO treated sample (Figure 4.9). Finally, a concentration 

of 5 µM and incubation time of 10 min with MXF and its prodrug 38 was used for the 

accumulation studies. Another FQ, Ciprofloxacin (CIP; 5 µM) served as a positive 

control in this study.  
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Figure 4.9. Optimization of the concentration of MXF at (A) 50 µM and (B) 5 µM with 
E. coli ATCC 25922 to ensure bacterial cell viability during incubation  

After incubation of the bacteria with the test compound in PBS, the bacterial pellets 
were centrifuged through silicone oil to remove the unbound drug. Bacteria were lysed 
by sonication under ice-cold conditions. The compound was extracted from the resultant 
whole cell lysate, and the intracellular concentration (nM) was determined using a 
standard curve generated for the test compound by LC-MS/MS. These values were 
multiplied with the volume of the bacterial lysate (mL) to obtain accumulation values 
(nmol), normalized with the entire bacterial population (1010 CFUs), and then reported 
as drug accumulation (nmol/1010 CFUs). Three MRM transitions (one quantifier and 
two qualifiers) for each analyte were monitored in in pH 7.4 PBS (1x) on a Sciex X500R 
quadrupole time-of flight (QTOF) mass spectrometer in a positive ion mode (Figure 
4.10 and Table 4.7). The analyte peak area of the quantifier transition was correlated 
with the standard concentration of the analyte to construct a linear calibration curve to 
accurately quantify the intracellular concentration of the compound of interest (Figure 
4.11).  
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Figure 4.10. Structures of parent and fragment ions of (A) CIP and (B) MXF 

Table 4.7. MRM transitions for the compounds used in the accumulation assay 

Entry Compound ESI polarity Parent ion (m/z) Fragment ion (m/z) 
1 CIP Positive 332.14 314.19 (Quantifier) 

288.15 (Qualifier) 

2 MXF Positive 402.18 384.17 (Quantifier) 
358.19 (Qualifier) 
364.16 (Qualifier) 

3 38 Positive 544.17 402.18 (Quantifier) 
384.17 (Quantifier) 
358.19 (Qualifier) 
364.16 (Qualifier) 
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Figure 4.11. (A) Structures of analytes (CIP, MXF and 38) used in the accumulation 
assay. Optimization of LC-MS/MS conditions for the detection of CIP, MXF and 38 in 
pH 7.4 PBS (1x). The (B, E, and H) MS1 and (C, F, and I) MS2 signals for CIP, MXF 
and 38 are shown, respectively. The calibration curve was constructed by monitoring 
the transition of (D) CIP (m/z 332.14 → 314.13), (G) MXF (m/z 402.18 → 384.17) and 
(J) 38 (m/z 544.17 → m/z 384.17).  
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Compared to fluorescence-based assay, E. coli accumulated MXF (m/z 402.18 → 

384.17) at 3.8-fold higher intracellular concentration than CIP (m/z 332.14 → 314.19) 

under these conditions (Figure 4.12). This could probably be due to differences in the 

outer membrane permeability between strains of the same bacteria (MG1655 in the 

study and ATCC 25922 in our study). Treatment of E. coli with 38 led to enhanced 

accumulation of the parent FQ antibiotic, MXF. Under these conditions, only the MRM 

transition was observed at m/z 544.16 → 384.17 (characteristic quantifier ion of MXF) 

for 38. Furthermore, no evidence of the prodrug 38 peak at m/z 544.16 was found. This 

suggested that the prodrug was efficiently converted to the parent antibiotic, MXF by 

bacterial NTR following internalization of the compound into E. coli. In contrast to 

direct treatment with MXF, treatment of E. coli with 38 showed a considerable increase 

(4.5 fold) in the intracellular accumulation of MXF generated from the prodrug (Figure 

4.12). Overall, these results indicated that the use of prodrug 38 led to an increased 

accumulation of MXF. However, the higher accumulation of the prodrug did not lead to 

any appreciable decrease in MIC (0.09 µM) of 38 as compared to MXF (0.039 µM). 

This suggest that a steady state concentration is necessary for efficient engagement or 

inhibition of the target within the bacteria and above this threshold, differenes in 

efficacy may not be seen.  

 

Figure 4.12. Whole cell intracellular accumulation of drug in E. coli  

4.2.4.2.B. Drug uptake studies in Mtb H37Rv 
Next, accumulation of MXF and 38 in mycobacteria was studied using a similar protocol 

(Figure 4.13). 
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Figure 4.13. Schematic workflow for LC-MS based accumulation assay in replicating 
and non-replicating Mtb 

Due to the differences observed in the permeability barrier observed among bacteria (E. 
coli vs. Mtb), a number of factors including compound concentration, incubation time, 
and matrix effects were initially optimized for the drug penetration assay in 
mycobacteria. Prior studies have shown that FQs have achieved steady-state 
accumulation in Mtb within minutes following drug exposure.3,16,17 Another study 
showed that the accumulation of FQs is rapid and reaches equilibrium within 30 min of 

exposure.3 Hence, an incubation period of 30 min was used for this study.  

It is well known that matrix effects can adversely affect the LC-MS parameters (limit 
of detection, accuracy, and linearity) of the analyte.18,19 Next, we assessed the effects of 
various matrices, such as PBS and Mtb lysate on the signal of MXF. Although the 
absolute concentration of MXF in both the tested samples remained the same, a decrease 
in the response of MXF was observed with Mtb lysate, more likely as a result of ion 
suppression (Figure 4.14). Therefore, blank untreated Mtb lysates were prepared, and 
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treated with different concentrations of MXF or 38 to construct calibration curves 

(Figure 4.15 and 4.16). These were then used to quantitate the intracellular concentration 
of analyte. 

 

Figure 4.14. Suppressive effect of Mtb lysate on MXF signal  

 

Figure 4.15. (A) Representative extracted ion chromatograms (EIC) and (B) standard 
calibration curve obtained with different concentrations of MXF (m/z 402.18) 
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Figure 4.16. (A) Representative extracted ion chromatograms (EIC) and (B) standard 
calibration curve obtained with different concentrations of 38 (m/z 544.17) 

Following a validated protocol mentioned earlier, exponentially growing and non-
replicating hypoxic Mtb were incubated at 37 °C in pH 7.4 PBS (1x) with either MXF 

or 38 at a final concentration of 5 µM. After incubation (30 min) of the bacteria with 
test compound, the replicating and non-replicating bacterial pellets were centrifuged 
through silicone oil and then lysed through bead beating. The compounds were extracted 
from the resultant whole cell clarified lysates using PBS-MeOH and filtered through a 
3 kDa Amicon® centrifugal filter. The intracellular concentrations (nM) were 
determined by LC-MS using a standard calibration curve, and then converted into 
accumulation values (nmol) by multiplying with the volume of lysate (mL) used for the 
assay. These values were normalized with the bacterial count (108 CFUs) and are 
represented as drug accumulation (nmol/108 CFUs).  

Compared to replicating bacilli, a marked reduction in the intracellular accumulation of 
MXF was observed in hypoxic non-replicating cultures of Mtb (Figure 4.17). This 
observation is consistent with previous reports of diminished permeation of MXF in 
nutrient-starved non-replicating cultures of Mtb.3 Exposure of replicating and non-
replicating Mtb with 38 again led to the formation of MXF (m/z 544.16 → 402.18). 
Again, there was no evidence of intact prodrug under these conditions, suggesting that 
38 was converted into MXF following permeation into Mtb. There was a marked 
difference in the intracellular amounts of MXF (m/z 402.18) in replicating and non-
replicating Mtb treated with 38 (Figure 4.18.A-B). In accordance with the earlier results, 

accumulation of MXF from the prodrug was much lower in hypoxic Mtb compared to 
the replicative state. In contrast to the findings in E. coli (Figure 4.12), intracellular 
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concentrations of MXF in MXF and 38 treated replicating bacteria were comparable 
(Figure 4.18.A). The accumulation values of MXF from the prodrug were, however, 
found to be higher than those from the MXF alone in hypoxic non-replicating Mtb 
(Figure 4.18.B).  

 

Figure 4.17. LC-MS analysis of intracellular concentration of MXF (m/z 402.18) in 
replicating and non-replicating cultures of Mtb following incubation with MXF (5 µM) 
for 30 min.  

 
Figure 4.18. LC-MS analysis of intracellular concentration of MXF (m/z 402.18) in (A) 
replicating and (B) non-replicating cultures of Mtb following incubation for 30 min with 
a fixed concentration (5 µM) of MXF and 38. Statistical significance was established 
relative to MXF treated sample using an unpaired t-test (*** p ≤ 0.001 and ns indicate 
not significant). 

Overall, LC-MS/MS based studies demonstrated the increased intracellular 
accumulation of MXF from the prodrug as compared to MXF alone, and this could 
contribute to enhanced potency in the non-replicating Mtb model. 
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4.3. Conclusion 

The activity of the prodrugs were evaluated against gram-positive, gram-negative, and 

mycobacteria. Our analysis showed that one of the analogues, 2-nitrothiazole prodrug 38 

exhibited potent antibacterial activity that was comparable to MXF against gram-positive and 

gram-negative bacteria in both cellular and animal models. The prodrug displayed 

antimycobacterial activity equivalent to MXF against drug-susceptible and drug-resistant 

strains of Mtb. Furthermore, our results demonstrated that 38 had superior inhibitory activity 

against non-replicating Mtb when compared with MXF. LC-MS based studies further 

supported that the enhanced efficacy could be due to increased intracellular accumulation of 

38. Together, we employed a prodrug strategy to enhance the potency of a clinical drug against 

non-replicating Mtb while retaining the antimycobacterial activity similar to MXF against 

replicating Mtb. This strategy may have a significant therapeutic benefit in the treatment of 

latent TB caused by mycobacterial persisters.  
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4.4. Experimental protocols 

4.4.1.   Determination of Minimum Inhibitory Concentrations (MICs) of prodrugs against 
M. smegmatis 
WT M. smegmatis mc2155 bacteria was grown with agitation (180 rpm) at 37 °C in 

Middlebrook 7H9 broth (Himedia) supplemented with 10% ADS (albumin-dextrose-saline), 

glycerol (0.2%), and tween-80 (0.05%) until exponential phase (OD600 = 0.4-0.8). The MIC 

experiments were performed in Middlebrook 7H9 broth supplemented with 0.2% glycerol and 

10% (v/v) ADS in sterile 96-well flat bottom plates. Briefly, aliquots (100 μL) of Middlebrook 

7H9 broth supplemented with 0.2% glycerol and 10% (v/v) ADS were dispensed into each well 

of a 96-well plate, and serial 2-fold dilutions of each drug were prepared directly in the plate. 

The exponential phase cultures of bacteria (OD600 = 0.4−0.8) were diluted in experimental 

medium. Aliquots (100 μL) of inoculums (approximately 1×106 bacteria/ml, OD600 = 0.006) 

were added into triplicate wells. Growth and sterile controls were also included in the assay. 

7H9 medium was added to all peripheral wells to avoid evaporation. The plate was covered, 

sealed, and incubated at 37 °C under a normal static condition. After 16 h of incubation, 0.02% 

w/v of resazurin solution (30 µL) was added to each well, and the plate was further incubated 

for ~6 h or till the color of the growth well transforms from blue to pink. The intensity of the 

pink colour directly correlates with the extent of bacterial growth and the fluorescence was 

measured in Ensight Multimode Plate Reader (PerkinElmer) in bottom-reading mode with 

excitation wavelength 530 nm and emission wavelength 590 nm and converted as a percentage 

of growth inhibition.  

4.4.2. Fluorimetry-based method to evaluate the intracellular accumulation of 
compounds in E. coli 

An overnight culture (6 mL) of E. coli ATCC 25922 was diluted in fresh LB media (600 mL; 

1:100 dilution) and grown to the mid-exponential phase (OD600 = 0.60-0.65; ~ 2 h) in a shaking 

incubator at 37 °C. Bacteria were harvested by centrifugation (2,486 x g) for 10 min at 4 ºC, 

supernatant was removed, and the pellet was resuspended in PBS to be again centrifuged under 

the same conditions. The pooled pellets were then resuspended in pH 7.4 PBS (1x, 13.5 mL) 

to reach an OD600 = 5. Aliquots of bacterial solution (875 μL) were distributed in 2 mL 

microcentrifuge tubes and equilibrated at 37 ºC in a thermomixer for 5 min prior to incubation 

with compounds. Bacterial viability was measured by enumerating CFUs by serial dilutions 

using a L-spreader on nutrient agar (NA) plates before and after exposure to 

compound/antibiotic. The plates were incubated at 37 ºC for 16 h and CFUs were counted. 
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Unless otherwise stated, accumulation assays were performed at a drug concentration of 5 µM. 

Bacterial samples (875 µL) were either left untreated or treated with DMSO (8.75 µL) or 5 µM 

of MXF (8.75 µL, 0.5 mM stock) in triplicate and incubated with shaking at 180 rpm at 37 ºC. 

An aliquot (800 µL) was removed after 15 min from each reaction and then transferred into a 

2 mL microcentrifuge tube containing silicone oil mix (700 µL; 9:1 AR20/sigma high 

temperature) pre-cooled to -78 ºC. The samples were pelleted by centrifugation (13,000 x g) 

for 4.5 min at RT and then the supernatant was discarded.  

For whole-cell samples, the pellets were resuspended in 1 mL of pH 3.0 glycine-HCl buffer. 

The samples were then directly lysed by sonication using the 130 Watt ultrasonic processor 

(Vx 130W) by stepping a microtip with a 2 min pulse on time (with 3s ON and 3s OFF pulse, 

60% amplitude, 20 kHz frequency) under ice-cold conditions. The cell debris was removed 

through centrifugation at 13,000 x g at RT for 2.5 min. The supernatant was collected and the 

fluorescence emission spectra was then recorded. For fractionated samples, the pellets were 

resuspended in 100 µL of periplasm preparation buffer and incubated at RT for 5 min. The 

samples were subjected to osmotic shock by the addition of 200 µL of ice-cold milliQ water, 

and then the mixture was incubated on ice for 2 min. Next, the samples were centrifuged at 

15,000 x g for 1 min. The supernatant (250 µL) containing periplasmic component was diluted 

to 1 mL with pH 3.0 glycine-HCl buffer, and then the fluorescence emission spectra was 

recorded. The pellet containing the cytoplasmic fraction was resuspended in 1 mL of pH 3.0 

glycine-HCl buffer and then lysed by sonication as described above. The samples were 

centrifuged at 15,000 x g for 2.5 min and the collected supernatant was used to measure the 

fluorescence emission profile at λex = 289 nm. The peak intensity at the corresponding emission 

wavelength (488 nm) was used to construct a standard calibration curve for MXF.  

4.4.3.  LC-MS/MS based accumulation studies in E. coli  

Bacterial samples (875 µL) were prepared in a similar manner as mentioned above. These 

samples were either left untreated or treated with DMSO (8.75 µL) or compounds (8.75 µL of 

CIP or MXF or 38; final conc. 5 µM) in triplicate and incubated with shaking at 180 rpm at 37 

ºC. An aliquot (800 µL) was removed after 10 min from each reaction and then transferred into 

a 2 mL microcentrifuge tube containing silicone oil mix (700 µL; 9:1 AR20/sigma high 

temperature) pre-cooled to -78 ºC. The bacteria were pelleted by centrifugation (13,000 x g) at 

RT for 2 min and the supernatants (oil and aqueous layer containing extracellular compound) 
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were removed by pipetting. Bacilli were then resuspended in sterile PBS (200 µL), transferred 

to a new microcentrifuge tube, and lysed by sonication as described in the previous section. 

The resultant lysate was subjected to centrifugation (13,000 x g for 2 min at RT) and 

supernatant (100 µL) was collected in a new microcentrifuge tube. The bacterial pellet was 

washed with MeOH (50 µL), vortexed (1 min), centrifuged (13,000 x g at RT for 2 min), and 

methanolic wash (100 µL) was added to the previously collected aqueous supernatant. 

Bacterial lysates (150 µL) were further clarified by centrifugation (15,000 x g at RT for 2 min). 

The resultant supernatant (100 µL) was carefully sampled and assessed thereafter by LC-

MS/MS.  

All measurements were made using a LC-MS method in the positive ion mode using high 

resolution multiple reaction monitoring (MRM-HR) analysis on a Sciex X500R quadrupole 

time-of flight (QTOF) mass spectrometer fitted with an Exion UHPLC system using a Kinetex 

2.6 mm hydrophilic interaction liquid chromatography (HILIC) column with 100 Å particle 

size, 150 mm length and 3 mm internal diameter (Phenomenex). Nitrogen was the nebulizer 

gas, with the nebulizer pressure set at 50 psi. Samples were injected (20 μL) and analyzed with 

the following parameters: Mode: Electrospray ionization (ESI), ion source gas 1 = 40 psi, ion 

source gas 2 = 50 psi, curtain gas = 30, CAD gas = 7,  spray voltage = 5500 V and temperature 

= 500 °C. The LC runs of 23 min were performed using a mobile phase of solvent A (0.1% 

HCOOH in milliQ water) and solvent B (ACN) with a gradient starting with 100:0 → 0 min, 

100:0 to 90:10 → 0 - 0.3 min, 90:10 to 90:10 → 0.3 - 3 min, 90:10 to 75:25 → 3 - 9 min, 75:25 

to 75:25 → 9 - 11 min, 75:25 to 50:50 → 11 - 13 min, 50:50 to 10:90 → 13 - 17 min, 10:90 to 

10:90 → 17 - 20 min, 10:90 to 90:10 → 20 - 21 min, 90:10 to 90:10 → 21 - 23 min at a flow 

rate of 0.5 mL per min. The TOF MS/MS parameters are: MXF (Q1, M + H+; m/z = 402.18 to 

Q3, M + H+; m/z = 384.17), 38 (Q1, M + H+; m/z = 544.17 to Q3, M + H+; m/z = 384.17 and 

Q1, M + H+; m/z = 544.17 to Q3, M + H+; m/z = 402.18 ) and CIP (Q1, M + H+; m/z = 332.14 

to Q3, M + H+; m/z = 314.13). Blank untreated cell lysates were extracted using the procedure 

described above and were used to construct calibration curves to quantitate the intracellular 

concentration (nM) of compound/antibiotic in each respective sample. These are reported as 

accumulation values (nmol/CFU) following normalization with CFU/mL of untreated bacteria.  

4.4.4. Evaluation of accumulation of compounds within M. tuberculosis using LC-MS 
Replicating and non-replicating (hypoxic) pellets of Mtb were prepared by Ms. Shalini (Prof. 

Amit Singh lab, IISc Bangalore).  
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(A) For replicating Mtb: The bacterial suspension was aliquoted to different tubes. Drugs 

were added (5 µM) to the tubes and incubated at 37 ºC for 30 min. For CFU enumeration, 

bacterial suspension was collected from control tube, plated on 7H11-OADC agar and 

incubated at 37 °C. After incubation, equal volume of pre-chilled (-80 ºC) silicone oil mix (9:1 

AR20/sigma high temperature) was added to each tube containing the suspension and 

centrifuged at 13000 x g for 5 min. The pellet was collected, suspended in PBS (pH 7.4, 10 

mM) and lysed. The resultant lysate was treated as described above in the section 4.4.3. The 

concentration of compounds were quantified using a LC-MS method in the positive ion mode 

on a Bruker Daltonics ESI-QTOF (Maxis Impact) mass spectrometer connected to a Thermo 

Dionex (Ultimate 3000) micro-LC system. Chromatographic separation was performed on C18 

reverse phase column (4.6 X 150 mm, 2.7 μm; Agilent Poroshell 120) using a mobile phase of 

solvent A (0.1 % HCOOH in milliQ water) and solvent B (ACN) with a run time of 64 min 

and a multistep gradient 95:5 → 0–3 min, 95:5 to 5:95 → 3–50 min, 5:95 to 5:95 → 50–55 

min, 5:95 to 95:5 → 55–64 min at a flow rate of 0.3 mL/min. The TOF MS parameters were 

same as described above in the section 4.4.3.  

(B) For non-replicating Mtb: The above mentioned modified protocol was used to prepare 

Mtb under hypoxic condition. 40 mL (OD600 = 0.1) bacterial culture were added in 50 mL 

conical tubes followed by incubation at 37 °C in shaking condition. Achievement of hypoxia 

was observed as decolorization of methylene blue. The culture were grown till OD600 ~0.6, 

harvested and were treated as above. 
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In previous chapters, the 2-nitrothiazolyl moiety was utilized to mask carboxylic acid as well 

as secondary amine and develop NTR sensitive ester and carbamate prodrugs of MXF (Figure 

5.1.1).  

 

Figure 5.1.1. Scope and utility of 2-nitrothiazolyl moiety as NTR-sensitive bioreductive trigger 

Having established that 2-nitrothiazole group as an improved bioreductive trigger compared to 

1-methyl-2-nitroimidazole and other nitroaryl groups, the scope and utility of this group in 

masking drugs and fluorophores was investigated in this chapter (Figure 5.1.1). Two selective 

strategies to mask carboxylic acid and phenolic compounds as an ester (Chapter 5.1) and an 

ether (Chapter 5.2) based NTR-sensitive caged compounds respectively were considered. 

Chapter 5.1. Design, synthesis and evaluation of Nitroreductase (NTR) activated 
prodrugs of Ciprofloxacin (CIP) 

5.1.1. Introduction 
A detailed experimental and computational analysis in Chapter 2-4 unequivocally 

demonstrated that the 2-nitrothiazole tethered prodrug was more sensitive and underwent 

complete transformation into MXF in the presence of bacterial NTR. Moreover, this prodrug 

showed potent antibacterial and antimycobacterial activity equivalent to MXF. In this chapter, 

2-nitrothiazolyl moiety was further exploited to develop an ester prodrug that would retain 

antibacterial activity similar to another parent FQ antibiotic against gram-positive and gram-
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negative bacteria. This prodrug strategy was employed to design and synthesize nitroreductase 

(NTR) sensitive conjugates of a broad spectrum second generation FQ antibiotic, Ciprofloxacin 

(CIP).1–7 Upon activation by bacterial NTR, the efficient cleavage of the prodrug would liberate 

CIP (Figure 5.1.2).  

 

Figure 5.1.2. Proposed strategy for the release of CIP from ester prodrug 

5.1.2. Results and discussion  
5.1.2.1. Synthesis  
The piperazine ring of CIP was protected using (Boc)2O, and the resulting intermediate 47 was 

coupled with primary alcohols (1a and 1f) in the presence of HBTU to afford esters 48 and 49 
in moderate yields.8 This was followed by N-boc deprotection under acidic conditions to 

provide 50 and 51 (Scheme 5.1.1 and Table 5.1.1).  

Scheme 5.1.1. Synthesis of 50 and 51 
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Table 5.1.1. Synthesis of nitro(hetero)aryl esters of CIP 

Entry R Alcohol Ester % Yield Ester % Yield 

1 

 

1a 48 65 50 92 

2 

 

1f 49 74 51 95 

 

5.1.2.2. E. coli NTR mediated nitroreduction of prodrugs  
Next, the ability of the prodrugs to generate CIP was monitored in the presence of E. coli NTR 

by recording the fluorescence response after 1 h of incubation (Scheme 5.1.2). The 2-

nitrothiazole prodrug 51 displayed highest fluorescence response than 4-nitrobenzyl prodrug 

50 under these conditions (Figure 5.1.3). These results were in agreement with the findings 

shown earlier in Chapter 3, suggesting that 2-nitrothiazole moiety is an optimal substrate for 

E. coli NTR.  

Scheme 5.1.2. Proposed strategy for NTR-mediated bioactivation of prodrugs 

 
 

 

Figure 5.1.3. Monitoring the E. coli NTR mediated bioreductive activation of prodrugs by  
fluorescence (λex = 281 nm and λem = 445 nm) after 1 h of incubation with E. coli NTR (15 
nM) and NADH (100 µM) in pH 7.4 phosphate buffer (10 mM) at 37 °C.  
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5.1.2.3. Bioreductive activation of prodrugs 

The  bioreductive ability of the prodrugs were then assessed in bacterial lysates (E. coli 
and M. smegmatis). A distinct fluorescence signal was observed upon incubation of the 
prodrugs with lysates of E. coli (Figure 5.1.4.A) and M. smegmatis (Figure 5.1.4.B). 
Among the prodrugs, 51 showed the highest fluorescence response, indicating a greater 
degree of biotransformation of the prodrug into CIP. Furthermore, a signifiant reduction 
in the fluorescence response of 51 was observed following pretreatment with 
dicoumarol (DCOM; NTR inhibitor) in bacterial lysates (Figure 5.1.5.A-B). These 
results suggest that the activation of the prodrug is mostly likely mediated by NADH or 
NADPH dependent FMN-dependent NTR. 

 
Figure 5.1.4.  Bioreductive activation of prodrugs (10 μM) after incubation in lysates 
(1 mg/mL) of (A) E.coli ATCC 25922 for 2 h and (B) M.smegmatis mc2155 in 1 h. 
 

 
Figure 5.1.5.  Monitoring the release of CIP from prodrugs (10 μM) after incubation in 
lysates (1 mg/mL) of (A) E. coli ATCC 25922 for 2 h and (B) M. smegmatis mc2155 in 
1 h alone or in the presence of NTR inhibitor, dicoumarol (DCOM; 250 μM).  
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5.1.2.4. Antibacterial activity  

Furthermore, the antibacterial activity of prodrugs were evaluated against S. aureus 

ATCC 29213 and E. coli ATCC 25922 (Table 5.1.2). Data was provided by our 

collaborator Dr. Sidharth Chopra Lab, CSIR-CDRI, Lucknow. Consistent with the 

results described in the previous chapter, 4-nitrobenzyl derivative was less potent and 

exhibited substantially higher MIC than parent antibiotic, CIP. Again, 51 demonstrated 

equipotent antibacterial activity against S. aureus and E. coli comparable to CIP.  

Table 5.1.2. Antibacterial activity of CIP prodrugs against E. coli, and S. aureus 

 
 

Entry 
 

Prodrug/ 
Drug,  

 
R 

MIC (µM) 

S. aureus 
(ATCC 29213)* 

E. coli  
(ATCC 25922)* 

1 
 

CIP - 1.50 0.047 

2 50 
 

55.1 3.44 

3 51 
 

0.85 0.10 

Data was provided by Dr. Sidharth Chopra Lab, CSIR-CDRI, Lucknow 

5.1.3. Conclusion 
The superiority of 2-nitrothiazolyl moiety over other nitro(hetero)aryl functional groups 

towards E. coli NTR was demonstrated in Chapter 3. Our investigation revealed that 2-

nitrothiazolyl tethered CIP prodrug was the optimal substrate for E. coli NTR, which 

upon enzymatic nitroreduction provided CIP in quantitative yield. The prodrug was 

activated in a variety of bacterial lysates, indicating the specificity of the prodrug 

towards bacterial NTRs. These results suggest changing the leaving group from MXF 

(fourth-generation FQ) to CIP (second-generation FQ) in the prodrug has no impact on 

E. coli dependent nitroreduction. The 2-nitrothiazolyl tethered prodrug retained 

antibacterial activity equivalent to CIP against gram-positive and gram-negative 
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bacteria. Overall, these studies strongly indicate that 2-nitrothiazole functional group is 
a promising bioreductive trigger.  
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5.1.4. Experimental protocols 

5.1.4.1. Synthesis and characterization 

Compound 478 was synthesized following previously reported protocols and the analytical data 

for each compound was consistent with reported values.  

5.1.4.1.A. General procedure for synthesis of N-boc protected nitroheterocyclic esters of 

CIP (48-49) 

To a stirred solution of 47, HBTU (1.74 mmol) and DMAP (0.13 mmol) in dry DCM (100 

mL), DIPEA (1.74 mmol) was added. The reaction mixture was stirred for 30 min at RT. The 

resulting solution turned yellow. To this reaction mixture, alcohol was added and heated to 38 

°C for 12 h until the starting material was completely consumed (as monitored by TLC). After 

completion of the reaction, water (100 mL) was added and the aqueous layer was extracted 

with DCM (3 × 100 mL). The organic extracts were combined, washed with brine (2 × 50 mL), 

dried over anhydrous Na2SO4 (2 g), filtered and the filtrate was concentrated under reduced 

pressure. The residue was purified by preparative HPLC using KromasilâC-18 column at 

ambient temperature under the gradient elution with H2O:ACN (20:80, v/v) as mobile phase at 

a flow rate of 12 mL/min to afford pure products (48-49). 

4-nitrobenzyl 7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-fluoro-4-oxo-

1,4-dihydroquinoline-3-carboxylate (48) 

Starting from 47 (0.150 g, 0.34 mmol), 48 (0.130 g, 65%) was obtained as a white solid; mp = 

167-168 °C; Rf (EtOAc:hexane = 70:30) 

= 0.5; 19F NMR (376 MHz, CDCl3): δ –

123.2; 1H NMR (400 MHz, CDCl3) : δ  

8.57 (s, 1H), 8.24 (d, J = 11.0 Hz, 1H), 

8.07 (d, J = 13.1 Hz, 1H), 7.73 (d, J = 8.8 

Hz, 2H), 7.29 (d, J = 7.1 Hz, 1H), 5.48 (s, 2H), 3.67-3.65 (m, 1H), 3.43 (tt, J = 7.1, 4.0 Hz, 

1H), 3.24-3.22 (m, 4H), 1.50 (s, 9H), 1.34 (d, J = 6.5 Hz, 2 H), 1.14 (d, J = 3.5 Hz, 1H). 
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(2-nitrothiazol-5-yl)methyl 7-(4-(tert-butoxycarbonyl)piperazin-1-yl)-1-cyclopropyl-6-

fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (49) 

Starting from 47 (0.150 g, 0.34 mmol), 49 (0.145 g, 74%) was obtained as a yellow solid; mp 

= 135-136 °C; Rf (EtOAc:hexane = 70:30) 

= 0.4; 19F NMR (376 MHz, CDCl3): δ -

122.9; 1H NMR (400 MHz, CDCl3) : δ  

8.56 (s, 2H), 8.02 (d, J = 13.1 Hz, 2H), 

7.91 (s, 2H), 7.29 (s, 1H), 5.55 (s, 2H), 

3.69 – 3.60 (m, 4H), 3.48 – 3.43 (m, 1H), 3.24 – 3.21 (m, 4H), 1.50 (s, 9H), 1.36 (q, J = 6.9 

Hz, 2 H), 1.16 (q, J = 6.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 172.9, 165.8, 165.7, 154.8, 

154.7, 152.4, 149.1, 144.8 (d), 142.1, 142.0, 138.0, 123.2 (d), 113.4 (d), 108.8, 105.2, 80.4, 

58.2, 50.0, 34.9, 28.5, 8.3; DEPT-135 NMR (100 MHz, DMSO-d6): δ 149.0 (CH), 142.0 (CH), 

113.4 (CH), 105.1 (CH), 58.1 (CH2), 50.0 (CH2), 34.8 (CH), 28.4 (CH3), 8.2 (CH2); HRMS 

(ESI-TOF) for C26H28FN5O7S [M+H]+ : Calcd., 574.1771, Found, 574.1768. 

5.1.4.1.B. General procedure for N-boc deprotection of NTR-CIP derivatives (50 and 51) 

To a solution of compound in dry DCM (10 mL), TFA (26.47 mmol) was added dropwise at 0 

°C under nitrogen atmosphere. The resulting reaction mixture was stirred at RT (~ 4-6 h) until 

the starting material had been completely consumed (determined by TLC) and the solvent was 

concentrated in vacuo at ~5 °C . The product was precipitated by diethyl ether on sonication 

and the ether solution was then carefully decanted.  The obtained solid was washed twice with 

diethyl ether, and the ethereal solution was concentrated in vacuo to afford prodrugs 50 and 51 

as pure products.  

4-(1-cyclopropyl-6-fluoro-3-(((4-nitrobenzyl)oxy)carbonyl)-4-oxo-1,4-dihydroquinolin-

7-yl)piperazin-1-ium 2,2,2-trifluoroacetate (50) 

Starting from 48 (150 mg, 0.26 mmol), 50 (113 mg, 92%) was isolated as a white solid; mp = 

121-122 °C; Rf (MeOH:CHCl3 = 10:90) = 0.2; 
19F NMR (400 MHz, DMSO-d6): δ -124.4, -74.2; 
1H NMR (400 MHz, DMSO-d6) : δ  9.04 (s, 2H), 

8.53 (s, 1H), 8.26 (d, J = 8.6 Hz, 2H), 7.84 (d, J 

= 13.2 Hz, 1H), 7.79 (d, J = 8.6 Hz, 2H), 7.49 (d, 

J = 7.3 Hz, 1H), 5.43 (s, 2H), 3.73 – 3.67 (m, 

1H), 3.47 – 3.45 (m, 4H), 3.34 (br, 4H), 1.29 – 1.25 (m, 2H), 1.14 – 1.10 (br, 2H); 13C (100 
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MHz, DMSO-d6): δ 171.6, 164.4, 153.9, 151.3, 148.9, 146.9, 144.6, 142.8 (d), 138.0, 128.1, 

123.5, 122.6 (d), 111.8 (d), 108.6, 106.9, 64.2, 46.6, 42.8, 35.2, 7.7; DEPT-135 NMR (100 

MHz, DMSO-d6): δ 148.8 (CH), 127.9 (CH), 123.2 (CH), 111.6 (CH), 106.6 (CH), 64.2 (CH2), 

46.3 (CH2), 42.5 (CH2), 34.7 (CH), 7.4 (CH2); HRMS (ESI-TOF) for C24H24FN4O5 [M]+ : 

Calcd., 467.1725, Found, 467.1726. 

 

4-(1-cyclopropyl-6-fluoro-3-(((2-nitrothiazol-5-yl)methoxy)carbonyl)-4-oxo-1,4-

dihydroquinolin-7-yl)piperazin-1-ium 2,2,2-trifluoroacetate (51) 

Starting from 49 (150 mg, 0.26 mmol), 51 (118 

mg, 95%) was isolated as a yellow solid; mp = 

171-172 °C; Rf (MeOH:CHCl3 = 10:90) = 0.2; 

19F NMR (400 MHz, DMSO-d6): δ -124.3, -74.7; 

1H NMR (400 MHz, DMSO-d6) : δ  8.95 (s, 2H), 

8.53 (s, 1H), 8.16 (s, 1H), 7.83 (d, J = 13.2 Hz, 

1H), 7.49 (d, J = 7.4 Hz, 1H), 5.57 (s, 2H), 3.72 – 3.67 (m, 1H), 3.49 – 3.42 (m, 4H), 3.33 (s, 

4H), 1.27 (d, J = 5.9 Hz, 2H), 1.14 – 1.09 (m, 2H); 13C (100 MHz, DMSO-d6): δ 171.5, 166.3, 

164.3, 158.5, 158.1, 153.8, 151.3, 149.1, 142.9, 142.8, 141.9, 138.0, 122.5 (d J = 26.2 Hz), 

111.9 (d, J = 89.4 Hz), 107.9, 106.9, 58.0, 46.6, 42.8, 35.1, 7.6; HRMS (ESI-TOF) for 

C21H21FN5O5S [M]+ : Calcd., 474.1242, Found, 474.1246. 

5.1.4.2. General methods 

Stock solutions of CIP (1 mM), compounds 50 and 51 (1 mM) were prepared in DMSO 

whereas the stock solutions of E. coli NTR (1 mg/mL) and NADH (5 mM) were prepared in 

phosphate buffer (pH 7.4, 10 mM). Unless otherwise specified, the reaction mixtures were 

prepared in 10 mM pH 7.4 phosphate buffer (PB) and the fluorescence corresponding to MXF 

(λex = 281 nm and λem = 445 nm) was measured using an EnSight Multimode Plate Reader 

(PerkinElmer).  

5.1.4.3. Investigating the release of CIP from prodrugs using a fluorescence-based assay 

The reactions in the 96-well plate were initiated by the addition of 15 nM E. coli NTR (30 µL; 

0.1 µM) and 100 µM of NADH (4 µL; 5 mM stock) to a solution of 10 µM prodrugs (2 µL, 1 

mM stock) in 164 µL of buffer. The enhancement of the fluorescence signal corresponding to 

the release of CIP relative to the NTR untreated control was recorded at 37 ºC using an EnSight 

microplate reader (PerkinElmer) for 1 h.  
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5.1.4.4. In situ detection of CIP generated from prodrugs in bacterial lysates (E. coli, and 

M. smegmatis) using fluorescence-based assay 
E. coli ATCC 25922 was grown in LB media at 37 °C in a rotary shaker for overnight. M. 

smegmatis mc2155 bacteria was grown with agitation of 180 rpm in Middlebrook 7H9 broth 

media supplemented with glycerol (0.2%), and tween-80 (0.1%) at 37 °C for 24 h. The 

bacterial cells were harvested by centrifugation at 2486 x g (10 min for E. coli; 15 min for M. 

smegmatis) at 4 ºC. The bacterial pellets were washed twice with PBS buffer (1x, pH 7.4), 

resuspended in PBS (1x, 2 mL), and transferred to a microcentrifuge tube. The cells were 

lysed by sonication using (130 W ultrasonic processor, VX 130W) stepped microtip for 2 

minutes pulse on time (with 5 s ON and 10 s OFF pulse, 60% amplitude, 20 kHz frequency 

for E. coli) or 5 minutes pulse on time (with 3 s ON and 3 s OFF pulse, 60% amplitude, 20 

kHz frequency for M. smegmatis) under ice cold conditions. The total protein concentration 

of the whole cell lysate was determined by Bradford assay using bovine serum albumin (BSA) 

and further adjusted to 1 mg/mL with PBS (1x). The reactions were conducted by treatment 

of 10 µM of various prodrugs (5 µL, 1 mM stock) with 495 µL of E. coli or M. smegmatis 

lysate (1 mg/mL) at 37 ºC on an Eppendorf thermomixer comfort (800 rpm). An aliquot (100 

µL) was taken after 1 h or 2 h of incubation (for prodrugs 50 and 51), transferred to a 96-well 

microplate, and fluorescence for the release of CIP was recorded using a microplate reader 

(EnSight). A similar protocol was followed to determine the specificity of 51 toward E. coli 

and M. smegmatis NTR by treatment of 490 µL bacterial lysate with 250 µM of DCOM (5 

µL, 25 mM stocks) for 10 min prior to the addition of 10 µM of 51 (5 µL, 1 mM stock).  
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5.1.5. NMR spectral data 

 
19F NMR spectrum (400 MHz, CDCl3) of 47 

 
 

19F NMR spectrum (400 MHz, CDCl3) of 48 
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1H NMR spectrum (400 MHz, CDCl3) of 48 

 
 

 

19F NMR spectrum (400 MHz, CDCl3) of 49 
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1H NMR spectrum (400 MHz, CDCl3) of 49 

 
 
 

13C NMR spectrum (100 MHz, CDCl3) of 49 
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DEPT-135 NMR spectrum (100 MHz, CDCl3) of 49 

 
 
 

19F NMR spectrum (400 MHz, DMSO-d6) of 50 
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1H NMR spectrum (400 MHz, DMSO-d6) of 50 

 
 
 

13C NMR spectrum (100 MHz, DMSO-d6) of 50 
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DEPT-135 NMR spectrum (100 MHz, DMSO-d6) of 50 

 
 
 

19F NMR spectrum (400 MHz, DMSO-d6) of 51 
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1H NMR spectrum (400 MHz, DMSO-d6) of 51 

 
 
 

13C NMR spectrum (100 MHz, DMSO-d6) of 51 
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5.1.6. HRMS spectra of final compounds 

 
HRMS spectrum of 50 

 
 

HRMS spectrum of 51 
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Chapter 5.2. Design and Development of Nitroreductase (NTR) Responsive Dual 

Colorimetric Fluorescence “Turn OFF-ON” Probes 

5.2.1. Introduction 

The widespread and long-term overuse use of antibiotics has spurred the rise of drug resistant  

pathogenic bacteria, which poses a major risk to human health worldwide. The severity of 

infections varies, ranging from self-limiting to a potentially fatal condition, causing significant 

morbidity and mortality. A recent study estimated that ~1.27 million people died due to drug 

resistant infections.1 Therefore, rapid detection of bacteria is critical for early diagnosis and 

effective treatment of infections as well as the development of new antibiotics. Several 

techniques, including polymerase chain reaction (PCR), immunological assays, and use of 

staining agents have been widely used for the detection of bacteria. These standardized time-

consuming methods involve many steps and can often produce false positive results.2–7  

To accommodate such needs, significant progress has been made in the area of fluorescence 

imaging employing bacterial-specific small molecule fluorescent probes. These probes 

generate “TURN-ON” fluorescence through a specific interactions either with cell wall 

components or reaction of bacterial enzymes allowing real-time fluorescent imaging of bacteria 

under in vitro and in vivo conditions.8,9 Many fluorescent probes reported in the literature rely 

on activation by bacterial specific enzymes such as alkaline phosphatase (ALP), β-

glucuronidase, β-lactamase, and Nitroreductase (NTR).7,10–15 Due to the prevalence of 

nitroreductases (NTRs) in bacteria, this enzyme is a highly relevant diagnostic marker for the 

detection of bacterial infections.16,17 Owing to the presence of NTRs in several pathogenic 

bacteria belonging to ESKAPE family (E. faecium, S. aureus, K. pneumoniae, A. baumannii, 

P. aeruginosa and Enterbacter sp.) responsible for the majority of hospital-acquired drug-

resistant infections, numerous research groups have developed NTR responsive probes for real 

time detection of bacteria.16,18–22 Although probes capable of detecting NTRs in bacteria have 

been developed, the utilization of NTRs as diagnostic markers for rapid detection of bacterial 

infections by visual and fluorescence readout remains scarce.  

Owing to the prominent photophysical properties, tricyanofuran based long wavelength 

fluorescent probe, TCF-OH has been widely employed in several in vitro and in vivo settings 

for real-time detection of analytes.23–27 In this chapter, we utilized TCF-OH as a prototype to 

develop nitroreductase (NTR) responsive dual colorimetric fluorescence “turn OFF-ON” 

probe.  
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5.2.2. Design of Nitroreductase (NTR)-responsive dual colorimetric fluorescent probe 

Despite the common use of 4-nitrobenzyl bio-reductive group, various nitro heterocyclic 

triggers such as 2-nitroimidazole, nitro-furan and nitro-thiophene have been widely employed 

to develop bio-reductive prodrugs, hypoxia activated prodrugs and fluorescent probes for nitro-

reductase enzyme due to their ease of undergoing facile reduction.28–30 Earlier results in this 

thesis showed that the bacterial NTR favoured 2-nitrothiazole-based prodrugs over other 

substrates, clearly suggesting an impressive selectivity of 2-nitrothiazolyl moiety towards the 

bacterial NTR. Inspired by these differences in the sensitivity and specificity of 

nitro(hetero)aryl groups towards NTR, a dual colorimetric fluorescent probe sensitive to 

bacterial NTR was constructed. Herein, TCF-OH was caged with a nitro(hetero)aromatic 

functionality to develop latent fluorophores. The presence of electron-withdrawing nitro group 

induces an electron-transfer process and as a result quenches the fluorescence emission of the 

probe. However, NTR-catalyzed reduction of nitro group will be accompanied by a significant 

bathochromic shift and “turn OFF-ON” fluorescence, enabling the visual and fluorescence 

based detection of bacteria (Figure 5.2.1).31  

 

Figure 5.2.1. Proposed mechanism of NTR mediated activation of dual colorimetric 
fluorescence turn OFF-ON probe  

5.2.3. Results and discussion  

5.2.3.1. Synthesis  

Initially, two building blocks (TCF fluorophore 53 and nitro group containing aldehydes 56 

and 57) were synthesized in order to design NTR-responsive latent fluorophores. The 

fluorophore 53 was synthesized in one-pot sodium ethoxide promoted reaction of 52 with 

malononitrile in ethanol (Scheme 5.2.1).25  
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Scheme 5.2.1. Synthesis of 53 

 

The commercially available 4-nitrobenzyl bromide 56 was used without further purification. 

Bromination of the primary alcohol 1f with PBr3 furnished 57 as a yellowish white solid 

(Scheme 5.2.2). Etherification of 56 with 4-hydroxy benzaldehyde in the presence of K2CO3 

gave 58 in good yield (Scheme 5.2.3).32 Unfortunately, 57 underwent decomposition in basic 

condition and did not provided 59 as a desired compound. Therefore, etherification of 57 with 

4-hydroxy benzaldehyde was performed under neutral condition using silver oxide (Ag2O) in 

the presence of catalytic amount of KI to obtain 59 (Scheme 5.2.3).  

Scheme 5.2.2. Synthesis of 57  

 

Scheme 5.2.3. Synthesis of 58 and 59 

 

Finally, base catalyzed Knoevenagel condensation of 53 with aldehydes 58 or 59 provided 

latent fluorophores, 60 and 61 respectively in moderate yields (Scheme 5.2.4). A similar 

synthetic strategy was used to synthesize the fluorescent probe, TCF-OH from the 

corresponding aldehyde following a reported protocol (Scheme 5.2.5). All the compounds were 

well characterized by 1H-NMR, 13C-NMR and HRMS techniques.  
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Scheme 5.2.4. Synthesis of 60 and 61 

 

Scheme 5.2.5. Synthesis of TCF-OH 

 

5.2.3.2. Photophysical properties 

All photophysical studies were carried out with probes containing 1% of DMSO in PBS (1x, 

pH 7.4) at 37 °C. Owing to the presence of extended π-conjugation, TCF-OH (50 μM) 

displayed a pinkish color in buffer and exhibited a strong emission at 603 nm upon excitation 

at 579 nm. However, under these conditions, the probes 60 and 61 (50 μM) displayed no 

fluorescence and showed yellow coloration in solution (Figure 5.2.2). This could be attributed 

to the presence of an electron-withdrawing nitro group in the probe, which decreases the π-

conjugation resulting in hypsochromic shift.  
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Figure 5.2.2. (A) Colorimetric response and (B) Emission spectra (λex = 579 nm) of probes (50 
µM) recorded in pH 7.4 phosphate buffer (10 mM) 
 

5.2.3.3. E. coli NTR mediated activation of latent fluorophores 

The fluorescence response of probes was assessed in the presence of a fixed concentration of 

cofactor NADH (100 µM) and NTR (15 nM) in phosphate buffer (pH 7.4, 10 mM). The probes 

60 and 61 were non-fluorescent in the absence of NTR, but exhibited an increase in the 

fluorescence intensity after 30 min upon reaction with NADH and NTR.  Consistent with the 

earlier findings described in this thesis, 2-nitrothiazolyl caged probe 61 remained more 

sensitive and provided a strong fluorescence signal than widely utilized 4-nitrobenzyl tethered 

probe 60 (Figure 5.2.3). These results encouraged us to pursue 61 as a chemosensor for NTR 

for further studies.   

 
Figure 5.2.3. Monitoring the fluorescence response (λex = 579 nm and λem = 603 nm) of probes 
after 30 min of incubation with E. coli NTR (15 nM) and NADH (100 µM) in pH 7.4 phosphate 
buffer (10 mM) at 37 °C. p values were determined using the student’s two-tailed unpaired 
parametric t-test relative to the NTR untreated control. (*** p ≤ 0.001). 
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5.2.3.4. E. coli NTR dependent colorimetric and fluorescence “turn OFF-ON” response 

Next, the colorimetric and fluorescence “turn OFF-ON” response of 61 was evaluated in the 

presence of E. coli NTR by UV/Vis spectroscopy and fluorimetry. As anticipated, the probe 

displayed yellow coloration and was intrinsically non-fluorescent in the absence of NTR. 

Addition of E. coli NTR induced a significant visual change from yellow to pink and a distinct 

redshift of the absorption band ascribed to the formation of TCF-OH after 5 min of incubation 

(Figure 5.2.4.A and 5.2.4.B). This was also accompanied with a concomitant increase in the 

fluorescence signal corresponding to the formation of TCF-OH formed during the enzymatic 

reaction (Figure 5.2.4.C).  

 
Figure 5.2.4. Monitoring the visual colorimetric response “turn OFF-ON’ response of probe 
61 (10 µM) by (A) recording a photographic image and (B) absorption spectra after 5 min of 
incubation with E. coli NTR (15 nM) and NADH (100 µM) in pH 7.4 phosphate buffer (10 
mM) at 37 °C. A distinct colorimetric change (yellow to pink) corresponding to the formation 
of TCF-OH was observed after incubation of the probe with NTR. (C) Fluorescence spectra 
(λex = 579 nm and λem = 603 nm) upon incubation of 61 (10 µM) with NTR (15 nM) and NADH 
(100 µM) in pH 7.4 phosphate buffer (10 mM).  

HPLC analysis revealed the stability of 61 in pH 7.4 buffer over 1 h (Figure 5.2.5.A). Next,  

the enzymatic activation of probe 61 in the presence of a fixed concentration of NTR (E. coli; 

15 nM) and cofactor (NADH; 100 µM) was investigated. The probe was incubated with NTR 

at 37 °C for 15 min. Aliquots from the reaction mixture were taken at predetermined time 

points and were analyzed using HPLC. As anticipated, the peak corresponding to probe 61 at 

14.98 min completely disappeared within 15 min in the presence of NTR and NADH. This was 

accompanied with the formation of a new peak corresponding to TCF-OH at 9.98 min in 

almost quantitative yield (Figure 5.2.5.B and 5.2.5.C). Altogether, these results corroborated 

the rapid and complete conversion of 61 to TCF-OH in the presence of NTR (Scheme 5.2.6).  
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Figure 5.2.5. HPLC traces of (A) stability of the probe 61 and (B) enzyme dependent reductive 
activation of probe 61 (12.5 μM) in the presence of E. coli NTR (15 nM) and NADH (100 µM) 
in pH 7.4 phosphate buffer. TCF-OH (12.5 μM) was used as a positive control. The signal was 
detected using the UV detector set at 440 nm. (C) Decomposition of 61 and formation of TCF-
OH upon incubation with NTR (15 nM) and NADH (100 µM) in pH 7.4 phosphate buffer at 
37 °C as monitored by HPLC.  

Scheme 5.2.6. Proposed mechanism of NTR dependent colorimetric and fluorescent turn-on 

response of 61  

 

5.2.3.5. Selectivity and sensitivity of 61 towards E. coli NTR  

Next, the colorimetric and fluorescence response of 61 at various concentrations (10, 25, 50 

and 100 µM) was evaluated in the presence of E. coli NTR by monitoring the visual change in 

colour ascribed to the formation of TCF-OH. As anticipated, the probe displayed yellow 

coloration in the absence of NTR. However, a marked concentration dependent colorimetric 

response from yellow to pink was observed in the presence of NTR after 5 min of incubation 

(Figure 5.2.6.A). This was also accompanied with a concomitant increase in the absorbance 

and fluorescence signal in a concentration dependent manner (Figure 5.2.6.B and 5.2.6.C).  
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Figure 5.2.6. (A) Comparative visual colorimetric response of 61 at different concentrations 
(10, 25, 50 and 100 µM) before (top panel) and after (middle panel) incubation (5 min) with 
E.coli NTR relative to TCF-OH (bottom panel). (B-C) Changes in (B) absorbance signal and 
(C) fluorescence intensity with different concentrations (0.07 µM to 25 µM) of probe 61 in the 
presence of NADH (100 µM) and NTR (15 nM)  after 5 min of incubation in pH 7.4 phosphate 
buffer at 37 °C. 

Next, the sensing ability of 61 toward NTR was investigated under in vitro conditions. The 

absorption and fluorescence spectra of 61 was recorded after 5 min of incubation in the 

presence of NADH with a wide range of NTR concentration in phosphate buffer (pH 7.4, 10 

mM) (Figure 5.2.7.A-C). Strikingly, a good linearity between the increase in absorbance or 

fluorescence intensity of probe 61 with the varying concentrations of NTR in the range from 

0.025 nM to 0.9375 nM (or 0.6 ng/mL to 22.5 ng/mL) was observed (Figure 5.2.7.D and 

5.2.7.E). 
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Figure 5.2.7. (A) Photometric images of visual colour change of probe 61 upon addition of 
different concentration of NTR (0-15 nM) in the presence of NADH (100 µM) in pH 7.4 
phosphate buffer at 37 °C. (B-C) Changes in (B) absorbance signal and (C) fluorescence 
intensity of probe 61 with increasing concentrations of NTR (0-15 nM) in the presence of 
NADH (100 µM) in pH 7.4 phosphate buffer. (D-E) Linear correlation between enhancement 
in (D) absorbance and (E) fluorescence intensity of 61 with concentrations of NTR.  

Next, the selectivity of the probe 61 was assessed in the presence of various biologically 

relevant analytes. As clearly illustrated in (Figure 5.2.8), 61 displayed no significant 

enhancement in fluorescence response in the presence of biologically relevant analytes such as 

thiols (Cys, GSH, NAC), saccharides (Glu, Gal, Ara), reductants (Vit-C), amino acids (His), 

oxidizing agents (H2O2), esterase enzyme (Es), NADH or NTR alone. However, 61 uniquely 

responded to E. coli NTR in the presence of NADH under the same conditions and produced 

an intense fluorescence signal at 37 °C within 5 min. The impact of pH on the detection of 
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NTR was next investigated. As shown in Figure 5.2.9, probe 61 displays a distinct colorimetric 

response along with an enhancement in absorbance as well as fluorescence signal in a wide 

range of biologically relevant pH from 7 to 10.  

 
Figure 5.2.8. Fluorescence response (and inset: absorbance intensity) of 61 (10 µM) in the 
presence of various biological analytes (100 µM) after 5 min incubation at 37 ºC. Gal = 
galactose; Glu = glucose; Ara = arabinose; Vit-C = ascorbic acid; Cys = cysteine; GSH = 
glutathione; NAC = N-acetyl cysteine; H2O2 = hydrogen peroxide; Es = esterase 1 U/mL; BSA 
= bovine serum albumin 1mg/mL; NADH = reduced nicotinamide adenine dinucleotide (100 
µM); NTR = E. coli nitroreductase (15 nM); NTR (15 nM) + NADH (100 µM) reaction.  
 

 
Figure 5.2.9. (A) Photometric images of visual colour change of probe 61 upon addition of 
NTR (15 nM) and NADH (100 µM) in different pH (7.0-10.0) at 37 °C. Changes in (B) 
absorbance signal and (C) fluorescence intensity of probe 61 with NTR (15 nM) and NADH 
(100 µM) in different pH 7.0-10.0 at 37 °C. 
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Furthermore, the probe was compatible in various bacterial media and displayed a 

colorimetric and fluorescence turn OFF-ON response only in the presence of NTR and 

NADH (Figure 5.2.10). Collectively, these findings demonstrate that probe 61 exhibited 

high selectivity to NTR and a quick response (< 5 min) in the presence of 

physiologically relevant analytes. 

 
Figure 5.2.10. (A) Photometric images of visual colour change of probe 61 upon addition of 
NTR (15 nM) and NADH (100 µM) in various bacterial media at 37 °C. Changes in (B) 
absorbance signal and (C) fluorescence intensity of probe 61 with NTR (15 nM) and NADH 
(100 µM) in different bacterial media at 37 °C. Media: LB = Luria Bertoni broth for E. coli; 
MHB = Mueller Hinton Broth cation 2 adjusted for S. aureus; 7H9 = Middlebrook 7H9 broth 
for Mycobacterium species.  
 

5.2.3.6. Cell viability  

The cytotoxicity of 61 and TCF-OH was evaluated by determining the cell viability in MEF 

cells using MTT assay. This assay was conducted by Mr. Suman Manna (Prof. Harinath 

Chakrapani Lab, IISER-Pune). Cells were treated with varying concentrations of 61 and TCF-

OH and later incubated for 6 h. While no significant cytotoxicity was observed upto 20 μM with 

TCF-OH, cytotoxicity from 61 was observed at 10 μM. Given that the 61 was well tolerated by 

the cells upto 5 μM, we used this concentration for confocal imaging experiments in bacteria 

(Figure 5.2.11). 
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Figure 5.2.11. Cell Viability assay for cytotoxicity of 61 and TCF-OH in MEF cells 

5.2.3.7. Real-time detection of bacteria by confocal microscopy 

We then assessed the ability of 61 to detect the NTR in live pathogenic gram-negative bacteria 

(E. coli ATCC 25922). The bacteria (OD600 = 0.1) was co-incubated with 61 (5 µM) in LB 

media at 37 ºC for 2 h. The cell suspension was centrifuged and washed twice with 1x 

phosphate buffer saline (PBS, pH 7.4). The resulting bacterial pellets were incubated with 

DAPI (5 μL, 10 μg/mL in water), a cell-permeable dye that stains living and dead bacteria. 

After incubation for 15 min in the dark, the excess unbound dye was removed by PBS washes 

(x2) and the bacterial suspension was examined under oil-immersion objective (100×) by using 

a Leica SP8 optical microscope employing λ405 nm (blue channel) and λ568 nm (red channel) 

lasers. The confocal images (Figure 5.2.12) were provided by Ms. Ruma Ghosh (Prof. M. 

Jayakannan Lab, IISER Pune).  

As shown in Figure 5.2.12, a red fluorescence signal in Alexa fluor 568 (red channel) 

characteristic of the release of TCF-OH from 61 was observed. The blue channel illustrates 

the visualization of bacteria by DAPI. Superposition of panels (a-b) shows complete overlap 

of red and blue signals, resulting in a pinkish signal (panel c) around the bacteria. This result 

indicate that the probe was cell permeable and was able to afford a strong fluorescence response 

upon NTR-dependent bioreductive activation in bacteria. On the contrary, fluorescence signal 

from TCF-OH was not observed in the red channel (panel e and g) under these conditions, 

most likely as a result of reduced permeability in bacteria. Collectively, this findings underpins 

that 61 with NTR-responsive OFF-ON feature has an excellent ability for non-invasive real-

time detection of bacteria. 
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Figure 5.2.12. Confocal microscope images in E. coli bacterial cells preincubated with (a-d) 
61 (5 µM) or (e-h) TCF-OH (5 µM) for 2 h. The cells were imaged on the red channel (Alexa 
fluor 568 for detection of TCF-OH (a and e)), DAPI channel (b and f), merged image of red 
and DAPI channel (c and g) and DIC image (d and h).  

 

5.2.4. Conclusion 

Despite the wide popularity of 4-nitrobenzyl and 1-methyl-2-nitroimidazolyl moiety as 

preferred substrates for NTR, the development of a dual colorimentric fluorescence “turn OFF-

ON” probe for rapid and real time detection of bacteria has been limited. As described in the 

previous chapters, 2-nitrothiazolyl moiety demonstrated superior sensitivty and reactivity 

towards NTR over other nitro(hetero)aryl substrates. Therefore, 2-nitrothiazolyl group was 

used as a caging group for the development of an NTR activatable probe with a colorimetric 

and fluorescence “turn OFF-ON” response. In this context, TCF-based latent fluorophores 60 

and 61 were synthesized and evaluated in the presence of bacterial NTR for visual and 

fluorescence change over time. Our investigation revealed that the 2-nitrothiazolyl tethered 

probe 61 provided a strong color change from yellow to pink with concomitant increase in the 

fluorescence response in the presence of NTR. The probe 61 also exhibited high selectivity to 

NTR and a quick response (< 5 min) in the presence of physiologically relevant analytes. 

Confocal imaging studies demonstrated that 61 with NTR-responsive OFF-ON feature has an 

excellent ability for non-invasive real-time detection of bacteria. Together, these results lay the 

foundation for the development of NTR-sensitive dual response probes for targeted imaging of 

bacterial infections. 
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5.2.5. Experimental protocols 

5.2.5.1. Synthesis and characterization 

Compounds 53,23 5832 and TCF-OH23 were synthesized following previously reported 

protocols and the analytical data for each compound was consistent with reported values.  

5-(bromomethyl)-2-nitrothiazole (57): To a solution of 1f (1 g, 6.24 mmol) in anhydrous 

DMF (10 mL), PBr3 (0.89 mL, 9.37 mmol) was added dropwise at 0 °C 

under nitrogen atmosphere. The resulting reaction was stirred at RT for 1 

h until the complete consumption of the starting material. The reaction 

mixture was quenched with sat. solution of NaHCO3, and the aqueous layer was extracted with 

EtOAc (3 × 10 mL). The organic extracts were combined, washed with brine (3 × 10 mL), 

dried over anhydrous Na2SO4 (1 g), filtered and the filtrate was concentrated under reduced 

pressure. The residue was subjected to purification by column chromatography over silica gel 

(60-120) with 10-12% EtOAc/hexane as an eluant  to provide 57 (1.1 g, 82% yield) as yellowish 

white solid. 1H NMR (400 MHz, CDCl3): δ 7.83 (s, 1H), 4.68 (s, 2H); 13C NMR (100 MHz, 

CDCl3): δ 144.9, 141.3, 20.9; DEPT-135 NMR (100 MHz, CDCl3): δ 141.2 (CH), 20.9 (CH2).  

 

4-((2-nitrothiazol-5-yl)methoxy)benzaldehyde (59): Potassium iodide (0.2 g, 1.23 mmol) 

was added to a solution of 57 (0.274 g, 1.23 mmol) in 

anhydrous DCM (8 mL) under nitrogen atmosphere. The 

solution was stirred at RT for 10 min. Then, 4-

hydroxybenzaldehyde (0.1 g, 0.81 mmol) and Ag2O (0.380 g, 

1.64 mmol) was added and further stirred for 48 h. The reaction mixture was filtered through 

celite, and the filtrate was concentrated in vacuo to afford the crude product. The residue was 

purified by column chromatography on silica gel (60-120 mesh) with 12-15% EtOAc/hexane 

as an eluant to give 59 (0.082 g, 38%) as yellow solid. 1H NMR (400 MHz, CDCl3) : δ 9.93 (s, 

1H), 7.93 – 7.87 (m, 3H), 7.13 – 7.06 (dt, J = 8.7, 2.6 Hz, 2H), 5.40 (s, 2H), 8.28 (d, J = 8.7 

Hz, 2H), 7.87 (d, J = 8.7 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 7.09 (d, J = 8.7 Hz, 2H), 5.27 (s, 

2H); 13C NMR (100 MHz, CDCl3): δ 190.7, 162.1, 142.4, 140.4, 132.3, 131.3, 115.2, 62.7; 

DEPT-135 NMR (100 MHz, CDCl3): δ 190.6 (CH), 140.3 (CH), 132.1 (CH), 115.0 (CH), 62.6 

(CH2). HRMS (ESI-TOF) for C11H7N3O7S [M+Na]+ : Calcd., 347.9897, Found, 347.9898. 
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General procedure for the synthesis of probes (60 and 61) 

NH4OAc (0.19 mmol) was added to a solution of TCF (0.38 mmol) and respective aromatic 

aldehyde (0.38 mmol) in EtOH (10 mL). The reaction mixture was refluxed at 60 °C for 2-6 h 

and then allowed to cool down to room temperature. The resulting reaction mixture was diluted 

with water (20 mL) and extracted with EtOAc (3 × 20 mL). The organic layer was dried over 

anhydrous Na2SO4, concentrated in vacuo, and purified over silica gel (60-120 mesh) with 30-

40% EtOAc/hexane to provide probes 60 and 61 as pure products.  

 

(E)-2-(3-cyano-5,5-dimethyl-4-(4-((4-nitrobenzyl)oxy)styryl)furan-2(5H)-ylidene) 

malononitrile (60): Starting from 53 (0.077 g, 0.38 mmol) and 58 (0.1 g, 0.38 mmol), 60 

(0.138 g, 82%) was isolated as an orange solid; 
1H NMR (400 MHz, DMSO-d6) : δ 8.28 (d, J = 

8.7 Hz, 2H), 7.98 – 7.87 (m, 3H), 7.75 (d, J = 8.7 

Hz, 2H), 7.19 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 

16.4 Hz, 1H), 5.41 (s, 2H), 1.79 (s, 6H); 13C 

NMR (100 MHz, DMSO-d6): δ 177.2, 175.6, 161.5, 147.4, 147.1, 144.3, 131.9, 128.4, 127.7, 

123.7, 115.7, 113.2, 112.0, 111.1, 99.2, 97.8, 68.4, 53.8, 25.2; DEPT-135 NMR (100 MHz, 

DMSO-d6): δ 147.1 (CH), 131.6 (CH), 128.1 (CH), 123.4 (CH), 115.5 (CH), 112.9 (CH), 68.1 

(CH2), 24.9 (CH3); HRMS (ESI-TOF) for C25H18N4O4 [M+H]+ : Calcd., 439.1404, Found, 

439.1398. 

 

(E)-2-(3-cyano-5,5-dimethyl-4-(4-((2-nitrothiazol-5-yl)methoxy)styryl)furan-2(5H)-

ylidene) malononitrile (61): Starting from 53 (0.077 g, 0.38 mmol) and 59 (0.1 g, 0.31 mmol), 

61 (0.129 g, 75%) was isolated as an orange 

solid; 1H NMR (400 MHz, DMSO-d6) : δ 8.16 

(s, 1H), 7.97 – 7.89 (m, 3H), 7.22 (d, J = 8.9 Hz, 

2H), 7.13 (d, J = 16.4 Hz, 1H), 5.60 (s, 2H), 1.79 

(s, 6H); 13C NMR (100 MHz, DMSO-d6): δ 

177.2, 175.5, 160.8, 147.2, 143.0, 141.5, 131.8, 128.1, 115.8, 113.5, 112.8, 112.0, 111.0, 99.3, 

98.1, 62.2, 53.9, 25.2; DEPT-135 NMR (100 MHz, DMSO-d6): δ 147.0 (CH), 141.3 (CH), 

131.6 (CH), 115.5 (CH), 113.2 (CH), 61.9 (CH2), 25.0 (CH3); HRMS (ESI-TOF) for 

C22H15N5O4S [M+H]+ : Calcd., 446.0923, Found, 446.0923. 
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5.2.5.2. Investigating the release of TCF-OH from probes in a fluorescence-based assay 

Stock solutions of TCF-OH (1 mM), probes 60 and 61 (1 mM) were prepared in DMSO 

whereas the stock solutions of E. coli NTR (1 mg/mL) and NADH (5 mM) were prepared in 

phosphate buffer (pH 7.4, 10 mM). The reactions in the 96-well plate were initiated by the 

addition of 15 nM E. coli NTR (30 µL; 0.1 µM) and 100 µM of NADH (4 µL; 5 mM stock) to 

a solution of 10 µM probes (2 µL, 1 mM stock) in 164 µL of buffer. The enhancement of the 

fluorescence signal corresponding to the release of TCF-OH (λex = 579 nm and λem = 603 nm) 

relative to the NTR untreated control was recorded at 37 ºC using an EnSight microplate reader 

(PerkinElmer) for 30 min.  

5.2.5.3. Monitoring E. coli dependent colorimetric and fluorescence turn OFF-ON 

response for 61 

Stock solutions of 61 (1 mM) and TCF-OH (1 mM) were prepared in DMSO independently. 

The enzymatic reactions were initiated by adding 100 μM of NADH (30 μL, 5 mM stock) 

followed by 15 nM of NTR (450 μL, 50 nM stock) to a 2 mL eppendorf tubes containing 10 

μM of 61 (15 μL, 1 mM stock) in 1005 μL of pH 7.4 phosphate buffer (10 mM). The reaction 

mixture was incubated for 5 min at 37 ºC in an Eppendorf thermomixer comfort (700 rpm). 

Reaction mixture was transferred to a quartz micro-fluorescence cuvette (Hellma, path length 

1 cm) and the fluorescence measurements were performed using a HORIBA Jobin Yvon 

Fluorolog fluorescence spectrophotometer with an excitation and emission slit width of 1 nm. 

Aliquots were also taken from the reaction mixture, transferred to a 2 mL transparent glass vial 

and a photograph was taken to visually inspect the colorimetric change. Similarly, aliquots 

were transferred to a 96-well plate and the emission spectra at λex = 579 nm corresponding to 

the generation of TCF-OH was recorded.  

 

5.2.5.4. Purity analysis by HPLC 

Stock solution of 61 (1 mM) was prepared in DMSO. A solution of 12.5 μM of 61 (5 μL, 1 

mM stock) was added to 395 μL of ACN and then injected (50 μL) in an HPLC instrument 

attached with a diode-array detector (detection wavelength 280 nm). The stationary phase used 

was C-18 reversed phase column (4.6 mm × 100 mm, 5 µm). The mobile phase used was 

0.0001 % TFA in H2O:ACN with a run time of 30 min with flow rate of 0.5 mL/min starting 

with 35:65 → 0-1 min, 25:75 → 1-5 min, 25:75 → 5-14 min, 20:80 → 14-17 min, 20:80 → 

17-19 min, 25:75 → 19-21 min, 30:70 → 21-23 min, 35:65 → 23-26, 35:65 → 26-30 min. 
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Figure 5.2.13. HPLC trace of 61 
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5.2.5.5. Stability assessment and E. coli NTR mediated decomposition study by HPLC 

Stock solutions of 61 (1 mM), and TCF-OH (1 mM) were prepared in DMSO independently. 

In a typical reaction, 25 μM of probe 61 (25 μL, 1 mM stock) was added to 975 μL of PB (pH 

7.4, 10 mM). The reaction mixtures were incubated at 37 ºC on an Eppendorf thermomixer 

comfort (700 rpm). Aliquots were taken at determined time points (5 min and 60 min), injected 

(50 μL) in a HPLC instrument attached with a diode-array detector (detection wavelength 440 

nm) and the stability of the probe in buffer was assessed.  

      Similarly, the E. coli NTR mediated reactions was initiated by adding 100 μM NADH (20 

μL, 5 mM stock) followed by 15 nM NTR (300 μL, 50 nM stock) to a 1.5 mL eppendorf tubes 

containing a solution of 25 μM of 61 (25 μL, 1 mM stock) in 655 μL of pH 7.4 phosphate 

buffer (10 mM). The reaction mixtures were incubated at 37 ºC in an Eppendorf thermomixer 

comfort (700 rpm). Aliquots (500 μL) were taken at designated time points from the reaction 

mixture, diluted with an equal volume of ACN (500 μL) and centrifuged (9,391 x g for 4 min). 

The supernatant was then injected (50 μL) in a HPLC instrument attached with a diode-array 

detector (detection wavelength 440 nm). The stationary phase used was C-18 reversed phase 

column (4.6 mm × 100 mm, 5 µm). The mobile phase used was 0.0001 % TFA in H2O:ACN 

with a run time of 30 min with flow rate of 0.5 mL/min starting with 35:65 → 0-1 min, 25:75 

→ 1-5 min, 25:75 → 5-14 min, 20:80 → 14-17 min, 20:80 → 17-19 min, 25:75 → 19-21 min, 

30:70 → 21-23 min, 35:65 → 23-26, 35:65 → 26-30 min and the enzyme mediated 

decomposition for the test compound was analyzed using HPLC.  

 

5.2.5.6. Evaluation of the concentration dependent NTR mediated colorimetric and 

fluorescence turn OFF-ON response for 61 

Stock solutions of probes 61 and TCF-OH at varied concentrations (0.0078 to 2.5 mM) were 

prepared in DMSO independently. The reaction mixture contained various concentrations 

(0.078 to 25 μM) of 61 (25 μL, 0.0078 to 2.5 mM stock), 100 μM NADH (20 μL, 5 mM 

stock) and 15 nM NTR (300 μL, 50 nM stock) in 655 μL of pH 7.4 phosphate buffer (10 

mM). Control reactions containing only 61 was also carried out. The reaction mixtures were 

incubated at 37 ºC in an Eppendorf thermomixer comfort (700 rpm). An aliquot (0.5 mL) was 

taken after 5 min from the reaction mixture, transferred to a 2 mL transparent glass vial and 

a photograph was taken to visually inspect the colorimetric change. Similarly, aliquots (100 

μL) were transferred to a 96-well plate and the absorbance signal as well as fluorescence 

signal (λex = 579 nm and λem = 603 nm) corresponding to the generation of TCF-OH was 

recorded using a microplate reader (EnSight).  
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      A similar experiment was carried out to monitor the enzyme catalyzed reaction of 61 with 

different concentrations of NTR. The reaction mixture either contained only 10 µM of 61 or 

TCF-OH (15 µL, 1 mM stock) or 10 µM of 61 (15 µL, 1 mM stock), 100 µM of NADH (30 

µL, 5 mM stock) with varied concentrations of NTR ranged from 0 to 60 nM (450 µL, 0 to 200 

nM stock) in 1005 µL of buffer. The reactions were incubated at 37 ºC for 5 min in an 

Eppendorf thermomixer comfort (700 rpm). A photograph was taken to visually inspect the 

colorimetric change. Next, the progression of the NTR-dependent reaction was assessed by 

change in absorbance and fluorescence signal using a microplate reader (EnSight) with 

readings collected from the top with 30 flashes per well and a focus height adjusted to 9.5 mm. 

5.2.5.7. Assessing the selectivity of 61 

Stock solutions of porcine liver esterase (Es; 50 U/mL), bovine serum albumin (BSA; 1 

mg/mL), glutathione (GSH; 10 mM), cysteine (Cys; 10 mM), N-acetyl cysteine (NAC; 10 

mM), vitamin-C (10 mM), glucose (Glu; 10 mM), galactose (Gal; 10 mM), arabinose (Ara; 10 

mM), histidine (His; 10 mM), and H2O2 (30%, 10 mM) in phosphate buffer were prepared 

independently from commercial sources. In a typical reaction, 10 µM of 61 (15 µL, 1 mM 

stock), 100 µM of NADH (30 µL, 5 mM stock), and 15 nM of NTR (450 µL; 50 nM stock) 

were added to 1005 µL of buffer. Similarly, a reaction mixture of 10 µM of 61 (15 µL, 1 mM 

stock) and 100 µM of various analytes (15 µL, 10 mM stock) was prepared in 1470 µL of 

buffer. In a separate experiment, the reaction mixture was prepared by adding 10 µM of 61 (15 

µL, 1 mM stock) along with either 1 U/mL esterase (15 µL, 100 U/mL stock) or BSA (15 µL, 

1 mg/mL stock) in 1470 µL of buffer. Control reactions containing only 61 or lacking NADH 

or NTR were also carried out. The reaction mixtures were incubated for 5 min at 37 ºC in an 

Eppendorf thermomixer comfort (700 rpm), and then absorbance and fluorescence response 

were recorded using a microplate reader (EnSight).  

5.2.5.8. Monitoring the sensitivity of detection of NTR by 61 in different bacterial media 

Stock solutions were prepared as mentioned earlier. Different bacterial media (LB = Luria 

Bertoni broth for E. coli (gram-negative bacteria); MHB = Mueller Hinton Broth cation 2 

adjusted for S. aureus (gram-negative bacteria); 7H9 = Middlebrook 7H9 broth for 

Mycobacterium species) were prepared according to manufacturer’s instructions. The reactions 

were initiated by addition of 10 µM of 61 (15 µL, 1 mM stock) to a solution of 100 µM of 

NADH (30 µL, 5 mM stock) and 15 nM of NTR (450 µL; 50 nM stock) in 1005 µL of bacterial 

media (LB or MHB or 7H9). Control reactions containing only 61 or TCF-OH were also 
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carried out. The reaction mixtures were incubated for 5 min at 37 ºC in an Eppendorf 

thermomixer comfort (700 rpm), and then absorbance and fluorescence response were recorded 

using a microplate reader (EnSight).  

5.2.5.9. Monitoring the impact of pH on detection of NTR by 61 

Stock solutions were prepared as mentioned earlier. Different biologically relevant buffers 

(pH 7 to 10) were prepared following the protocol reported elsewhere. In a typical reaction, 

25 μM of probe 61 or TCF-OH (25 μL, 1 mM stock) was added to 1485 μL of phosphate 

buffer with varying pH (pH 7 to 10.0, 10 mM). Similarly, NTR-mediated reaction was carried 

out by adding 10 µM of 61 (15 µL, 1 mM stock), 100 µM of NADH (30 µL, 5 mM stock), 

and 15 nM of NTR (450 µL; 50 nM stock) in 1005 µL of buffer with pH varying from 7 to 

10. A photograph was taken to visually inspect the colorimetric change. Aliquots (100 μL) 

were also transferred to a 96-well plate and the absorbance signal as well as fluorescence 

signal was recorded using a microplate reader (EnSight).  
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5.2.6. NMR spectral data 

1H NMR spectrum (400 MHz, CDCl3) of 53 

 

1H NMR spectrum (400 MHz, CDCl3) of 57 
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13C NMR spectrum (100 MHz, CDCl3) of 57 

 
 

 

DEPT-135 NMR spectrum (100 MHz, CDCl3) of 57 
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1H NMR spectrum (400 MHz, CDCl3) of 58 

 

 

1H NMR spectrum (400 MHz, CDCl3) of 59 
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13C NMR spectrum (400 MHz, CDCl3) of 59 

 
 

DEPT-135 NMR spectrum (400 MHz, CDCl3) of 59 
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1H NMR spectrum (400 MHz, DMSO-d6) of 60 

 
 

13C NMR spectrum (400 MHz, DMSO-d6) of 60 
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DEPT-135 NMR spectrum (400 MHz, DMSO-d6) of 60 

 
 

1H NMR spectrum (400 MHz, DMSO-d6) of 61 
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13C NMR spectrum (400 MHz, DMSO-d6) of 61 

 
 

DEPT-135 NMR spectrum (400 MHz, DMSO-d6) of 61 
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1H NMR spectrum (400 MHz, DMSO-d6) of TCF-OH 
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5.2.7. HRMS spectra of final compounds 

HRMS spectrum of 60 

 
 

HRMS spectrum of 61 
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Synopsis 

Design, Synthesis and Evaluation of Bioreductively-Activated Fluoroquinolone Prodrugs 

Chapter 1. Introduction 

Tuberculosis is one of the world’s oldest and deadliest infectious diseases caused by facultative 

intracellular bacterium Mycobacterium tuberculosis (Mtb). The recommended standard 

treatment for drug-susceptible TB has a cure rate of >95% when provided under directly 

observed therapy (DOT).1-2  During the first two months of effective intensive treatment, a 

subpopulation of actively replicating mycobacteria transitions into a metabolically inactive, 

non-replicating persistent state that are transiently resistant to antibiotics (Figure 1).3  These 

persisters provide an evolutionary reservoir that favours the emergence of drug-resistant 

mutants and also contribute to the protracted regimen required for TB treatment. These non-

replicating population can switch to active growth at any point resulting in the recalcitrance 

and relapse of TB infection.4-7 Hence, their existence often contributes to the development of 

latent infections which pose a significant problem for those with a weak or compromised 

immune system.  

 

Figure 1. Heterogeneity in the intrinsic drug susceptibility in the bacterial subpopulations of 
Mtb. A rapid rate of decline was seen with the replicating bacilli (blue line), but the number of 
non-replicating bacilli declined at a slower rate (red line). Adapted from Horsburgh, C. R et al. 
New Eng. J. Med. 2015.7 

The adaptation into a drug-tolerant non-replicating persistent state is associated with metabolic 

downshift and cell wall remodelling. Compared to rapidly dividing bacteria, non-replicating 

Mtb exhibited increased thickening of lipid-rich cell walls, as a result of the extensive 
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accumulation of free mycolates and lipoarabinomannans.8-11 This distinct feature is a 

characteristic phenotype of non-replicating tubercle bacilli and contributes to hindering the 

penetration and accumulation of antibiotics to reach their periplasmic or intracellular targets.12 

LC-MS/MS analysis demonstrated that the intracellular accumulation of different TB drugs is 

affected to varying degrees in the non-replicating state. The permeability of many anti-TB 

drugs is significantly impaired and this accounts for the phenotypic drug resistance in non-

replicating Mtb.13  

Preclinical and clinical studies have shown that fluoroquinolones (FQs) had excellent 

inhibitory activity against Mtb. A multitude of in vitro and in vivo studies have demonstrated 

the superiority of MXF (a fourth-generation FQ) over other FQs in reducing bacterial burden 

in both mice and rabbit models of TB.14-15 Recent clinical trial on MXF (RPT-MOXTB, 2020) 

have led to a shortening of TB treatment to 4-months from standard 6-months.16-18 Although 

MXF demonstrated lethality against actively replicating Mtb, it has limited efficacy against 

mycobacterial persisters.19-23 One important reason for the lack of activity of MXF against non-

replicating Mtb is its poor accumulation within bacteria. Being relatively hydrophilic (clogP = 

-0.49), the presence of thickened cell envelope makes the non-replicating bacilli even more 

impermeable than replicating Mtb, contributing to the reduced uptake of MXF in quiescent 

populations.  

To address this problem, the possibility of utilizing a prodrug approach to enhance the efficacy 

of MXF by increasing its permeability in non-replicating Mtb was considered. This strategy is 

promising considering the fact that many TB drugs unlike many conventional antibiotics share 

the common characteristic trait of being more hydrophobic. Since bacterial NTRs are prevalent 

in both replicating and non-replicating Mtb,24-26 we propose that a MXF prodrug may be 

cleaved by NTR to generate MXF. Hence, these prodrugs should retain their potency against 

both replicating and non-replicating Mtb (Figure 2). 
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Figure 2. Proposed prodrug strategy to enhance accumulation and efficacy of MXF in non-
replicating Mtb 

In Chapter 2, we designed and developed a focussed library of nitroaryl and nitroheteroaryl 

conjugates of MXF. Two principles were used in the enzyme-prodrug design: first, to use NTR 

as an enzyme to activate a prodrug to produce MXF with both rate and efficiency serving as 

optimization criteria; and second, to increase lipophilicity of the ensuing prodrug in order to 

improve permeability. In Chapter 3, a detailed computational and biochemical analysis was 

conducted to understand the reactivity of substrates toward E. coli NTR and identify an optimal 

substrate. The ability of prodrugs to generate MXF in a variety of bacterial lysates and their 

stability in mammalian lysates were also tested. Among the tested prodrugs, 2-nitrothiazole-

based prodrug was found to undergo rapid and efficient cleavage under both chemo- and bio-

reductive conditions to release MXF. In Chapter 4, the prodrugs were evaluated for 

antimycobacterial activity against replicating and non-replicating Mtb. Again, 2-nitrothiazole 

MXF prodrug demonstrated equipotent antimycobacterial activity against replicating Mtb and 

superior inhibitory activity against non-replicating Mtb compared to MXF. LC-MS analysis 

was conducted to correlate the enhanced efficacy of the prodrug with the intracellular 

accumulation of MXF in non-replicating Mtb. The prodrug strategy was further exploited to 

enhance the antibacterial activity of another fluoroquinolone antibiotic, ciprofloxacin (CIP) in 

Chapter 5.1. Since detection of Mtb is challenging and in order to work towards rapid and real 

detection of Mtb, we next utilized the newly identified NTR sensitive 2-nitrothiazole moiety to 

develop NTR responsive dual colorimetric and fluorescence “turn OFF-ON” NIR probe in 

Chapter 5.2. 
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Chapter 2. Design, Synthesis, and Evaluation of Nitroheterocyclic prodrugs of 

Moxifloxacin (MXF) 

MXF contains two functional groups that can be modified into a prodrug form. The carboxylic 

acid can be converted to a nitroaryl ester, and the amine on the piperidine ring can be 

derivatized as a nitroaryl carbamate (Figure 3).  

 

Figure 3. Proposed strategy for the generation of MXF from ester and carbamate prodrugs 

Hence, we sought to rationally design MXF prodrugs that could be activated in reductive 

environments prevalent in replicating and non-replicating Mtb (Figure 4). Our strategy 

involved exploiting the expressed NTRs as an enzyme trigger to activate the prodrug to produce 

MXF with both rate and efficiency as parameters for optimization; and to increase the 

lipophilicity of the ensuing prodrug to improve permeability. This strategy may shorten the 

duration of TB treatment and reduce the relapse rate. Additionally, the prodrug strategy can 

mitigate FQ-induced host toxicity and reduce its tremendous impact on the host microbial 

symbiosis by minimizing the unintended systemic exposure of MXF to host cells.  

 

Figure 4. Design and mechanism of bioreductive activation of nitroheteroaryl prodrugs. 
Reduction of prodrug by NTR results in the formation of hydroxylamine or amine intermediate, 
which upon subsequent self-immolation releases MXF. 
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To this end, we synthesized a focussed library of nitro-heterocyclic esters and carbamates of 

MXF with a wide range of reduction potentials. The prodrugs were evaluated for 

physicochemical descriptors commonly observed with many anti-tubercular drugs. The 

prodrugs have shown significantly higher polar surface area and lipophilicity compared to 

MXF. Encouraged by the fact that lipophilic compounds have increased availability in areas of 

lipid-rich necrotic regions of lungs of TB patients and enhanced intracellular accumulation 

inside non-replicating Mtb, the prodrugs would presumably have higher accumulation than 

hydrophilic antibiotic, MXF.  

A systematic investigation to identify the optimal nitroaryl prodrug to generate MXF in the 

presence of mild and strong reducing agents was conducted. Despite the wide use of 2-

nitroimidazolyl group in the development of hypoxia-activated prodrugs, the synthesis of 1-

methyl-2-nitroimidazole precursor is quite lengthy and reinforces the need for alternatives. To 

circumvent these problems, the identification of a reliable, time-efficient, high yielding, and 

more sensitive bioreductive trigger appears to be a more logical and promising approach. Our 

synthetic endeavour culminated in the utilization of 2-nitrothiazole functionality to design ester 

and carbamate prodrugs of MXF. Interestingly, 2-nitrothiazole prodrug 38 displayed a 

significantly lower onset reduction potential than other prodrugs, supporting the reduction of 

2-nitrothiazole moiety is more thermodynamically favoured when compared with other similar 

nitroaryl groups. Moreover, the 2-nitrothiazolyl prodrug 38 demonstrated superior sensitivity 

and enhanced response towards milder reducing agents than prodrug 37 tethered with 

extensively employed 2-nitroimidazole moiety. The  2-nitrothiazole ester prodrug 38 also 

follows a chemoreduction profile similar to the 2-nitroimidazole based prodrug in the presence 

of strong reducing agents (Figure 5).  
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Figure 5. (A) Structures of 37 and 38. Monitoring time-dependent release kinetics of MXF 
following chemical reduction with (B) sodium dithionite (Na2S2O4) and (B) Zinc/ammonium 
formate (Zn/AF) from 37 and 38 by a fluorescence-based assay 

Overall, these results suggest that 2-nitrothiazole tethered MXF prodrug with the lowest 

reduction potential demonstrated superior sensitivity and enhanced response towards different 

reducing agents in an unprecedented fashion. 

Chapter 3. Nitroreductase (NTR) mediated bioreductive activation of Moxifloxacin 

(MXF) prodrugs  

Having established that chemical reduction facilitated the release of MXF from nitro-

heterocyclic prodrugs in Chapter 2, we evaluated their substrate specificities towards bacterial 

nitroreductases (NTRs). Despite the wide popularity of the 1-methyl-2-nitroimidazole 

bioreductive group, the efficiency of NTRs in bioactivation of structurally resembling 

nonimidazole five-membered nitroheterocycles, such as nitrooxazole and nitrothiazole has not 

yet been systematically studied. Recently, the 2-nitrothiazolyl moiety was used as a 

bioreductive trigger and has garnered significant attention in the development of hypoxia-

activated prodrugs (HAPs) to specifically target hypoxic tumors.27 Nevertheless, to date, 2-

nitrothiazoles have not been reported as a substrate for bacterial NTR, including E. coli and 

mycobacterial NTR. In light of this, a systematic study was conducted to tune the selectivity 

and enhance the reactivity of substrates toward E. coli NTR.  
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Owing to the higher reactivity than nitrobenzyl tethered prodrug 33, it was expected that 

nitrothiophene prodrug 35 would result in enhanced fluorescence signal. Interestingly, the 2-

nitrothiazole prodrugs 38 (ester) and 46 (carbamate) also displayed the highest increase in 

fluorescence response similar to 35. These results were in line with the results of the 

chemoreductive study (Figure 6).  

 

Figure 6. Monitoring the E. coli NTR mediated bioreductive activation of prodrugs by  
fluorescence (λex = 289 nm and λem = 488 nm) after 1 h of incubation with E. coli NTR (15 
nM) and NADH (100 µM) in pH 7.4 phosphate buffer (10 mM) at 37 °C 

The 2-nitrothiazole prodrugs 38 and 46 were found to be the most favoured substrates for E. 

coli NTR in vitro, as evidenced by their higher Vmax and catalytic efficiency values. The higher 

kcat/Km values of 24.95 µM-1min-1 and 9.72 µM-1min-1  for 38 and 46, respectively, which were 

93- and 41- fold more efficient than 37 with a kcat/Km of 0.61 µM-1min-1, clearly demonstrate 

that E. coli NTR had the highest catalytic efficiency for 2-nitrothiazole prodrugs (Figure 7).  

 

Figure 7. Michaelis-Menten analyses showing the nitroreduction of 2-nitroimidazolyl 
versus 2-nitrothiazolyl prodrugs by E. coli NTR 
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Furthermore, E. coli NTR promoted an instantaneous and complete reduction of the 2-

nitrothiazole ester prodrug 38 into MXF (Figure 8). The relative sensitivity and superiority of 

ester prodrug 38 to E. coli NTR over 2-nitrothiazole carbamate prodrug is even more striking.  

 

Figure 8. LC-MS analysis of E. coli NTR mediated nitro-reduction of 38 resulted in the release 
of MXF 

The experimental findings were also complemented by the docking results. Furthermore, the 

MD simulations indicate that the mechanism of reduction is likely to be mediated by electron 

transfer from FMN followed by proton transfer via water at the active site. The lower electron 

transfer barrier between the bound FMN and prodrug allows the efficient and rapid reduction 

of the nitro group in 38. In agreement with these findings, the prodrug 38 was stable in 

mammalian lysates under physiological conditions. Furthermore, the prodrug 38 was 

preferentially activated in a range of lysates derived from bacteria such as E. coli, M. 

smegmatis, and M. tuberculosis. This is a further testament to the versatility and specificity of 

2-nitrothiazole substrate, 38 towards a variety of bacterial NTRs. 

Chapter 4. Antibacterial activity of NTR-MXF prodrugs 

The antibacterial activity of prodrugs, including 38 was evaluated against Gram-positive, 

Gram-negative and mycobacteria (M. smegmatis and M. tuberculosis). Our analysis showed 

that one of the analogues, 2-nitrothiazole prodrug 38 exhibited potent antibacterial activity 

comparable to MXF in both cellular and animal models. The prodrug 38 also exhibited potent 

anti-mycobacterial activity against drug-susceptible and drug-resistant strains of Mtb, 

including MDR and XDR patient-derived strains (Figure 9).  
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Figure 9. (A) Antimycobacterial activity of MXF and 38 against drug-susceptible and patient-
derived drug resistant strains of Mtb. (B) Bacterial survival kinetics after treatment of THP-1 
macrophages infected with Mtb H37Rv at 5x MIC of 38 and MXF. Data was provided by Prof. 
Amit Singh, IISc Bangalore. 

Furthermore, our results demonstrated that 38 had superior inhibitory activity against non-

replicating Mtb when compared with MXF (Figure 10). These results indicated that the prodrug 

exhibited potent anti-mycobacterial activity against non-replicating Mtb while retaining 

mycobactericidal activity similar to MXF against replicating Mtb.  

 

Figure 10. (A) Mycobactericidal effect of MXF and 38 on hypoxia-adapted Mtb bacilli based 
on visual hypoxia resazurin reduction assay (HyRRA). Isoniazid (INH, 10 µM) and 
Metronidazole (MZ, 10 mM) served as a negative and positive control respectively. The pink 
colour in the tube indicates cell viability under hypoxia while blue colour indicates no growth. 
(B) Survival of Mtb under hypoxia was measured as log10 of colony-forming units (CFU) after 
treatment with 10x MIC of MFX and 38 for 5 days. Data was provided by Prof. Amit Singh, 
IISc Bangalore.  
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LC-MS based studies demonstrated the increased intracellular accumulation of MXF from 38 

as compared to MXF alone, and this could contribute to enhanced potency in the non-

replicating Mtb model (Figure 11). This strategy may have a significant therapeutic benefit in 

the treatment of latent TB caused by mycobacterial persisters.  

 

Figure 11. LC-MS analysis of intracellular concentrations of MXF (m/z 402.18) in (A) 
replicating and (B) non-replicating cultures of Mtb following incubation for 30 min with a fixed 
concentration of MXF and 38 of 5 μM. The drug content is expressed as the amount of drug 
(nmol/108 CFUs).  

 

Chapter 5. Understanding the scope of 2-nitrothiazolyl moiety as a masking group for 

NTR 

Having established that 2-nitrothiazole group as an improved bioreductive trigger compared to 

1-methyl-2-nitroimidazole and other nitroaryl groups, the scope and utility of this group in 

masking drugs and fluorophores was investigated in this chapter. Two selective strategies to 

mask carboxylic acid and phenolic compounds as an ester (Chapter 5.1) and an ether (Chapter 

5.2) based NTR-sensitive caged compounds respectively were considered.  

Chapter 5.1. Design, Synthesis and Evaluation of Nitroreductase (NTR) activated 

Prodrugs of Ciprofloxacin (CIP) 

In this chapter, 2-nitrothiazolyl moiety was utilized to design and synthesize NTR sensitive 

ester prodrugs of a broad spectrum second generation FQ antibiotic, Ciprofloxacin (CIP). Upon 

activation by bacterial NTR, the efficient cleavage of the prodrug would liberate CIP (Figure 

12).  
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Figure 12. Proposed strategy for the release of CIP from ester prodrug 

Detailed investigative analysis revealed that the 2-nitrothiazolyl tethered CIP prodrug 51 was 

an optimal substrate for E. coli NTR and provided CIP upon enzymatic reduction in 

quantitative yield. The prodrug was activated in a variety of bacterial lysates, indicating the 

specificity of this prodrug towards bacterial NTRs (Figure 13).  

 
Figure 13.  Monitoring the release of CIP from 51 (10 μM) after incubation in lysates 
(1 mg/mL) of (A) E. coli ATCC 25922 for 2 h and (B) M. smegmatis mc2155 in 1 h 
alone or in the presence of NTR inhibitor, dicoumarol (DCOM; 250 μM)  

These results suggest changing the leaving group from MXF (fourth-generation FQ) to CIP 

(second-generation FQ) in the prodrug has no impact on E. coli dependent nitroreduction. This 

prodrug also retained antibacterial activity equivalent to CIP against gram-positive and gram-

negative bacteria. Overall, these studies strongly indicate that 2-nitrothiazole functional group 

is a promising bioreductive trigger. 

  



                                                    Appendix-I: Synopsis 

 

 

285 

Chapter 5.2. Design and Development of Nitroreductase (NTR) Responsive Dual 

Colorimetric Fluorescence “Turn OFF-ON” Probes 

The widespread and long-term overuse use of antibiotics has spurred the rise of drug resistant  

pathogenic bacteria, which poses a major risk to human health worldwide.28 The severity of 

infections varies, ranging from self-limiting to a potentially fatal condition, causing significant 

morbidity and mortality. Therefore, rapid detection of bacteria is critical for early diagnosis 

and effective treatment of infections as well as the development of new antibiotics. Owing to 

the presence of NTRs in several pathogenic bacteria responsible for the majority of hospital-

acquired drug-resistant infections, numerous research groups have developed NTR responsive 

probes for real time detection of bacteria.29-34  

Despite the wide popularity of 4-nitrobenzyl and 1-methyl-2-nitroimidazolyl moiety as 

preferred substrates for NTR, the development of a dual colorimentric fluorescence 

“turn OFF-ON” probe for rapid and real time detection of bacteria has been limited. As 

described in the previous chapters, 2-nitrothiazolyl moiety demonstrated superior 

sensitivty and reactivity towards NTR over other nitro(hetero)aryl substrates. Therefore, 

2-nitrothiazolyl group was used as a caging group for the development of an NTR 

activatable probe with a colorimetric and fluorescence “turn OFF-ON” response (Figure 

14).  

 

 

Figure 14. Proposed mechanism of NTR mediated activation of dual colorimetric fluorescence 
turn OFF-ON probe 

In this context, ether based TCF tethered latent fluorophores 60 and 61 were synthesized 

and evaluated in the presence of bacterial NTR for visual and fluorescence change over 

time. Our investigation revealed that the 2-nitrothiazolyl tethered probe 61 provided a 

strong color change from yellow to pink with concomitant increase fluorescence 

response and change in the absorbance in the presence of NTR (Figure 15). HPLC 
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analysis also corroborated the rapid and complete conversion of 61 to TCF-OH in the 

presence of NTR (Figure 16 and 17). 

 

Figure 15. Monitoring the visual colorimetric response “turn OFF-ON’ response of probe 61 
(10 µM) by (A) recording a photographic image and (B) absorption spectra after 5 min of 
incubation with E. coli NTR (15 nM) and NADH (100 µM) in pH 7.4 phosphate buffer (10 
mM) at 37 °C. A distinct colorimetric change (yellow to pink) corresponding to the formation 
of TCF-OH was observed after incubation of the probe with NTR. (C) Fluorescence spectra 
(λex = 579 nm and λem = 603 nm) upon incubation of 61 (10 µM) with NTR (15 nM) and NADH 
(100 µM) in pH 7.4 phosphate buffer (10 mM). 

Figure 16. HPLC traces of (A) stability of the probe 61 and (B) enzyme dependent reductive 
activation of probe 61 (12.5 μM) in the presence of E. coli NTR (15 nM) and NADH (100 µM) 
in pH 7.4 phosphate buffer. TCF-OH (12.5 μM) was used as a positive control. The signal was 
detected using the UV detector set at 440 nm. (C) Decomposition of 61 and formation of TCF-
OH upon incubation with NTR (15 nM) and NADH (100 µM) in pH 7.4 phosphate buffer at 
37 °C as monitored by HPLC.  
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Figure 17. Proposed mechanism of NTR dependent conversion of 61 to TCF-OH  

The probe 61 exhibited high selectivity to NTR and a quick response (< 5 min) in the presence 

of physiologically relevant analytes. Given that the 61 was well tolerated by the mammalian cells, 

we then assessed the ability of 61 to detect the NTR in live pathogenic gram-negative bacteria 

(E. coli ATCC 25922) using confocal imaging. As shown in Figure 18, a red fluorescence 

signal in Alexa fluor 568 (red channel) characteristic of the release of TCF-OH from 61 was 

observed. This result indicate that the probe was cell permeable and was able to afford a strong 

fluorescence response upon NTR-dependent bioreductive activation in bacteria.  

 

 

 

 

 

 

 

 

Figure 18. Confocal microscope images in E. coli bacterial cells preincubated with (a-d) 61 (5 
µM) or (e-h) TCF-OH (5 µM) for 2 h. The cells were imaged on the red channel (Alexa fluor 
568 for detection of TCF-OH (a and e)), DAPI channel (b and f), merged image of red and 
DAPI channel (c and g) and DIC image (d and h).  
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Confocal imaging studies demonstrated that 61 with NTR-responsive OFF-ON feature has an 

excellent ability for non-invasive real-time detection of bacteria. Together, these results lay the 

foundation for the development of NTR-sensitive dual response probes for targeted imaging of 

bacterial infections.  

The results in this thesis laid the ground work for using 2-nitrothiazole as a bioreductive 

trigger in the development of NTR-activated prodrugs and NTR-responsive colorimetric 

and fluorescence ‘turn OFF-ON’ probes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                    Appendix-I: Synopsis 

 

 

289 

 

References: 

(1) Zumla, A.; Nahid, P.; Cole, S. T. Advances in the Development of New Tuberculosis 

Drugs and Treatment Regimens. Nat. Rev. Drug Discov. 2013, 12, 388–404.  

(2)   Hopewell, P. C.; Pai, M.; Maher, D.; Uplekar, M.; Raviglione, M. C. International 

standards for tuberculosis care. Lancet Infect. Dis. 2006, 6 (11), 710-25. 

(3)     Horsburgh, C. R.; Barry, C. E.; Lange, C. Treatment of Tuberculosis. New Eng. J. Med. 

2015, 373 (22), 2149–2160.  

(4)    Zhang, Y.; Yew, W. W.; Barer, M. R. Targeting Persisters for Tuberculosis Control. 

Antimicrob. Agents Chemother. 2012, 56 (5), 2223-30.  

(5)    Cohen, N. R.; Lobritz, M. A.; Collins, J. J. Microbial Persistence and the Road to Drug 

Resistance. Cell Host Microbe. 2013, 13 (6), 632-42.  

(6) Sebastian, J.; Swaminath, S.; Nair, R. R.; Jakkala, K.; Pradhan, A.; Ajitkumar, P. De 

Novo Emergence of Genetically Resistant Mutants of Mycobacterium Tuberculosis from 

the Persistence Phase Cells Formed against Antituberculosis Drugs in Vitro. Antimicrob. 

Agents Chemother. 2017, 61 (2), e01343-16. 

(7) Zhang, Y. Persisters, Persistent Infections and the Yin-Yang Model. Emerg. Microbes 

Infect. 2014, 3 (1), e3.  

(8)  Jakkala, K.; Ajitkumar, P. Hypoxic Non-Replicating Persistent Mycobacterium 

Tuberculosis Develops Thickened Outer Layer That Helps in Restricting Rifampicin 

Entry. Front. Microbiol. 2019, 10, 2339.  

(9) Seiler, P.; Ulrichs, T.; Bandermann, S.; Pradl, L.; Jörg, S.; Krenn, V.; Morawietz, L.; 

Kaufmann, S. H. E.; Aichele, P.; Kaufmann, S. H. E. Cell-Wall Alterations as an 

Attribute of Mycobacterium Tuberculosis in Latent Infection. J. Infect. Dis. 2003, 188 

(9), 1326-31. 

(10) Wright, C. C.; Hsu, F. F.; Arnett, E.; Dunaj, J. L.; Davidson, P. M.; Pacheco, S. A.; 

Harriff, M. J.; Lewinsohn, D. M.; Schlesinger, L. S.; Purdy, G. E. The Mycobacterium 

Tuberculosis MmpL11 Cell Wall Lipid Transporter Is Important for Biofilm Formation, 

Intracellular Growth, and Nonreplicating Persistence. Infect. Immun. 2017, 85 (8), 

e00131-17.  



                                                    Appendix-I: Synopsis 

 

 

290 

(11) Bacon, J.; Alderwick, L. J.; Allnutt, J. A.; Gabasova, E.; Watson, R.; Hatch, K. A.; Clark, 

S. O.; Jeeves, R. E.; Marriott, A.; Rayner, E.; Tolley, H.; Pearson, G.; Hall, G.; Besra, G. 

S.; Wernisch, L.; Williams, A.; Marsh, P. D. Non-Replicating Mycobacterium 

Tuberculosis Elicits a Reduced Infectivity Profile with Corresponding Modifications to 

the Cell Wall and Extracellular Matrix. PLoS One. 2014, 9 (2), e87329. 

(12) Cunningham, A. F.; Spreadbury, C. L. Mycobacterial Stationary Phase Induced by Low 

Oxygen Tension: Cell Wall Thickening and Localization of the 16-Kilodalton-Crystallin 

Homolog. J. Bacteriol. 1998, 180 (4), 801-8. 

(13) Sarathy, J.; Dartois, V.; Dick, T.; Gengenbacher, M. Reduced Drug Uptake in 

Phenotypically Resistant Nutrient-Starved Nonreplicating Mycobacterium Tuberculosis. 

Antimicrob. Agents Chemother. 2013, 57 (4), 1648–1653.  

(14)  Maitre, T.; Petitjean, G.; Chauffour, A.; Bernard, C.; el Helali, N.; Jarlier, V.; Reibel, F.; 

Chavanet, P.; Aubry, A.; Veziris, N. Are Moxifloxacin and Levofloxacin Equally 

Effective to Treat XDR Tuberculosis? J. Antimicrob. Chemother. 2017, 72 (8), 2326–

2333.  

(15) Sarathy, J.; Blanc, L.; Alvarez-Cabrera, N.; O’Brien, P.; Dias-Freedman, I.; Mina, M.; 

Zimmerman, M.; Kaya, F.; Liang, H. P. H.; Prideaux, B.; Dietzold, J.; Salgame, P.; Savic, 

R. M.; Linderman, J.; Kirschner, D.; Pienaar, E.; Dartois, V. Fluoroquinolone Efficacy 

against Tuberculosis Is Driven by Penetration into Lesions and Activity against Resident 

Bacterial Populations. Antimicrob. Agents Chemother. 2019, 63 (5), e02516-18. 

(16)  Dorman, S. E.; Nahid, P.; Kurbatova, E. v.; Phillips, P. P. J.; Bryant, K.; Dooley, K. E.; 

Engle, M.; Goldberg, S. v.; Phan, H. T. T.; Hakim, J.; Johnson, J. L.; Lourens, M.; 

Martinson, N. A.; Muzanyi, G.; Narunsky, K.; Nerette, S.; Nguyen, N. v.; Pham, T. H.; 

Pierre, S.; Purfield, A. E.; Samaneka, W.; Savic, R. M.; Sanne, I.; Scott, N. A.; Shenje, 

J.; Sizemore, E.; Vernon, A.; Waja, Z.; Weiner, M.; Swindells, S.; Chaisson, R. E. Four-

Month Rifapentine Regimens with or without Moxifloxacin for Tuberculosis. New Eng. 

J. Med. 2021, 384 (18), 1705–1718.  

(17) Silva, D. R.; Mello, F. C. de Q.; Migliori, G. B. Shortened Tuberculosis Treatment 

Regimens: What Is New? J. Bras. Pneumol. 2020, 46 (2), 1–8.  

(18) Gillespie, S. H.; Crook, A. M.; McHugh, T. D.; Mendel, C. M.; Meredith, S. K.; Murray, 

S. R.; Pappas, F.; Phillips, P. P. J.; Nunn, A. J. Four-Month Moxifloxacin-Based 



                                                    Appendix-I: Synopsis 

 

 

291 

Regimens for Drug-Sensitive Tuberculosis. New Engl. J. Med. 2014, 371 (17), 1577–

1587.  

(19)  Prideaux, B.; Via, L. E.; Zimmerman, M. D.; Eum, S.; Sarathy, J.; O’Brien, P.; Chen, C.; 

Kaya, F.; Weiner, D. M.; Chen, P.-Y.; Song, T.; Lee, M.; Shim, T. S.; Cho, J. S.; Kim, 

W.; Cho, S. N.; Olivier, K. N.; Barry III, C. E.; Dartois, V. The Association between 

Sterilizing Activity and Drug Distribution into Tuberculosis Lesions. Nat. Med. 2015, 

21, 1223. 

(20)   Sarathy, J. P.; Via, L. E.; Weiner, D.; Blanc, L.; Boshoff, H.; Eugenin, E. A.; Barry, C. 

E.; Dartois, V. A. Extreme Drug Tolerance of Mycobacterium Tuberculosis in Caseum. 

Antimicrob. Agents Chemother. 2018, 62 (2), e02266-17. 

(21) Blanc, L.; Daudelin, I. B.; Podell, B. K.; Chen, P. Y.; Zimmerman, M.; Martinot, A. J.; 

Savic, R. M.; Prideaux, B.; Dartois, V. High-Resolution Mapping of Fluoroquinolones 

in TB Rabbit Lesions Reveals Specific Distribution in Immune Cell Types. Elife. 2018, 

7, 1–21.  

(22) Prideaux, B.; Dartois, V.; Staab, D.; Weiner, D. M.; Goh, A.; Via, L. E.; Barry, C. E. 3rd; 

Stoeckli, M. High-Sensitivity MALDI-MRM-MS Imaging of Moxifloxacin Distribution 

in  Tuberculosis-Infected Rabbit Lungs and Granulomatous Lesions. Anal. Chem. 2011, 

83 (6), 2112–2118. 

(23) Dartois, V. The Path of Anti-Tuberculosis Drugs: From Blood to Lesions to 

Mycobacterial Cells. Nat. Rev. Microbiol. 2014, 12 (3), 159–167. 

(24)  Chauhan, S.; Sharma, D.; Singh, A.; Surolia, A.; Tyagi, J. S. Comprehensive Insights into 

Mycobacterium Tuberculosis DevR (DosR) Regulon Activation Switch. Nucleic Acids 

Res. 2011, 39 (17), 7400–7414.  

(25) Dong, W.; Shi, J.; Chu, P.; Liu, R.; Wen, S.; Zhang, T.; Pang, Y.; Lu, J. Rv3131, a Gene 

Encoding Nitroreductase, is Essential for Metronidazole Activation in Mycobacterium 

Tuberculosis under Hypoxic Condition. Res. Sq. 2020.  

(26) Sherman, D. R.; Voskuil, M.; Schnappinger, D.; Liao, R.; Harrell, M. I.; Schoolnik, G. 

K. Regulation of the Mycobacterium Tuberculosis Hypoxic Response Gene Encoding-

Crystallin. Proc. Natl. Acad. Sci. U. S. A. 2001, 98 (13), 7534-9.  



                                                    Appendix-I: Synopsis 

 

 

292 

(27)  Sun, Z.; Zhang, H.; Zhang, H.; Wu, J.; Gao, F.; Zhang, C.; Hu, X.; Liu, Q.; Wei, Y.;     

Wei,  Y.; Zhuang, J.; Zhuang, J.; Huang, X. A novel model system for understanding 

anticancer activity of hypoxia-activated prodrugs. Mol. Pharm. 2020, 17 (6), 2072–2082.  

(28)   Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 

2022, 399 (10325), 629–655. 

(29)  Wong, R. H. F.; Kwong, T.; Yau, K.-H.; Au-Yeung, H. Y. Real time detection of live 

microbes using a highly sensitive bioluminescent nitroreductase probe. Chem. Commun. 

2015, 51 (21), 4440–4442.  

(30)  Feng, P.; Zhang, H.; Deng, Q.; Liu, W.; Yang, L.; Li, G.; Chen, G.; Du, L.; Ke, B.; Li, 

M. Real-time bioluminescence imaging of nitroreductase in mouse model. Anal. Chem. 

2016, 88 (11), 5610–5614.  

(31) Xu, S.; Wang, Q.; Zhang, Q.; Zhang, L.; Zuo, L.; Jiang, J. D.; Hu, H. Y. Real Time 

detection of ESKAPE pathogens by a nitroreductase-triggered fluorescence turn-on 

probe. Chem. Commun. 2017, 53 (81), 11177–11180.  

(32) Lee, M. K.; Williams, J.; Twieg, R. J.; Rao, J.; Moerner, W. E. Enzymatic activation of 

nitro-aryl fluorogens in live bacterial cells for enzymatic turnover-activated localization 

microscopy. Chem. Sci. 2013, 4 (1), 220–225.  

(33) Liu, T.; Wang, Y.; Feng, L.; Tian, X.; Cui, J.; Yu, Z.; Wang, C.; Zhang, B.; James, T. 

D.; Ma, X. 2D strategy for the construction of an enzyme-activated NIR fluorophore 

suitable for the visual sensing and profiling of homologous nitroreductases from various 

bacterial species. ACS Sens. 2021. 6 (9), 3348-3356.  

(34) Li, X.; Geng, P.; Hong, X.; Sun, Z.; Liu, G. Detecting mycobacterium tuberculosis using 

a nitrofuranyl calanolide-trehalose probe based on nitroreductase Rv2466c. Chem. 

Commun. 2021, 57 (97), 13174–13177.  

  

  

 

 

 



                                     Appendix-II: List of Figures 

 

 

293 

List of Figures 

Figure 1.1. 

Heterogeneity in the intrinsic drug susceptibility in the bacterial 

subpopulations of Mtb. A rapid rate of decline was seen with the 

replicating bacilli (blue line), but the number of non-replicating 

bacilli declined at a slower rate (red line). Adapted from 

Horsburgh, C. R et al. New Eng. J. Med. 2015.7 

2 

Figure 1.2. Hypoxia induced progressive transition of replicating into non-

replicating persistent states in wayne model 
3 

Figure 1.3. Schematic representation of distinct morphological differences 

observed in replicating and non-replicating Mtb 
4 

Figure 1.4. Proposed mechanisms of activation by Type I and II NTRs 5 

Figure 1.5. (A) Structures of bicyclic nitroimidazole anti-tubercular 

prodrugs and their (B) proposed mechanism of activation by 

deazaflavin dependent nitroreductase (Ddn) 

7 

Figure 1.6. Proposed mechanism of activation of (A) nitrothienopyrimidine 

analogue (TP-053) and (B) nitrofuranylcalanolides (NFCs) by 

mycothiol dependent NTR 

8 

Figure 1.7. Origin of Quinolone’s pharmacophore 9 

Figure 1.8. Discovery and development of FQs 10 

Figure 1.9. Structures of widely prescribed clinically imperative FQs 11 

Figure 1.10. UV light triggered uncaging of CIP  14 

Figure 1.11. UV light triggered release of FQ from photolyzable ester  15 

Figure 1.12 Visible light mediated release of LVX 15 

Figure 1.13. Glutathione (GSH) mediated release of LVX from prodrug 16 

Figure 1.14. 
Glutathione (GSH) mediated reductive cleavage of siderophore-

FQ conjugate 
17 

Figure 1.15. 

FQ prodrugs activated by enzymes such as (A) human 

paraoxonase (hPON1), (B) alkaline phosphatase (ALP) and (C) 

β-glucuronidase 
18 

Figure 1.16. 
Proposed mechanism of release of CIP from dual-action FQ 

prodrug  
19 



                                     Appendix-II: List of Figures 

 

 

294 

Figure 1.17. 

(A) b-lactamase activated ester, carbamate and amine based FQ 

prodrugs. (B) Proposed mechanism of activation of 

cephalosporin-CIP prodrug by b-lactamase 

20 

Figure 1.18. 
Nitroreductase catalyzed activation of prodrug to generate CIP 

and fluorescence reporter 
21 

Figure 1.19. Lipophilic ester prodrugs of FQs 21 

Figure 1.20. Structure of moxifloxacin (MXF)  22 

Figure 1.21. MXF containing TB-drug regimens 24 

Figure 1.22. 
Proposed prodrug strategy to enhance accumulation and efficacy 

of MXF in non-replicating Mtb 
25 

Figure 2.1. 
Proposed strategy for the generation of MXF from ester and 

carbamate prodrugs 
45 

Figure 2.2. 

Design and mechanism of bioreductive activation of 

nitroheteroaryl prodrugs. Reduction of prodrug by NTR results 

in the formation of hydroxylamine or amine intermediate, which 

upon subsequent self-immolation releases MXF. 

46 

Figure 2.3. Monitoring the formation of 33 following N-Boc deprotection of 

27 with TFA by TLC using a 1:9 MeOH:CHCl3 solvent system. 

The TLC was visualized under a UV chamber (left panel: 250 

nm and right panel:365 nm) after 6 h with (a) authentic 27, (b) 

27 + TFA (100 eq.), and (c) authentic MXF. 

53 

Figure 2.4. Structures of 33-38 54 

Figure 2.5. Plot of (A) MR vs molecular weight , (B) TPSA vs molecular 

weight and (C) clogP vs molecular weight of MXF and its 

prodrugs (esters and carbamates) 

57 

Figure 2.6. Cyclic voltammograms of (A) controls (blank electrolyte and 

ferrocene), (B) 33, (C) 34, (D) 35, (E) 36, (F) 37, (G) 38, (H) 45 

and (I) 46 recorded in argon saturated 0.1 M TBAP solution in 

ACN with an initial positive scan (shown by a purple arrow) at a 

sweep rate of 100 mV/s, sample interval of 1 mV, quiet time of 

2 s, and a sensitivity of 1 × 10-5 A/V. The final concentration of 

analytes was 0.5 mM. The onset reduction potentials are 

indicated by arrows in the voltammograms.  

59 



                                     Appendix-II: List of Figures 

 

 

295 

Figure 2.7. Comparison of the experimentally measured onset potentials 

with the computationally derived reduction potentials.  
61 

Figure 2.8. (A) Absorbance spectra and (B) Fluorescence emission spectra 

of MXF (10 µM, λex = 289 nm) in phosphate buffer (pH 7.4, 10 

mM) at 37 ºC. MXF exhibits a strong emission peak at 488 nm. 

(C) Fluorescence response of MXF prodrugs (10 µM, λex = 289 

nm; λem = 488 nm) in phosphate buffer (pH 7.4, 10 mM) at 37 

ºC. 

61 

Figure 2.9. 

Screening and evaluation for release of MXF following sodium 

dithionite (Na2S2O4) induced chemoreduction of compounds (10 

μM) in H2O:MeOH (1:1) in a fluorescence-assay (λex = 289 nm; 

λem = 488 nm).  

62 

Figure 2.10. 

Kinetics of dithionite-dependent reduction of NTR-MXF 

prodrugs (10 μM) in H2O:MeOH (1:1) by measuring 

fluorescence attributable to MXF (λex = 289 nm; λem = 488 nm) 

at a time interval of 1 s.  

63 

Figure 2.11. Monitoring time-dependent release kinetics of MXF following 

(A) chemical reduction with 250 eq. (2.5 mM) of sodium 

dithionite (Na2S2O4) from 37 and 38 and (B) with 38 and various 

equivalents (0, 250, 500 and 750 eq.; 0, 2.5, 5 and 7.5 mM) of 

sodium dithionite.  

63 

Figure 2.12. (A) Evaluating the release of MXF from 33 and 41 following 

Zn/HCOONH4  mediated  chemoreduction of compounds (10 

μM) in H2O:MeOH (1:1) by monitoring fluorescence (λex = 289 

nm; λem = 488 nm). (B) Investigating the time-dependent release 

of MXF from 33 following chemical reduction with 

Zinc/ammonium formate (Zn/HCOONH4).  

64 

Figure 2.13. 

HPLC traces of chemoreduction of compounds 33 and 41 (10 

μM) in the absence and presence of Zn dust and ammonium 

formate in H2O:MeOH (1:1). MXF (10 μM) was used as a 

positive control. The signal was detected using the UV detector 

set at 280 nm. 

65 



                                     Appendix-II: List of Figures 

 

 

296 

Figure 2.14. 

Screening and evaluation for release of MXF following 

Zinc/ammonium formate (Zn/HCOONH4) based mediated 

chemoreduction of compounds (10 μM) in H2O:MeOH (1:1) in 

a fluorescence-assay.  

66 

Figure 2.15. 

Monitoring time-dependent release of MXF from 37 and 38 

following chemical reduction with Zinc/ammonium formate 

(Zn/HCOONH4) by a fluorescence-based assay 
66 

Figure 2.16. HPLC trace of 33 87 

Figure 2.17. HPLC trace of 34 88 

Figure 2.18. HPLC trace of 35 88 

Figure 2.19. HPLC trace of 36 89 

Figure 2.20. HPLC trace of 37 89 

Figure 2.21. HPLC trace of 38 90 

Figure 2.22. HPLC trace of 45 90 

Figure 2.23. HPLC trace of 46 91 

Figure 3.1. 

Monitoring the E. coli NTR mediated bioreductive activation of 

prodrugs by  fluorescence (λex = 289 nm and λem = 488 nm) after 

1 h of incubation with E. coli NTR (15 nM) and NADH (100 

µM) in pH 7.4 phosphate buffer (10 mM) at 37 °C.  

149 

Figure 3.2. 

Representative reaction progress curves obtained by 

monitoring the release of MXF (λex = 289 nm and λem = 488 

nm) as a function of time from (A) 33, (B) 34, (C) 35, (D) 

36, (E) 37, (F) 38, (G) 45 and (H) 46 using a fluorescence-

based assay. The reactions were performed with a broad 

range of substrate concentrations (reported on the right of 

each curve) in the presence of NADH (100 µM) and a fixed 

concentration of E. coli NTR (15 nM) in phosphate buffer 

(pH 7.4, 10 mM). The kinetic experiments were performed 

at either 37 ºC (for 33-37 and 45) or 25 ºC (for 38 and 46).  

151 

Figure 3.3. 
Michaelis-Menten analyses demonstrating the 

nitroreduction of prodrugs by E. coli NTR.  
152 

Figure 3.4. 
Michaelis-Menten analyses showing the nitroreduction of 

(A) nitrobenzyl versus nitroimidazolyl and (B) 2-
153 



                                     Appendix-II: List of Figures 

 

 

297 

nitroimidazolyl versus 2-nitrothiazolyl prodrugs by E. coli 

NTR.  

Figure 3.5. 

Comparative NTR-dependent fluorescence response of 37 

and 38. (A) Structures of 37 and 38. (B) Emission spectra of 

MXF recorded post-incubation of 37 (10 μM) for 30 min 

with various concentrations of NTR (0, 3.75, 7.5, 15, 30 and 

60 nM) in the presence of NADH (100 µM) in phosphate 

buffer (10 mM, pH 7.4) at 37 °C. (C) Representative 

reaction progress curves were obtained by monitoring the 

release of MXF as a function of time from 37 using a 

fluorescence-based assay. (D) Time-dependent fluorimetric 

analysis of reaction mixtures containing 38 with or without 

NTR at different concentrations (0, 1.875, 3.75, 7.5 and 15 

nM) in the presence of NADH (100 µM) in phosphate buffer 

(pH 7.4, 10 mM) at 25 ºC for 150 s. (E) Time-dependent 

fluorimetric analysis of reaction mixtures containing 38 

with a fixed concentration of NTR (15 nM) at 25 ºC and 37 

ºC in the presence of NADH (100 µM). The generation of 

MXF in the reaction mixtures were monitored at λex = 289 

nm and λem = 488 nm.  

154 

Figure 3.6. 

Fluorescence spectra before and after incubation of prodrugs (A) 

37 (10 µM), (B) 38 (10 µM) and (C) 46 (10 µM) with E. coli 

NTR (15 nM) in the presence of NADH (100 µM) in PB (pH 7.4, 

10 mM) at 37 °C.  

155 

Figure 3.7. 

Stability of 2-nitrothiazole prodrugs in buffer. HPLC traces of 

stability of (A) 38 and (B) 46 in pH 7.4 buffer (10 mM) at 37 °C. 

Area under the curve corresponding to (C) 38 at 3.6 min and (D) 

46 at 10.8 min remaining in buffer after 2 h of incubation 

(absorbance 280 nm).  

156 

Figure 3.8. 

E. coli NTR mediated nitro-reduction of 38 resulted in the release 

of MXF. (A) LC/MS analysis showing the disappearance of 38 

(left panel) and formation of MXF (right panel). Representative 

extracted ion chromatograms (EIC) are shown. (B-C) Area under 

the curve (AUC) for the peaks corresponding to (B) 

157 



                                     Appendix-II: List of Figures 

 

 

298 

disappearance of 38 and (C) formation of MXF. Ctrl represents 

enzyme alone. (D) Positive-ion-mode mass spectrum of the 

protonated singly charged [M+1]+ molecular ion of the reaction 

products  38a (top), 38b (middle), and 47 (bottom) formed in the 

enzymatic reaction of 38 with E. coli NTR.  

Figure 3.9. 

E. coli NTR mediated nitro-reduction of 46 resulted in the release 

of MXF. (A) LC/MS analysis showing the disappearance of 46 

(left panel) and formation of MXF (right panel). Representative 

extracted ion chromatograms (EIC) are shown. (B-C) Area under 

the curve (AUC) for the peaks corresponding to (B) 

disappearance of 46 and (C) formation of MXF. Ctrl represents 

enzyme alone. (D) Positive-ion-mode mass spectrum of the 

protonated singly charged [M+1]+ molecular ion of the reaction 

products  46a (top), 46b (middle), and 47 (bottom) formed in the 

enzymatic reaction of 46 with E. coli NTR.  

158 

Figure 3.10. 

Structure of E. coli NTR (NfsB, PDB 1DS7). The FMN 

ligands bound at the dimeric interface of both the chains are 

shown.  
161 

Figure 3.11. 

 (A) Alignment of the bound and docked conformer of FMN 

using Ligand alignment tool of PyMOL. The RMSD value 

between the conformations was found to be 0.001 Å. (B) 

Molecular surface view of bound and docked pose of FMN at the 

dimeric interface of E. coli NTR (PDB: 1DS7). (C) Cartoon 

representation of the docked FMN at the active site of oxidized 

NTR of E. coli (PDB: 1DS7). The docked ligands and bound 

FMN are shown in a stick model, and the active site residues are 

indicated by a 1-letter code. The hydrogen, hydrophobic 

interactions, and salt bridges are drawn as blue, dark gray, and 

red dotted lines respectively and the lengths are indicated. (D) 

2D LigPlot representation of the docking interaction of E. coli 

NTR (PDB: 1DS7) with FMN. Receptor residues involved in 

hydrophobic interactions are represented by brick red spoked 

arcs, hydrogen bonding shown by blue dotted lines. Receptor 

162 



                                     Appendix-II: List of Figures 

 

 

299 

residues involved in H-bonding are colored green. Ligand 

residues involved in H-bonding are shown in red color. 

Figure 3.12. 

2D LigPlot representation of docking interaction of E. coli 
NTR (PDB: 1DS7) with prodrugs (33-38, 45 and 46). 

Receptor residues involved in hydrophobic interactions are 

represented by brick red spoked arcs, hydrogen bonding 

shown by blue dotted lines. Receptor residues involved in 

hydrogen bonding are colored green. Ligand residues 

involved in H-bonding are shown in red color. 

164 

Figure 3.13. 

Cartoon representation of (A) 33, (B) 34, (C) 35, (D) 36, (E) 37, 

(F) 38, (G) 45 and (H) 46 docked at the active site of chain A of 

E. coli NTR (PDB: 1DS7). The docked ligands and bound FMN 

are shown in a stick model and the active site residues are 

indicated by a 1- letter code. The hydrogen, hydrophobic 

interactions, π interactions and salt bridges are drawn as blue, 

dark gray, orange, and red dotted lines, respectively, and the 

lengths are indicated.  

165 

Figure 3.14. 

Simulation model showing the overlaid docked conformers 

of 33, 37 and 38 from FMN in the active site of E. coli NTR. 

Data was provided by Dr. SharathChandra M. (Prof. 

Jennifer Hirschi Lab, University of Binghamton, USA). 

166 

Figure 3.15. 

Fluorescence response of 38 (10 μM) to various biological 

analytes (100 μM) in phosphate buffer (pH 7.4, 10 mM) for 

15 min at 37 ºC. Ctrl = 38 alone; Cys = cysteine; GSH = 

glutathione; Glu = glucose; Gal = galactose; Vit-C = 

ascorbic acid; H2O2 = hydrogen peroxide; Es = esterase 1 

U/mL; NADH = reduced nicotinamide adenine dinucleotide 

(100 µM); NTR = E. coli nitroreductase (15 nM).  

169 

Figure 3.16. 

 (A) Bioreductive activation of prodrugs (10 μM) in E. coli 
ATCC 25922 lysate (1 mg/mL). (B) Monitoring the release 

of MXF from 38 (10 µM) by measuring fluorescence (λex = 

289 nm and λem = 488 nm) in lysates (1 mg/mL) of E. coli 
alone or in the presence of various concentrations of NTR 

170 



                                     Appendix-II: List of Figures 

 

 

300 

inhibitor, dicoumarol (DCOM; 100, 250 or 500 µM) and 

heat-inactivated lysates. 

Figure 3.17. 

Sequence alignment of NfsB from E. coli and NfnB from 

M.smegmatis. Alignments were performed using T-coffee 

and visualized with Jalview. The consensus symbols: “*” 

and “.” under the amino acids indicate identical and semi-

conserved residues that are highlighted in red and blue 

color, respectively. The FMN binding region shown in bold 

shared 35% sequence identity.  

171 

Figure 3.18. 

Predicted binding mode of 38 to FMN cofactor bound M. 

smegmatis NfnB (A) Ribbon model showing the docked pose of 

38 to FMN bound chain A of NfnB (PDB: 2WZW). (B and C) 

Close-up view of the catalytic site of M. smegmatis NfnB 

showing top-ranked docked poses of (B) bound FMN and (C) 38 

in the presence of bound FMN (cyan) resulting from docking 

simulations. The residues presenting interactions with FMN and 

38 are labelled by a one-letter code and shown as a stick model. 

The red and black dashed lines represent polar and hydrophobic 

contacts, respectively, and the lengths are indicated.  

172 

Figure 3.19. 

Simulation model showing the binding interaction of 38 with E. 

coli NTR. The average distance between the nitro group of 38 

and FMN is displayed. Data was provided by Dr. 

SharathChandra M. (Prof. Jennifer Hirschi Lab, University of 

Binghamton, USA). 

172 

Figure 3.20. 

In vitro determination of the generation of MXF by 

measuring the increase in fluorescence (λex = 289 nm and 

λem = 488 nm) after incubation of prodrugs (10 μM) in 

lysates of (A) wild-type (WT) and (B) MshA deficient 

(ΔmshA) M. smegmatis (1 mg/mL).  

173 

Figure 3.21. 

Monitoring the release of MXF from 38 (10 µM) by 

measuring enhancement in fluorescence in lysates (1 

mg/mL) of wild-type (WT) and MshA deficient (ΔmshA) 

M. smegmatis alone or in the presence of various 

174 



                                     Appendix-II: List of Figures 

 

 

301 
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