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Abstract
Tuberculosis (TB) is a top killer infectious disease worldwide, caused by Mycobacterium
tuberculosis (M. tb). Despite several efforts in finding new effective treatment options, TB
remains a public threat. Moreover, drug-resistant TB and the HIV pandemic makes
treatment options more challenging. The COVID-19 pandemic is predicted to exacerbate
the situation. TB treatment consists of multidrug regimens for a lengthy duration of time
and elicit various toxicities. Nontuberculous mycobacteria (NTM) are environmental
pathogens found in soil, dust, biofilms, and water resources which targets
immunocompromised patients or those with underlying structural lung diseases. Current
therapy of NTM infections include commonly used clinical antibiotics, which are already
resistant to bacteria. Therefore, newer agents which are selective against mycobacteria are
required to treat tuberculosis.
FadD32 is a fatty-acyl AMP ligase which activates and transfers fatty acids in the process
of mycolic acids biosynthesis. FadD32 is a putative drug target as its blockage inhibits the
growth of mycobacteria. Inhibition of FadD32 function through coumarin derivatives
showed to be effective against drug-susceptible and drug-resistant TB, as well as on slowgrowing NTM species. However, this class of agents undergo rapid metabolism in mouse
liver microsomes likely leading to short half-lives in vivo.
We employed scaffold hopping methodologies to replace the metabolically labile coumarin
core with a 2-quinolone core. The 2-quinolone series achieved high antimycobacterial
activity, with a lead compound 250 eliciting a MIC value of 0.5 µg/mL against M. tb.
Moreover, our lead compound 250 exhibited inhibitory activity against rapid-growing
NTM species (M. abscessus MIC = 8 µg/mL) whereas the coumarin class was inactive.
iii

Furthermore, compound 250 achieved 27-fold aqueous solubility and 2-fold improved
metabolic stability than the lead coumarin derivative. Thus, further pharmacokinetic and
biochemical studies on the 2-quinolone class, particularly compound 250, are warranted.
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Chapter 1. Introduction
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1.1 Tuberculosis Background
Tuberculosis (TB) is a transmissible infectious disease caused by the pathogenic bacteria
Mycobacterium tuberculosis (M. tb), which asymptomatically affects one-quarter of the
world’s population (Global Tuberculosis Report 2020, n.d.). TB is one of the top 10 causes
of death worldwide and the leading cause of death from a single infectious agent,
surpassing human immunodeficiency virus – acquired immune deficiency syndrome
(HIV/AIDS) (Global Tuberculosis Report 2020, n.d.). The pathogen primarily affects the
lungs causing pulmonary TB. Sometimes, the bacteria may also affect other sites such as
tissues and organs outside the lungs, including lymph nodes, bones, pleura, and cutaneous
tissue. This condition is known as extrapulmonary TB (Global Tuberculosis Report 2020,
n.d.).

TB is transmitted from human to human via aerosolized air droplets, expelled by TBinfected people through coughing or sneezing. According to a World Health Organization
(WHO) estimate, approximately 10 million people developed TB and 1.4 million died in
2019 (Global Tuberculosis Report 2020, n.d.). Out of 10 million people diagnosed, 56%
were men, 32% were women, and 12% were children (Global Tuberculosis Report 2020,
n.d.). These numbers clearly indicate that TB doesn’t spare any age group of people.
Patients infected with HIV have a significant risk factor of progressing to TB disease and
TB-positive patients living with HIV accounts for 8.2% of all total cases (Global
Tuberculosis Report 2020, n.d.). Although the annual TB incidence rate and the TB death
rate are declining globally, it was not fast enough to achieve the 2020 target of the End TB
Strategy of WHO, which was to reduce TB incidence rate by 20% and TB deaths by 35%
between 2015 and 2020. The reduction of TB incidence rate and TB deaths were only 9%
2

and 14%, respectively, at the end of 2019 (Figure 1) (Global Tuberculosis Report 2020,
n.d.).

Figure 1. End TB Strategy: 2020 targets deaths (Global TB report 2020).
There are three stages of TB including i) exposure, ii) latent TB infection, and iii) TB
disease. Exposure occurs when a person gets in contact with, or exposed to, another TBpositive patient. The exposed person will have no signs or symptoms of the disease, a
negative skin test, and a normal chest X-ray report. Latent TB infections occur when a
person is infected with M. tb but does not show symptoms of the disease. The infected
person's immune system blocks the TB organisms, and the bacteria remain inactive
throughout life in most people who are infected. This infected person would have a positive
tuberculin skin test with a normal chest X-ray. TB disease occurs when the exposed person
starts showing signs and symptoms of an active infection, persistent cough, bloody sputum,
and chest pain to name a few (Signs & Symptoms | Basic TB Facts | TB | CDC, 2021). This
person would have both a positive skin test and a positive chest X-ray (Ottenhoff &
Kaufmann, 2012).

3

1.2 COVID impact on TB

On May 12, 2020, the WHO described the probable detrimental impact of the COVID-19
pandemic on TB (Updated WHO Information Note, n.d.). Only four countries out of 195,
India, Indonesia, the Philippines, and South Africa, account for 44% of global TB cases
(Global Tuberculosis Report 2020, n.d.). Since COVID-19, a significant decrease in the
reported number of people diagnosed with TB was observed between January and June
2020. This is because all essential TB services such as human, financial, and other
resources were reallocated from TB to the COVID-19 response. (Global Tuberculosis
Report 2020, n.d.; Updated WHO Information Note, n.d.). Thus, the WHO expects to see
a rise in TB mortality rate by 13% that could potentially reverse 5 years of recent progress
against TB (Updated WHO Information Note, n.d.).

1.3 M. tb Current therapy, Outcomes, and Challenges

The current therapy for TB disease requires a combination therapy for, at minimum, a
duration of six months for drug-susceptible TB. The six month long treatment for drugsusceptible TB is comprised of two phases: intensive phase and a continuation phase (WHO
| Global Tuberculosis Report 2019, n.d.). In the intensive phase, four first-line anti-TB
drugs (isoniazid (H), rifampicin (R), ethambutol (E), and pyrazinamide (Z)) are
administered for the first two months which rapidly lower the bacterial burden (Figure 2).
In the continuation phase, rifampicin and isoniazid are administered for the subsequent
four months for complete sterilization and cure (Zha & Nahid, 2019). This treatment
achieves a success rate of 85% (WHO | Global Tuberculosis Report 2019, n.d.). Recently,
the CDC TB Trials Consortium identified a four-month treatment of a high dose of
4

rifapentine (P), moxifloxacin (M), pyrazinamide (Z), and isoniazid (H) equivalent to the
current 6-month HRZE treatment for drug-susceptible TB (Figure 2) (Media Statement,
2020). However, poor compliance, misuse, and mismanagement to first-line therapy, in

Figure 2. Clinically used anti-TB drugs.

part, has led to drug-resistant TB strains (Drug-Resistant TB | TB |CDC, 2020).

1.4 Drug-resistant TB

Antimicrobial resistance (AMR) is a known global threat and drug-resistant TB (DR-TB)
is a major contributor to AMR-related deaths (Global Tuberculosis Report 2020, n.d.).
According to the 2019 Antibiotic Resistant Threats Report, DR-TB has been classified as
5

a serious threat (CDC, 2020), where MDR-TB/RR-TB are affecting 0.5 million people
every year worldwide (Global Tuberculosis Report 2020, n.d.).

Multidrug-resistant

(MDR-TB) is a condition caused by TB bacteria which are resistant to at least isoniazid
(H) and rifampicin (R), the two most powerful first-line anti-TB drugs. Rifampicin resistant
(RR-TB) is referred to resistance to rifampicin (R) with or without resistance to other firstline anti-TB drugs (Prasad et al., 2018). Recently, the WHO updated extensively drugresistant TB (XDR-TB) definition and it is a condition caused by TB bacteria which fulfill
the definition of MDR-TB and RR-TB and which are also resistant to any fluoroquinolone
and at least one additional Group A drug. Group A drugs are the most potent group of drugs
in the ranking of second-line medicines for the treatment of drug-resistant forms of TB
using longer treatment regimens and comprise levofloxacin, moxifloxacin, bedaquiline,
and linezolid (Figure 3) (Meeting Report of the WHO Expert Consultation on the
Definition of Extensively Drug-Resistant Tuberculosis, n.d.). Moreover, a few cases of
totally drug-resistant TB (TDR-TB) has also been reported in India (Global Tuberculosis
Report 2020, n.d.).

Drug-resistant TB treatment regimens are longer, less effective, and more expensive than
drug-susceptible TB, and the overall treatment success rate is quite low, 57% for MDR-TB
and 39% for XDR-TB (Global Tuberculosis Report 2020, n.d.). The WHO recommends
new guidelines for treating MDR-TB/RR-TB with fully oral drug regimens. Moreover, it
limits the usage of injectable agents and warns to avoid using kanamycin and capreomycin
because of their potential harms (Clark, 1977; Global Tuberculosis Report 2020, n.d.;
Peloquin et al., 2004). For MDR/RR-TB therapy, a combination of fluoroquinolone,

6

bedaquiline, and linezolid with any one or more other anti-TB drugs is suggested for 1820 months (Figure 3).

Figure 3. Active agents against drug-resistant TB.
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1.5 NTM infections and their treatment

Nontuberculous mycobacteria (NTM) are mycobacteria, other than M. tb and
Mycobacterium leprae, that are environmental pathogens and are commonly found in soil,
dust, biofilms, and natural and municipal water sources (Nontuberculous Mycobacteria
(NTM) Infections | HAI | CDC, 2019). To date, approximately 200 NTM species have been
identified. Depending on the growth rate, NTM species are classified into rapid growing
mycobacteria (RGM) and slow growing mycobacteria (SGM);
➢ Rapid growing mycobacteria (RGM) includes:
•
•
•
•
•

Mycobacterium abscessus complex (MABSC) [M. abscessus subsp. abscessus, M.
abscessus subsp. bolletii, and M. abscessus subsp. Massiliense]
M. chelonae
M. fortuitum
M. smegmatis
M. vaccae

➢ Slow growing mycobacteria (SGM) includes:
•
•
•
•
•
•
•
•

M. avium complex (MAC) [M. avium, M. intracellulare, and M. chimaera]
M. kansasii
M. xenopi
M. marinum
M. simiae
M. haemophilum
M. ulcerans
M. gordonae

NTM infections are mostly seen in immunocompromised patients or those with underlying
structural lung diseases such as cystic fibrosis (CF), bronchiectasis, chronic obstructive
pulmonary disease (COPD), pneumoconiosis, prior tuberculosis, pulmonary alveolar
proteinosis, and esophageal motility disorders (Faria et al., 2015; Wu et al., 2018).
Although NTM-pulmonary disorders (NTM-PD) are most commonly observed with NTM
infections, extrapulmonary infections of the skin and soft tissues, lymph nodes, and blood
8

have also been confirmed. Person-to-person transmission of NTM infections has only been
documented in CF patients with M. abscessus pulmonary infections (Nontuberculous
Mycobacteria (NTM) Infections | HAI | CDC, 2019). The species that most commonly
cause NTM-PD are MAC, Mycobacterium kansasii, Mycobacterium abscessus, and
Mycobacterium xenopii (Daley et al., 2020).
Over the past several decades, the incidence and prevalence of NTM infections have been
steadily increasing (Bethencourt Mirabal & Ferrer, 2020; Prasla et al., 2020). Unlike TB,
it is difficult to determine the worldwide prevalence of NTM infections, as it is not
mandatory to report in most countries. Therefore, the global prevalence of NTM infections
remains unknown, and is likely underreported (Bethencourt Mirabal & Ferrer, 2020;
Kendall et al., 2011; Waterer, 2020). Moreover, imprecise follow-up, improper diagnosis
or unavailability of tests, and difficultly in differentiation between infection and disease
are other challenges faced in the diagnosis and treatment of NTM infections (Bethencourt
Mirabal & Ferrer, 2020). NTM infections are often misdiagnosed as TB leading to
mistreatment, longer hospitalization, and waste of resources/drugs (Wu et al., 2018).
To date, no drugs have FDA-approved indications for the treatment of NTM infections. In
2007, the American Thoracic Society (ATS) and the Infectious Diseases Society of
America (IDSA) published an official guideline for the diagnosis, treatment, and
prevention of NTM infections which has been recently updated in 2020 (Daley et al., 2020;
Griffith et al., 2007). The standard treatment regimen for majority of NTM species is a
triple antibiotic regimen for at least 18 months or 12 months after a first negative culture
(Griffith et al., 2007). Regimens utilized in the treatment of MAC infections typically
include a macrolide, commonly clarithromycin or azithromycin, in addition to rifampicin
9

and ethambutol (Daley et al., 2020). The current recommended therapy for MABSC
infections is a macrolide (clarithromycin or azithromycin) with concurrent parenteral
intravenous antibiotics (amikacin, cefoxitin, imipenem, or tigecycline) for two to four
months, followed by step-down therapy with a macrolide and another oral or inhaled
antibiotic agent (linezolid, clofazimine, or inhaled amikacin) (Figure 4) (Daley et al.,
2020). However, treatment outcomes remain poor (Wu et al., 2018) and the extended multidrug regimens contribute to significant major adverse reactions such as hepatotoxicity,
ototoxicity, nephrotoxicity, hearing loss (Daley et al., 2020; Javadi et al., 2007).
Furthermore, in the three to four years subsequent to antibiotic therapy, relapse rates range
from an alarming 25 to 50% (Boyle et al., 2016; Lam et al., 2006; Lee et al., 2015). M.
abscessus is establishing itself as highly pathogenic bacteria (Johansen et al., 2020) and
are referred to as “incurable nightmare (Dartois et al., 2019).” NTM-PD caused by M.
abscessus subsp. abscessus remains the most difficult to treat, with average treatment
success rates below 50% (Koh et al., 2017; Kwak et al., 2019; Park et al., 2017).

10

Figure 4. Clinical antibiotics used for NTM infections.
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1.6 Antibiotic targets

The four most common biological targets of antibiotics are: i) cell wall biosynthesis, ii)
protein synthesis, iii) nucleic acid synthesis (DNA and RNA synthesis), and iv) folate
metabolism (Figure 5) (Walsh, 2003). The mycobacterial cell wall is the surrounding layer
outside the cell membrane and is made up of peptidoglycan, arabinogalactan, and mycolic
acids (Figure 6). Antibiotics that degrade or inhibit the biosynthesis of the cell wall will
inhibit the growth of bacteria. This makes it one of the most powerful approaches in the
treatment of infectious diseases (Vollmer et al., 2008). For example, the most potent firstline anti-TB drug, isoniazid, acts by targeting the cell wall biosynthesis, more specifically
mycolic acid biosynthesis. Isoniazid blocks the functioning of an essential reductase
(InhA), an enzyme that is involved in the mycolic acid biosynthesis (Timmins & Deretic,
2006). Another target is protein synthesis, which is catalyzed by ribosomes and
cytoplasmic accessory factors (Kapoor et al., 2017). The bacterial ribosomes are composed
of two ribonucleoprotein subunits, 50S and 30S. Thus, antibiotics inhibiting protein
synthesis can be divided into two subclasses: the 30S inhibitors (tetracycline,
aminoglycosides) and 50S inhibitors (macrolides, oxazolidinone). These agents act by
inhibiting one of the important pathways in protein biosynthesis, including peptide chain
elongation, or misreading the genetic code (Kohanski et al., 2010).

Nucleic acids (DNA and RNA) are the most important component of any living system.
Inhibition of bacterial nucleic acids leads to a catastrophic event such as cell death.
Examples of antibiotics that inhibit nucleic acids are quinolones (DNA gyrase inhibitor)
and rifampin (DNA-dependent RNA polymerase inhibitor). Rifampin is one of the first-

12

line anti-TB drugs due to its efficient induction of cell death (Kohanski et al., 2010).
However, the bacteria have developed a resistance against rifampicin by the modifications
in beta subunits in RNA polymerase (Wehrli, 1983), and those strains are referred to as
RR-TB. The last and fourth common target of antibiotics is folate metabolism.
Sulfonamides and trimethoprim are two agents which inhibit folic acid metabolism,
thereby, causing cell death (Kapoor et al., 2017). Unfortunately, most of the currently used
antibiotics are ineffective since bacteria are becoming resistant by various mechanisms,
including enzymatic inactivation and efflux mechanism (Kapoor et al., 2017). To overcome
this challenge, a novel compound with a novel mechanism of action or a novel compound
to primary targets is urgently required.

Figure 5. Primary antibiotic targets (blue boxes) with commonly used drugs (yellow
boxes) for the treatment of TB (Olaru et al. 2014).
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1.7 Mycolic acid Biosynthesis:

The mycobacterial cell wall is different from the gram-positive and gram-negative bacterial
cell wall (Kurosu, 2019). It is a complex structure, made up of covalently linked mycolic
acids (MA)-peptidoglycan (PG)-arabinogalactan (AG) (also known as mAGP) (Hett &
Rubin, 2008). The peptidoglycan is the innermost layer and mycolic acids are the outermost
layer of the mycobacterial cell wall (Figure 6) (Hett & Rubin, 2008; Sethiya et al., 2020).

Cytoplasm

Peptidoglycan
HadAB/
BC

Arabinogalactan

Mycolic acids

Surface glycolipids

InhA

FAS-II

MabA

Periplasm

Plasma membrane

KasA/B

Fatty Acid
Modifying
Enzymes
P-Ag-M
FadD32

Ag85C

MtFab

Pks1
3

CmrA

TmaT

MmpL3
Ag85A/B

AccD6 FAS I

TDM

AccD4

Figure 6. Pictorial representation of key enzymes, transporters and transferases involved in
the mycolic acid biosynthetic pathway (Sethiya et al., 2020). β-ketoacyl-ACP synthase A
(KasA), β-ketoacyl-ACP synthase B (KasB), β-ketoacyl-ACP reductase (MabA), βhydroxyacyl-ACP dehydratase (Had), enoyl-ACP reductase (InhA), MtFab, acyl-CoA
carboxylase (AccD), fatty acid adenylating enzyme (FadD32), polyketide synthase 13
(PKS13), Cg1 acetyltransferase (TmaT), mycobacterial membrane protein large (MmpL3),
mycolyltransferases (Ag85 complex), trehalose monomycolate (TMM).
Mycolic acids are a major component and are considered a hallmark of the mycobacterial
cell wall (Kurosu, 2019; Marrakchi et al., 2014; Takayama et al., 2005). Mycolic acids
comprise a highly impermeable lipid-rich layer that protects the mycobacterial cell against
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various threats including antibiotics and the host’s immune system and also contributes to
virulence (Shetye et al., 2020; Takayama et al., 2005). Chemically, mycolic acids are αalkylalted, β-hydroxylated long-chain fatty acids (Figure 7). The α-alkyl chain comprises
saturated C22-C26 carbons, and the β-hydroxy long meromycoloyl chain comprises C42-C62
carbons (Dulberger et al., 2020). Depending on the functional groups attached, the mycolic
acids found in M. tb can be differentiated into α-, methoxy-, keto-, and/or hydroxy-mycolic
acids (Figure 7). There are in total C66-C90 carbons in a mycolic acid chain length (Kurosu,
2019; Takayama et al., 2005). Even though mycolic acids are found in all mycobacterial
pathogens and provide similar cellular protection, structural integrity, and virulence, subtle
differences in carbon chain length and composition are found. For example, to date, ketoand methoxy-MA have not been detected in M. phlei (Marrakchi et al., 2014), yet are
common in M. tb. These structural differences may account for the variations in drug
susceptibility among mycobacterial pathogens.
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Figure 7. Structures of mycolic acid
The biosynthetic pathway of mycolic acids involves many catalytic enzymes that
synthesize and functionalize long fatty chains that are condensed together, transported out
and attached to the outer membrane (Figure 8). The biosynthesis of mycolic acids initially
involves two enzyme complexes: fatty-acid synthase-I (FAS-I) and fatty-acid synthase-II
(FAS-II). FAS-I initiates the de novo fatty acid synthesis cycle from an acetyl group to
produce C16-18 and C24-26 acyl CoAs (Marrakchi et al., 2014). Each cycle of FAS-I synthase
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undergoes the addition of two new carbon atoms, thereby increasing the chain length
(Takayama et al., 2005). FAS-II further elongates the short chain C12-16 fatty acids to C1830

acyl-acyl carrier proteins (acyl-ACPs) (Marrakchi et al., 2014). FAS-I synthesizes

hexacosanoyl-CoA (C26) that ultimately becomes the α-chain of mycolic acids (Takayama
et al., 2005). β-Ketoacyl-ACP-synthase III (MtFabH) initiates the fatty acid synthesis by
combining malonyl-ACP and acyl-CoA through Claisen condensation. The product formed
is β-ketoacyl-ACP, followed by a reduction to β-hydroxyacyl-ACP by β-ketoacyl-ACP
reductase (MabA). β-Hydroxyacyl-ACP dehydratases (HadAB and HadBC) convert the βhydroxyacyl-ACP into an enoyl-ACP. This enoyl-ACP is reduced to an acyl-ACP by
NADH-dependent trans-2-enoyl-ACP reductase (InhA). This acyl-ACP is again taken up
into the FAS-II cycle and further elongated until a mero-mycolic acid chain is formed.
Elongation of the fatty acid chain takes place by β-ketoacyl-ACP-synthase (KasA or
KasB). The addition of cyclopropyl groupsto the meromycolic acid is catalyzed by the Sadenosyl-methionine (SAM)-dependent methyltransferases. CmaA1, CmaA2, PcaA, and
MmaA2 are the methyltransferases identified in M. tb (Marrakchi et al., 2014), however,
the exact NTM enzymes have not been determined. The product (shorter α-chain) from the
FAS-I is carboxylated by AccD4 (an acyl-CoA carboxylase), as AccD4 and AccD6 are
essential genes in M. tb (Gande et al., 2004). Before the final condensation with the short
α-chain, the long-chain meromycolic acid (C50-60) gets activated through the FadD32
enzyme. FadD32 (fatty acid adenylating enzyme) is a member of the fatty acyl-AMP ligase
(FAAL) class that activates and transfers the activated long chain acyl adenylate to the
pantetheine moiety of the N-terminal acyl carrier protein (ACP) domain of polyketide
synthase 13 (PKS13) (Kuhn et al., 2016; Marrakchi et al., 2014). PKS13 is a member of
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the type-I Pks family and is responsible for performing the final condensation step in the
production of mycolic acids. After the final condensation step, a reduction mediated
through CmrA produces mature mycolic acids and their PKS13-mediated transfer to
trehalose to form trehalose monomycolate (TMM). After acetylation of the β-hydroxy
group on TMM by TmaT, TMM is transported out of the cytoplasm to the periplasmic
space through the MmpL3 transporter (Grzegorzewicz et al., 2012; Tahlan et al., 2012).
Subsequently, this glycolipid serves as a donor of mycolic acyl chains that either form a
covalent linkage with the arabinogalactan layer of mAGP or esterify another molecule of
TMM to form the outer membrane glycolipid, trehalose dimycolate (TDM, also known as
cord factor) (North et al., 2014; Su et al., 2019). The enzyme responsible for the
transesterification of mycolic acids from TMM to their cell envelope acceptors are the
mycolyltransferases (Ag85 complex) (Dulberger et al., 2020). Although TDM is present
mainly as the outer layer, phthiocerol dimycocerosate (PDIM) and a number of other
acyltrehaloses (sulfolipids, diacyl-, and poly-acyltrehaloses) also contribute to form an
outer layer (Su et al., 2019).
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Figure 8. Mycolic acid biosynthesis pathway (Marrakchi et al., 2014).
1.8 FadD32 as a promising drug target:
Fatty acid adenylating enzymes (FadDs) are involved in both lipid biosynthesis and
metabolism. FadDs are the class I ANL (acyl-CoA synthetase, non-ribosomal peptide
synthetase (NRPS), luciferase) enzymes from the adenylate-forming enzymes superfamily.
All adenylating or adenylating forming enzymes catalyze a two-step reaction. Depending
upon the function, they are further classified as fatty acyl-CoA ligases (FACLs) and fatty
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acyl-AMP ligases (FAALs) (Trivedi et al., 2004). FACLs are involved in lipid catabolism
whereas FAALs are involved in lipid biosynthesis. The first step for all FadDs is the
adenylation of a carboxylic acid substrate through adenosine-5’-triphosphate (ATP) to
form a reactive acyl adenylate (acyl-AMP) intermediate (Figure 9). In the second step, a
nucleophile such as alcohol, thiol, or amine attacks the intermediate to form the desired
product (ester, thiester, or amide), releasing the AMP (Figure 9) (Schmelz & Naismith,
2009). All adenylate-forming enzymes are dependent on Mg+2 (Airas, 2007).

Figure 9. FadD32 functions (Kuhn 2016).
FadD32 is one of the 34 FadDs present in the M. tb genome (Camus et al., 2002). Since
FadD32 is involved in the mycolic acid biosynthesis, it is a FAAL enzyme and thus is also
referred to as FAAL32. Each FAAL enzyme has its unique acceptor enzyme, for FadD32,
it is specific to PKS13 (Léger et al., 2009). FAAL32 is an essential enzyme that linksthe
FAS cycle and PKS13. FadD32 catalyzes the adenylation of meromycolic acid (2) to
meromycolate-adenylate intermediate (3) (Figure 9). Next, FadD32 facilitates the second
step where it loads 3 to the phosphopantetheinyl arm of the N-terminal acyl carrier protein
domain (ACP) of PKS13.
The FadD32-PKS13-AccD4 operon is present in all mycobacteria and is essential for
mycobacterial viability (Portevin et al., 2004, 2005). Recent studies show that the
phosphorylation of FadD32 takes place through serine/threonine protein kinases (STPK),
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and the phosphorylation is detrimental to FAAL32 activity (Le et al., 2016). Silencing or
downregulation of the FadD32 gene shows the bactericidal effect, and also fosters the
sensitivity of mycobacteria (2 to >30-fold) to several antibiotics (Carroll et al., 2011).
Overall, FadD32 is an attractive and putative target for the development of novel antitubercular agents.
1.9 FadD32 inhibitors:
In 2013, using high-throughput screening (HTS), Kawate et al. discovered a series of 4,6diaryl-5,7-dimethylcoumarin derivatives (CCA2, CCA26, CCA31, and CCA34) as novel
FadD32 inhibitors with anti-mycobacterial activity (Figure 10) (Kawate et al., 2013).
Recently, an optimization of the series led to the identification of three new classes of
compounds, benzofuran (BIHM6), 2-[1H]-quinolone (BIHM7), and quinoline (BIHM8)
(Figure 10) (Fang et al., 2018). Biochemical assays suggested these compounds inhibit the
second step of FadD32 function, which is the transfer of meromycolate-adenylate
intermediate to PKS13 (Stanley et al., 2013).
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Figure 10. Structures of known FadD32 inhibitors.
In general, the structure-activity relationships (SAR) studies suggest two methyl groups at
5- and 7-positions on the core structure are essential for FadD32 inhibition function
(Figure 11). Two major classes of FadD32 inhibitors have been most explored for SAR.
They are the quinoline (Figure 11, X = N) and the coumarin (Figure 11, X = O and R1 =
O). Further, two aryl groups at 4- and 6-positions are essential for blocking the FadD32.
The best aryl groups at the 4th position are phenyl or substituted phenyl (R2) such as 3aminophenyl, 2-chlorophenyl. On the other hand, the aryl groups at the 6th position (R3)
that acts against FadD32 are pyridyl or para-substituted phenyl rings. Often, the para22

phenyl substituent is morpholino-N-methylene, but hydroxymethyl, 1-hydroxyethyl, and
methylcarbonyl groups are also moderately active.

Figure 11. General SAR of known FadD32 inhibitors. The 1-position (X in pink box) has
been evaluated as a N (quinoline core) and O (coumarin core). The C2 substituent (R1 in
yellow box) has been evaluated with various carbonyl containing functional groups. The C4
phenyl substituent (R2 in green box) has modified to include various functional groups,
lead ones are defined in green box. The lead aromatic groups (R3) at C6 position accessed
are shown in blue box.

23

When the core is quinoline, amide substitutions at the 2nd position (R1) favor FadD32
inhibition. The top three potent compounds of the series include methyl-N-amide
(BIHM21b), hydroxyethyl-N-amide (BIHM21e), 2-(N, N-dimethyl)-ethyl-N-amide
(BIHM21f) as R1 substituents (Figure 12). Surprisingly, tertiary amides such as N, Ndimethylamide, N-morphinyl-carbonyl, N-piperazinyl carbonyl, 1-pyrolidinyl carbonyl are
detrimental to anti-mycobacterial action, suggesting the NH of C2 amide linkages is crucial
for hydrogen bond interaction with the FadD32 enzyme.

Figure 12. Quinoline derivatives as FadD32 inhibitors.

1.10 CCA34 is the most powerful compound
Compound CCA34 is the most potent compound of the all series, exhibiting an IC90 and
MIC value of 0.4 µM and 0.24 µM against FadD32 and M. tb H37Rv, respectively (Stanley
et al., 2013). Besides, it shows good anti-tubercular activity against clinical and INH
resistant strains, with a MIC value of 0.33-0.57 µM (Stanley et al., 2013). Encouragingly,
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CCA34 is inactive against gram-positive and gram-negative bacteria species, displaying
its selectivity on mycobacteria. In vitro pharmacokinetic studies report that it has a
moderate aqueous solubility with a value of 89.3 µM. Moreover, it also shows a good
permeability value of 34.4 x 10-6 cm/s against the Caco-2 cell line. Nevertheless, the halflife of CCA34 is just 8.63 mins in the mouse liver microsomes (MLM) (Kawate et al.,
2013). The shorter half-life is predicted to be a result of the rapid metabolism of the
compound through various cytochrome P450 (CYP) enzymes.
1.11 Hypothesis and specific aims
We hypothesize that medicinal chemistry optimization of CCA34 and related derivatives
will increase metabolic stability and will retain the potency through FadD32 inhibition. To
test our hypothesis, we have developed three specific aims:
I.

Design, synthesis, and characterization of novel metabolically stable FadD32
inhibitors. (Chapter 2)

II.

Whole-cell inhibition studies on novel metabolically stable FadD32 inhibitors
(Chapter 2)

III.

Assessment of in vitro aqueous solubility and metabolic stability properties of
novel metabolically stable FadD32 inhibitors. (Chapter 3)
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Chapter 2. Design, synthesis, and microbial evaluation of novel
metabolically stable FadD32 inhibitors.
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2.1 Introduction
2.1.1 CCA34 as a potent FadD32 inhibitor
FadD32 is an essential enzyme in mycolic acid biosynthesis, and is a putative drug target
for the treatment of tuberculosis (Kuhn et al., 2016). Like other adenylating enzymes,
FadD32 has a dual function. The dual function of FadD32 involves 1) adenylation of
meromycolic acid to meromycolate-adenylate intermediate 2) transfer of meromycolateadenylate intermediate to PKS13 (Figure 9, Chapter 1), a condensing enzyme (Kuhn et
al., 2016; Schmelz & Naismith, 2009).
Compound CCA34, which is a coumarin derivative, is found to block FadD32-mediated
transfer of the meromycolyl chain to PKS13 (Figure 13), and thereby inhibiting mycolic
acid biosynthesis required for mycobacterial cell wall construction. For the inhibitory
action against FadD32, it is the functional groups attached on the coumarin core that are
essential. By comparison with Novobiocin (coumarin-based antibiotic), Stanley et al.
confirm that a coumarin core is non-essential for FadD32 inhibition (Stanley et al., 2013).
CCA34 is selective to mycobacteria and is inactive against gram-positive and gramnegative bacteria at >250 µM (>110 µg/mL). CCA34 shows a MIC value of 0.24 µM (0.10
µg/mL) and 0.44 µM (0.19 µg/mL) against drug-susceptible M. tb and INH-resistant M. tb,
respectively. Besides its activity on the drug-resistant strain, CCA34 also shows excellent
activity against clinical strains of M. tb (0.33-0.57 µg/mL) (Stanley et al., 2013). Moreover,
CCA34 is effective against slow-growing NTM species such as M. marimum (0.36 µg/mL)
and M. intracellulare (1.0 µg/mL), but not effective on a rapid-growing NTM species such
as M. fortuitum (>110 µg/mL) and M. smegmatis (>110 µg/mL) (Kawate et al., 2013;
Stanley et al., 2013). Owning such encouraging preliminary pharmacological and
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microbiological profiles, further optimization of CCA34 is warranted as a potential antitubercular agent.

Figure 13. Chemical structure of CCA34
2.1.2 Coumarin scaffolds are often metabolically unstable
Coumarin is a well-studied functional group known to be metabolized by hydroxylation
and/or by hydrolysis to yield several metabolites (Figure 14) (Lake, 1999). The most
known pathways for coumarin metabolism are 7-hydroxylation and 3, 4-epoxides, which
yield 7-hydroxycoumarin (7-HC), o-hydroxyphenylacetaldehyde (o-HPA) and ohydroxyphenylpropionic acid (o-HPAA), respectively (Egan et al., 1990; Lake, 1999;
Shilling et al., 1969). A recent study using HPLC-MS/MS reports o-coumaric acid (o-CA)
as a significant metabolite produced in humans in addition to previously known metabolites
(Gasparetto et al., 2015). o-CA is an end product of lactone hydrolysis which may occur in
the basic environment (intestinal pH) or through esterase-mediated hydrolysis, particularly
human paraoxonase 1 (PON1) (Hioki et al., 2011).
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Figure 14. Common metabolic pathways for coumarin.
Being a coumarin analog, CCA34 is prone to all types of CYP-mediated hydroxylation
and lactone hydrolysis. Notably, the core scaffold is protected by methyl and phenyl groups
at 4-, 5-, 6-, and 7-positions, which may seems like the sites are being protected from CYPmediated hydroxylation. However, these groups do not completely block CYP-mediated
hydroxylation since these groups are now prone to benzylic and aromatic hydroxylation.
Moreover, the compound is still prone to lactone hydrolysis. CCA34 showed poor in vitro
metabolic stability, reporting a half-life (t1/2) of just 8.63 minutes when incubated with
mouse liver microsomes (MLM) (Kawate et al., 2013). Recently, a 4-(4-fluorophenyl)CCA34 or F-CCA34 is shown to undergo ring-opening lactone hydrolysis to yield ringopened F-CCA34, under organic bases such as morpholine (Figure 15) (Fang et al., 2018).
We performed an in silico study to predict metabolic soft spots, using a popular metabolism
predictive software, BioTransformer (Djoumbou-Feunang et al., 2019) (Figure 16). The
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Figure 15. Coumarin core undergoes hydrolysis under basic conditions (Fang et.,
2018).
software predicts small molecule degradation in humans (CYP and Phase II metabolism),
gut microbiota, and soil/water microbiota (Djoumbou-Feunang et al., 2019). Figure 16
depicts the possible metabolic pathways for compound CCA34. The red spots are predicted
to be highly susceptible to metabolism, followed by the yellow and green spots,
respectively. The three red spots are the top soft spots on CCA34, and can possibly yield
three different metabolites, hydrolyzed CCA34, C8-hydroxylated CCA34, and C7benzylic hydroxylated CCA34, through lactone hydrolysis, aromatic hydroxylation, and
benzylic hydroxylation, respectively (Figure 16). To summarize, coumarins, here CCA34,
can readily undergo metabolism and we identified three spots which are highly susceptible
to it. These spots can be the area for further optimization to reduce metabolic liabilities.
For my thesis project, we focused on designing compounds against lactone hydrolysis, one
of the three top spots, to reduce the metabolism.
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Figure 16. Possible metabolites of the compound CCA34.
2.1.3 Rational drug design: scaffold hopping
Introduced in 1999 by Schneider et al., scaffold hopping is designing a new compound
based on an existing drug while maintaining or improving the potency against biological
target and at the same time improving upon pharmacokinetic properties (Schneider et al.,
1999). Scaffold hopping is a widely accepted medicinal chemistry approach to address
liabilities of drug metabolism and pharmacokinetic (DMPK) properties of a known
compound (Böhm et al., 2004). An excellent review on applications of scaffold hopping to
address the metabolic issues of the heterocyclic compound is recently published (Lazzara
& Moore, 2020). Scaffold hopping can be classified into four categories: heterocycle
replacement, ring-opening or closure, pseudopeptides and peptidomimetics, and
topology/shape-based scaffold hopping (Sun et al., 2012). Of which, heterocycle
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replacement is the most common class and widely used. This involves the replacement or
addition or rearrangement of a heteroatom on the core scaffold (Lazzara & Moore, 2020).
A successful example of this approach is the discovery of new generation COX-2
inhibitors, such as celecoxib, rofecoxib, and etoricoxib (Figure 17) (Böhm et al., 2004;
Sun et al., 2012).

Figure 17. Chemical structures of selective COX-2 inhibitors.
In this thesis research project, we describe the optimization of the coumarin series, which
led to the identification of the 2-quinolone series. As mentioned earlier, the coumarin core
is non-essential for the inhibitory action against FadD32 (Stanley et al., 2013). Using
scaffold hopping, we replaced the coumarin core moiety with the 2-quinolone core moiety
(Figure 18). The rationale is to reduce lactone hydrolysis of coumarin analogs, which is
one of the highest predicted metabolic reaction sites. Ester functional groups are readily
hydrolyzed through esterases/amidases, which are ubiquitously present in the human body.
Lactones are cyclized ester-linked molecules and switching it to lactam, a cyclized amidelinked molecule, may overcome metabolic liabilities of the coumarin analogs. Amides are
harder to hydrolyze than esters due to the conjugation of a lone pair of electrons from a
nitrogen to a carbonyl group. For our new 2-quinolone series, we functionalized the core
structure with different substituted/unsubstituted aromatic rings (Ar) and alkyl (R) groups
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shown in Figure 18. We assessed the same aromatic groups (16d, 16e, and 16g) which
were highly potent in the known coumarins. Moreover, we further explored 15f, 16h, 16i,
16j, and 16k groups as well. We also functionalized the nitrogen of core quinolone with
three different alkyl chains, such as 16a, 16b, and 16c.
Recently, using a similar scaffold hopping technique, benzofuran, 2-[1H]-quinolone, and
quinoline analogs were tested, of which, 2-[1H]-quinolone analog showed a poor MIC
value of >16.9 µg/mL (Figure 10, chapter 1) (Fang et al., 2018).

Figure 18. Rational drug design of 2-quinolones as FadD32 inhibitors.
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2.2 Results and discussion
2.2.1 Synthesis of coumarin series
To compare the microbial activity and in vitro physicochemical and pharmacokinetic
properties, we also synthesized three of the known coumarin compounds. All coumarin
analogs were synthesized with a synthetic scheme presented in scheme 1. The
commercially available starting materials, phenyl propiolic acid (a) and 4-bromo-3,5dimethyl phenol (b), were coupled through Steglich esterification using N, N′dicyclohexylcarbodiimide (DCC) at 0°C to give an intermediate C1. The intermediate then
underwent a palladium-catalyzed oxidative addition reaction in the presence of palladium
acetate and trifluoroacetic acid (TFA) to form intermediate C2. Final products C3-C5 were
obtained by coupling substituted boronic acid analogs the bromo intermediate C2 under
Suzuki-Miyuara reaction conditions at 105°C. The overall percentage yield is 50-70%. The
wide range for a yield is due to the various electron donating/withdrawing groups on the

Scheme 1. i. DCC, DMAP, CH2Cl2, 0°C to r.t; ii. Pd (OAc)2, TFA, CH2Cl2; iii. ArB(OH)2, PdCl2(PPh3)2, K2CO3, 1,4 dioxane: H2O
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boronic acids that will activate/deactivate the boronic acid functional group. All final
coumarin analogs were characterized by mass spectroscopy, 1H NMR and 13C NMR.
2.2.2. Synthesis of 2-quinolones series
All 2-quinolone analogs were synthesized using phenyl propiolic acid (a) and 4-bromo3,5-dimethyl aniline (d) as represented in the scheme 2. Both commercially available
starting materials (a and d) underwent Steglich amidation at 0°C yielding intermediate Q1
using standard coupling conditions with DCC. Intermediate Q1 was alkylated using alkyl
iodides in the presence of sodium hydride (NaH) to obtain Q2, which underwent an
oxidative addition reaction using palladium acetate Pd(OAc)2 and trifluoroacetic acid
(TFA) to form intermediate Q3. The final 2-quinolone analogs Q4-Q14 were obtained by
reacting boronic acid derivatives or 4-(bromomethyl)-phenyl-1-boronic acid and
morpholine bioisosteres with an intermediate Q3 under Suzuki-Miyuara conditions at
105°C. The overall percentage yield is 50-70 %. All final 2-quinolone analogs were
characterized by mass spectroscopy, 1H NMR and

13

C NMR (full characterization of

compound 251 is in appendix, page 112).
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Scheme 2. i. DCC, DMAP, CH2Cl2, 0°C to r.t; ii. NaH, RI, THF; iii. Pd(OAc)2, TFA,
CH2Cl2; iv. Ar-B(OH)2, PdCl2(PPh3)2, K2CO3, 1,4 dioxane: H2O

2.2.3 Antimicrobial assessment / SAR
As controls, we synthesized and determined antimicrobial activity against M. tb and M. abs
of previously known coumarin compounds (CCA26, CCA2, and CCA31). Recall, CCA31
is an analog of CCA34 without amino group at 3-position of 4-phenyl group (Figure 10,
chapter 1). All coumarin analogs followed the same inhibitory action as reported (Stanley
et al., 2013). As mentioned earlier, the known coumarins are inactive against rapid-growing
NTM species, M. fortuitum (>110 µg/mL) and M. smegmatis (>110 µg/mL). For the first
time, we tested these compounds in M. abscessus, a rapid-growing NTM species.

36

Predictably, these compounds were found to be inactive against M. abscessus at 32 µg/mL
(Table 1).

Table 1. Antimycobacterial activities of coumarins against M. tb and M. abscessus
Published
MIC
Compound
number

Our MIC Results

Coumarin structure
M. tb
H37Rv
(µg/mL)

M. tb
mc26206
(µg/mL)

M.
abscessus
ATCC19977
(µg/mL)

CCA26

1.8

2

32

CCA2

0.9

1

32

CCA31

0.1

0.125

32

37

By synthesizing and testing these three known inhibitors, we validated the MIC values
published in the literature. Encouraged by the excellent potency of a coumarin derivative,
CCA31, we began to explore a new class of compounds, called 2-quinolones, designed
using scaffold hopping. The SAR examined on the 2-quinolone series are classified into
two categories: 1) modification on R1 position and 2) modification on R2 position (Figure
19).

Figure 19. SAR of 2-quinolone series.
Modification on R1 position
The initial R1 groups examined were 4-phenyl-6-(pyridin‐4‐yl), 4-(hydroxymethyl) phenyl,
and 4-[(morpholin‐4‐yl)methyl]phenyl that had the highest potency on the coumarin
analogs. Likewise, 4-[(morpholin‐4‐yl)methyl]phenyl group (250) showed the best
activity, followed by 4-(hydroxymethyl) phenyl (251) and 4-phenyl-6 (pyridin‐4‐yl) (252)
(Table 2). Compound 250 exhibited a MIC value of 0.5 µg/mL against M. tb, whereas
compounds 251 and 252 show bacterial inhibition at 4 µg/mL and 8 µg/mL. Next, I
assessed two different morpholine bioisosteres (thiomorpholine and piperazine) for their
anti-mycobacterial activity. Surprisingly, replacing morpholine with thiomorpholine (269)
diminishes a MIC value by 128-fold against M. tb (MIC >64 µg/mL). Similarly, a
replacement of morpholine to piperazine (272) demonstrated an 8-fold increase MIC value
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by against M. tb (MIC = 4 µg/mL). Next, I functionalized the nitrogen of the piperazine
ring with methyl, ethyl, and acetyl groups. Unfortunately, there was no effect of the methyl
group on the piperazine ring (273) (MIC = 4 µg/mL). Interestingly, the ethyl (270) or acetyl
(271) group on piperazine gained 2-fold inhibitory action over 272 against M. tb (MIC = 2
µg/mL) (Table 2).
Table 2. Antimycobacterial activities of quinolones against M. tb and M.
abscessus
Compound
Number

MIC (µg/mL)

R1 modification

M. tb
mc26206

M. abscessus
ATCC19977

252

8

32

251

4

64

250

0.5

8

39

269

>64

>64

272

4

>64

273

4

32

270

2

32

271

2

>64
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Modification on R2 position
Maintaining the same R1 group, 4-[(morpholin‐4‐yl)methyl]phenyl, I explored small chain
alkyl groups such as methyl, ethyl, and propyl at the R2 position. The methyl group (250)
exhibits excellent MIC values of 0.5 µg/mL and 8 µg/mL against M. tb and M. absceusus,
respectively. Addition of ethyl (274) or propyl (275) group on the 2-quinolone nitrogen
lead to a reduced anti-mycobacterial activity to that of 250 (M. tb MIC = 4 µg/mL and M.
abs MIC = >64 µg/mL) (Table 3). However, compound BIHM7 without any alkyl group
completely lost antimycobacterial activity (MIC = >16 µg/mL). This suggests alkylation
of the nitrogen of the core structure is essential for the anti-mycobacterial activity against
M. tb.
Table 3. Antimycobacterial activities of quinolones against M. tb and M.
abscessus
Compound
Number

R2 modifications

M.
M. tb mc26206
abscessus
(µg/mL)
ATCC19977
(µg/mL)

274

4

>64

275

4

>64
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BIHM7#

>16

ND

#

Reported MIC value (Fang et al.)

All reaction intermediates, including coumarin and 2-quinolone, were tested against M. tb
and M. abscessus as well. Unfortunately, all of these were inactive against M. tb at 32
µg/mL, except 262 (MIC = 8 µg/mL) (Table 4). Except 250, all final compounds and
intermediates have no antimycobacterial action against M. abscessus (MIC >32 µg/mL).

Table 4. Antimycobacterial activities of intermediates against M. tb and M.
abscessus

M. tb
mc26206
(µg/mL)

M. abscessus
ATCC19977
(µg/mL)

262

8

>64

263

>64

>64

Compound
Number

Intermediates

42

264

32

>64

265

32

>64

266

32

>64

267

32

>64

43

268

32

>64

277

32

>64

279

32

64

2.3 Conclusion/Summary
To summarize, my thesis project supports the successful execution of scaffold hopping to
identify 2-quinolone derivatives as a novel class of M. tb inhibitors with putative FadD32
inhibition. All newly designed 2-quinolones were produced in a good yield (50-70%),
except for compound 272 (6.6%). We maintained the anti-mycobacterial activity of the
new series while replacing the core structure from coumarin to 2-quinolone. Of the 2quinolone series, compound 250 has a MIC value of 0.5 µg/mL against M. tb. All
compounds, except 269, are more potent against M. tb than that of the known 2-quinolone
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compound (BIHM7). This suggests that alkylation of the nitrogen of 2-quinolone core is
crucial for maintaining activity against M. tb. The nitrogen with an alkyl group resembles
the same chemical properties as of coumarin ester whereas the nitrogen without an alkyl
group behaves slightly acidic. Compounds 274 and 275 with a bulky long-chain alkyl
group decrease the inhibitory action, suggesting the binding pocket has room for only one
carbon. All synthesized compounds including known coumarin analogs were tested against
M. abscessus for the first time, with compound 250 being the most active FadD32 inhibitor
against M. abscessus to date (MIC = 8 µg/mL). For our synthesized compounds, the
morpholine ring head group showed better antimycobacterial activity, followed by
piperazine and thiomorpholine (O>N>S), respectively. This suggests that the oxygen of
the morpholine ring helps to improve binding interactions, meaning it acts as an H-bond
acceptor. Besides the non-H-bond accepting capabilities, the other possible reason for the
negative action of nitrogen could be its basic nature. For a compound containing sulphur,
its big atomic size may lead to more steric hindrance and thus, reduce activity. Moreover,
Combourieu et al. report a rapid degradation of thiomorpholine through mycobacterial
enzymes (Combourieu et al., 2000).
2.4 Experimental section
2.4.1 Materials, methods, and instrumentation
All the reagents, glassware, solvents, and chemicals were purchased from commercially
available sources. All the chemicals were reagent-grade and were used directly without
further purification. The reactions were tracked and monitored by using fluorescent silica
gel coated thin layer chromatography (TLC) plates, and the spots were visualized using a
UV lamp. The purification of the compounds was performed using flash chromatography
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on a Biotage® Isolera One with a Biotage® silica gel column. 1H and

13

C NMR were

recorded on a 400 MHz Bruker NMR system, and the chemical shifts were reported relative
to the solvent peaks. Mass spectra were obtained on Agilent 1200 / AB Sciex® API 5500
QTrap LC-MS/MS using electrospray ionization (ESI) and a single quadrupole analyzer
(Q1).
2.4.2 General procedure for the preparation of coumarins
Synthesis of intermediate C1 and Q1
Phenyl propiolic acid (1 eq., 2 mmol) was dissolved in 11 mL of anhydrous
dichloromethane (DCM). The mixture was stirred for 10 minutes at 0°C. Later, 4Dimethylaminopyridine (DMAP) (0.1 eq., 0.2 mmol) and N, N′-dicyclohexylcarbodiimide
(DCC) (1 eq., 2 mmol) were added to the reaction mixture, respectively, and allowed to
stir for 10 minutes. Lastly, 4-Bromo-3,5-dimethylphenol (for C1) or 4-Bromo-3,5dimethylaniline (for Q1) (1 eq., 2 mmol) was added. Now, the mixture was stirred at room
temperature under N2 atmosphere for 3 hours. The reaction was monitored with the help of
thin-layer chromatography (TLC). After completion, the reaction was quenched by adding
DCM to it and filtered the crude mixture through a funnel filter under a vacuum. Collected
the filtrate and washed it twice with DCM and water, subsequently gave a final wash with
a brine solution. The DCM layer was collected, dried with anhydrous sodium sulfate
(Na2SO4), and evaporated under reduced pressure.
Synthesis of intermediate Q2
For the 2-quinolone series, a mixture of Q1 (1 eq., 1.5 mmol) and tetrahydrofuran (THF)
(6mL, 1.5 mmol) was stirred at room temperature. Carefully, sodium hydride (NaH) (1.5
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eq., 2.29 mmol) was added to the reaction mixture. The reaction mixture turned red color.
Subsequently, alkyl iodide (1.5 eq., 2.29 mmol) was added and allowed the reaction
mixture to stir for 3-24 hours. Once the formation of the final product was confirmed with
TLC, the reaction was quenched by adding cold water. The crude mixture was washed
twice with DCM and water, and a final wash was given with a brine solution. The DCM
layer was collected, dried with anhydrous Na2SO4, and evaporated under reduced pressure.
Synthesis of intermediate C2 and Q3
Without purification, intermediate C1 or Q2 (1 eq., 1.78 mmol) was dissolved in
trifluoroacetic acid (TFA) (2.68 mL) and DCM (0.89 mL). Added a catalytic amount of
palladium acetate (PdOAc2) (0.02 eq., 0.017 mmol) to the reaction mixture and allowed it
to stir for 24 hours at 30°C. After completion, the reaction mixture was diluted with ethyl
ether. Then the crude mixture was extracted twice with ethyl ether or DCM and water,
subsequently with a brine solution (sat. NaCl solution). The organic layer was collected,
dried with anhydrous Na2SO4, and evaporated under reduced pressure. With the help of
TLC, the gradient was decided for the flash chromatography and purified.
Synthesis of final compounds C3-C5 and Q4-Q14
A pure intermediate C2 or Q3 (1 eq., 0.5 mmol) was dissolved in 3.3 mL of 1, 4
dioxane:water (9:1) mixture. To that, added potassium carbonate (1.7 eq., 0.95 mmol),
palladium catalyst (0.11 eq., 0.06 mmol), boronic acid derivatives (1.5 eq., 0.84 mmol),
respectively. The reaction mixture was reflux on an oil bath at 105°C for 3 hours. The
reaction completion was monitored with the help of TLC. After the reaction is complete,
the crude mixture was cooled down to room temperature and diluted with ethyl acetate.
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The crude mixture was then filtered through celite filtration. The filtrate portion was
collected and washed with ethyl acetate and brine solution. The ethyl acetate layer was
collected, dried with anhydrous Na2SO4, and evaporated under reduced pressure. The crude
product was purified using flash chromatography with ethyl acetate and hexane or
methanol and chloroform as a solvent system, and the gradient was determined based on
the TLC data.
2.4.3 Characterization of 13 final compounds
N252: 1,5,7‐trimethyl‐4‐phenyl‐6‐(pyridin‐4‐yl)‐1,2‐dihydroquinolin‐2‐one
68 mg (68.88%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.55 (3H, s), 2.16 (3H,
s), 3.83 (3H, s), 6.62 (1H, s), 7.23 (2H, d, J = 4 Hz), 7.46 (2H, t, J = 8 Hz), 7.55 (1H, t, J =
8 Hz), 7.69 (1H, d), 7.67 (1H, d, J = 8 Hz), 8.71 (2H, d, J = 8 Hz); 13C NMR (CDCl3) δ =
22.02, 22.55, 30.01, 114.26, 118.16, 123.79, 125.73, 127.59, 128.45, 128.57, 131.96,
132.06, 132.16, 134.63, 134.94, 137.91, 141.19, 141.75, 148.03, 151.22, 161.32 ; ESI-MS
[M+H]+ calculated for C23H20N2O: 341.4 , found: 340.7.
N251: 6‐[4‐(hydroxymethyl)phenyl]‐1,5,7‐trimethyl‐4‐phenyl‐1,2‐dihydroquinolin‐2‐
one
51 mg (25.09%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.56 (3H, s), 2.17 (3H,
s), 3.85 (3H, s), 6.62 (1H, s), 7.09 (2H, d, J = 8 Hz), 7.30 (2H, d), 7.32 (2H, d), 7.40 (3H,
t, J = 8 Hz) ; 13C NMR (CDCl3) δ = 14.42, 22.57, 27.97, 28.56, 29.34, 29.47, 31.76, 32.71,
35.67, 114.49, 117.49, 122.93, 127.99, 128.4, 128.98, 129.28, 131.9, 132.0, 132.49,
134.57, 139.43, 140.7, 142.12, 151.31, 160.4 ; ESI-MS [M+H]+ calculated for C25H23NO2:
370.4 , found: 369.9.
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N250:

1,5,7‐trimethyl‐6‐{4‐[(morpholin‐4‐yl)methyl]phenyl}‐4‐phenyl‐1,2‐

dihydroquinolin‐2‐one
100 mg (39.31%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.53 (3H, s), 2.15
(3H, s), 3.82 (3H, s), 6.59 (1H, s), 7.10 (1H, d, J = 4 Hz), 7.29 (1H, d), 7.30 (1H, d), 7.357.39 (3H, m), 7.46 (1H, t, J = 8 Hz), 7.54 (1H, t, J = 8 Hz) ; 13C NMR (CDCl3) δ = 22.33,
22.71, 30.15, 65.1, 113.77, 118.22, 122.63, 127.33, 127.69, 127.9, 128.43, 129.58, 135.68,
138.6, 139.63, 140.11, 140.3, 142.02, 152.06, 161.45 ; ESI-MS [M+H]+ calculated for
C29H30N2O2: 439.5 , found: 439.0.
N269:

1,5,7‐trimethyl‐4‐phenyl‐6‐{4‐[(thiomorpholin‐4‐

yl)methyl]phenyl}‐1,2‐dihydroquinolin‐2‐one
131 mg (49.68%) of orange sticky mass; 1H NMR (CDCl3) δ = 1.56 (3H, s), 2.17 (3H, s),
2.70-2.73 (7H, m), 3.57-3.63 (2H, m), 3.83 (3H, s), 5.32 (2H, s), 6.60 (1H, s), 7.05 (2H, d,
J = 8 Hz), 7.30 (1H, d), 7.32 (2H, d), 7.34 (1H, t, J = 2 Hz), 7.36 (1H, s), 7.37-7.39 (3H,
m), 7.39 (1H, t, J = 2 Hz), 7.41 (1H, t, J = 2 Hz) ; 13C NMR (CDCl3) δ = XYZ; ESI-MS
[M+H]+ calculated for C29H30N2O2: 455.6 , found: 454.6.
N270:

6‐{4‐[(4‐ethylpiperazin‐1‐yl)methyl]phenyl}‐1,5,7‐trimethyl‐4‐phenyl‐1,2‐

dihydroquinolin‐2‐one
163 mg (67.31%) of orange solid powder ; 1H NMR (CDCl3) δ = 1.11 (3H, t, J = 8 Hz),
1.55 (3H, s), 2.17 (3H, s), 2.49 (2H, q, J = 8 Hz), 3.62 (2h, s), 3.68 (1H, s), 3.85 (3H, s),
6.49 (1H, s), 7.07 (2H, d, J = 8 Hz), 7.32 (1H, d), 7.34 (1H, d), 7.41-7.45 (5H, m), 7.53
(1H, s), 7.92 (1H, s) ; 13C NMR (CDCl3) δ = 22.30, 22.74, 29.93, 52.22, 113.65, 123.18,
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127.7, 127.76, 128.38, 128.45, 128.56, 129.43, 132.06, 132.17, 135.52, 139.45, 142.22,
151.53, 161.43 ; ESI-MS [M+H]+ calculated for C31H35N3O: 466.6 , found: 466.0.
N272:

1,5,7‐trimethyl‐4‐phenyl‐6‐{4‐[(piperazin‐1‐yl)methyl]phenyl}‐1,2‐

dihydroquinolin‐2‐one
16 mg (6.64%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.42 (3H, s), 2.04 (3H,
s), 3.72 (3H, s), 6.49 (1H, d), 6.71 (1H, d, J = 8 Hz), 6.95 (2H, t, J = 4), 7.17-7.31 (10H,
m) ;
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C NMR (CDCl3) δ = XYZ ; ESI-MS [M+H]+ calculated for C30H33N3O: 438.5 ,

found: 437.9.
N273:

1,5,7‐trimethyl‐6‐{4‐[(4‐methylpiperazin‐1‐yl)methyl]phenyl}‐4‐phenyl‐1,2‐

dihydroquinolin‐2‐one
146 mg (58.78%) of carmine red waxy mass; 1H NMR (CDCl3) δ = 1.55 (3H, s), 2.17 (3H,
s), 2.40 (3H, s), 2.57 (5H, m), 3.58 (2H, s), 3.72 (2H, s), 3.83 (3H, s), 6.59 (1H, s), 7.04
(2H, d, J = 8 Hz), 7.28 (1H, s), 7.30 (1H, d), 7.32 (1H, d), 7.35 (1H, d, J = 4 Hz), 7.37 (3H,
d, J= 4 Hz), 7. 39 (1H, t, J = 4 Hz), 7.55-7.59 (1H, m), 7.46-7.47 (1H, m), 7.48-7.49 (1H,
m), 7.50-7.51 (1H, m) ; 13C NMR (CDCl3) δ = 22.31, 22.74, 24.96, 25.65, 29.93, 29.93,
33.97, 45.59, 52.41, 54.87, 62.57, 67.11, 113.64, 117.98, 123.15, 127.7, 127.75, 128.38,
128.45, 129. 35, 129.46, 131.92, 131.95, 132.06, 132.16, 135.54, 138.36, 139.49, 139.67,
140.41, 142.23, 151.55, 161.43 ; ESI-MS [M+H]+ calculated for C30H33N3O: 452.6 , found:
452.0.
N271:

6‐{4‐[(4‐acetylpiperazin‐1‐yl)methyl]phenyl}‐1,5,7‐trimethyl‐4‐phenyl‐1,2‐

dihydroquinolin‐2‐one
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136 mg (48.88%) of cyber yellow solid powder; 1H NMR (CDCl3) δ = 1.56 (3H, s), 2.10
(4H, s), 2.17 (3H, s), 2.39-2.47 (4H, s), 3.50-3.65 (7H, m), 3.83 (3H, s), 6.60 (1H, s), 7.06
(2H, d, J = 8 Hz), 7.28 (1H, s), 7.30 (1H, d), 7.32 (1H, d), 7.35 (1H, d, J = 4 Hz), 7.37 (3H,
d, J = 4), 7.39 (1H, t, J = 4 Hz), 7.46 (1H, t, J = 8 Hz), 7.55 (1H, t, J = 8 Hz), 7.66 (1H, t, J
= 12 Hz); 13C NMR (CDCl3) δ = 21.34, 22.32, 22.76, 24.96, 25.65, 29.95, 33.97, 52.67,
53.06, 62.55, 113.68, 118.0, 123.18, 127.7, 128.4, 128.45, 129.51, 131.97, 132.06, 132.16,
135.51, 139.43, 140.45, 142.21, 151.55, 161.43, 168.92 ; ESI-MS [M+H]+ calculated for
C31H33N3O2: 480.6 , found: 479.8.
N274:

1‐ethyl‐5,7‐dimethyl‐6‐{4‐[(morpholin‐4‐yl)methyl]phenyl}‐4‐phenyl‐1,2‐

dihydroquinolin‐2‐one
156 mg (61.54%) of cyber yellow solid powder; 1H NMR (CDCl3) δ = 1.45 (3H, t, J =),
1.55 (3H, s), 2.17 (3H, s), 2.56 (3H, s), 3.63 (2H, s), 3.79 (4H, s), 4.46 (2H, q, J = 8 Hz),
6.59 (1H, s), 7.07 (2H, d, J = 8 Hz), 7.28 (1H, s), 7.29 (2H, d, J = 4), 7.31 (1H, d, J = 4 Hz),
7.36-7.38 (2H, m), 7.39-7.42 (3H, m), 7.46-7.51 (1H, m), 7.67-7.72 (1H, m) ; 13C NMR
(CDCl3) δ = 12.96, 14.21, 21.07, 22.39, 22.66, 37.6, 53.34, 60.41, 62.94, 66.54, 113.47,
118.29, 123.25, 127.7, 127.73, 128.37, 128.46, 128.59, 129.51, 129.8, 131.97, 132.07,
132.17, 135.64, 138.06, 139.30, 139.39, 142.28, 151.47, 160.99 ; ESI-MS [M+H]+
calculated for C30H32N2O2: 453.5 , found: 452.5.
N275:

5,7‐dimethyl‐6‐{4‐[(morpholin‐4‐yl)methyl]phenyl}‐4‐phenyl‐1‐propyl‐1,2‐

dihydroquinolin‐2‐one
75 mg (29.76%) of orange solid powder; 1H NMR (CDCl3) δ = 1.11 (3H, t, J = 8 Hz), 1.55
(3H, s), 1.85-1.96 (3H, m), 2.17 (3H, s), 2.47 (6H, m), 3.58 (3H, m), 3.77 (7H, m), 4.35
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(2H, t, J = 8 Hz), 6.58 (1H, s), 7.08 (2H, d, J = 8 Hz), 7.24 (1H, s), 7.28 (1H, s), 7.30 (1H,
d), 7.32 (1H, d), 7.36 (2H, t, J = 8 Hz), 7.39 (2H, t), 7.40 (1H, t, J = 4 Hz), 7.46-7.51 (2H,
m) ;
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C NMR (CDCl3) δ = 11.47, 20.95, 22.42, 22.87, 44.06, 53.51, 113.59, 118.24,

123.28, 127.70, 128.35, 129.45, 132.08, 132.17, 135.58, 139.19, 139.63, 142.31, 151.36,
161.20 ; ESI-MS [M+H]+ calculated for C31H34N2O2: 467.6 , found: 466.7.
N247: 5,7‐dimethyl‐6‐{4‐[(morpholin‐4‐yl)methyl]phenyl}‐4‐phenyl‐2H‐chromen‐2‐
one
914 mg (14.38%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.50 (3H, s), 2.09
(3H, s), 2.51 (3H, s), 3.77 (4H, s), 6.26 (1H, s), 7.05 (2H, d), 7.23-7.42 (8H, m); 13C NMR
(CDCl3) δ = 21.71, 21.83, 53.39, 62.93, 116.16, 116.92, 127.24, 128.66, 129.29, 129.82,
135.32, 140.06, 140.14, 141.34, 154.10, 157.02, 160.54 ; ESI-MS [M+H]+ calculated for
C28H27NO3: 426.52 , found: 426.2.
N248: 6‐[4‐(hydroxymethyl)phenyl]‐5,7‐dimethyl‐4‐phenyl‐2H‐chromen‐2‐one
477 mg (92.42%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.51 (3H, s), 2.09
(3H, s), 3.50 (3H, s), 4.75 (2H, s), 6.27 (1H, s), 7.06 (2H, d), 7.23-7.42 (9H, m); 13C NMR
(CDCl3) δ = 14.21, 21.06, 21.72, 21.80, 60.43, 65.05, 114.04, 116.18, 116.90, 127.23,
127.39, 128.67, 129.41, 135.34, 139.60, 139.76, 140.11, 141.10, 154.10, 157.08, 160.59,
171.21; ESI-MS [M+H]+ calculated for C24H20O3: 357.4 , found: 357.7.
N249: 5,7‐dimethyl‐4‐phenyl‐6‐(pyridin‐4‐yl)‐2H‐chromen‐2‐one
476 mg (52.75%) of pale yellow solid powder; 1H NMR (CDCl3) δ = 1.51 (3H, s), 2.09
(3H, s), 3.50 (3H, s), 4.75 (2H, s), 6.27 (1H, s), 7.06 (2H, d), 7.23-7.42 (9H, m); 13C NMR
(CDCl3) δ = 14.21, 21.06, 21.72, 21.80, 60.43, 65.05, 114.04, 116.18, 116.90, 127.23,
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127.39, 128.67, 129.41, 135.34, 139.60, 139.76, 140.11, 141.10, 154.10, 157.08, 160.59,
171.21; ESI-MS [M+H]+ calculated for C22H17NO2: 328.3 , found: 327.5.
2.4.4 MIC determination
The MIC assessment methods were taken from previously published papers (Franz et al.,
2017; W. Li et al., 2019). All synthesized compounds were tested for MIC values via
microbroth dilution method in compliance with the Clinical and Laboratory Standards
Institute (CLSI) protocol and the Jackson lab at Colorado State University. MIC values
against mycobacterial species were determined in 96-well microtiter plates through
visually scanning for growth (Figure 20). MIC values against M. tuberculosis H37Rv
mc26206 were determined in 7H9-OADC–tyloxapol leucine medium supplemented with
pantothenate. MICs against M. abscessus ATCC 19977 were determined in Mueller Hinton
II (BD) media as well as in 7H9-ADC media supplemented with 0.05% Tween 80.

Figure 20. Visual screening method for MIC
determination.
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Chapter 3. Assessment of in vitro aqueous solubility and
metabolic stability properties of synthesized compounds
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3.1. Introduction
Drug discovery and development is a long, expensive, and laborious process. On average,
it takes approximately 15 years and roughly US $2.6 billion to develop a new chemical
entity (NCE) (DiMasi et al., 2016; Yu & Adedoyin, 2003). Figure 21 summarizes the total
process of drug discovery and development. Encouragingly, a total number of 431 new
drugs were approved by the U.S. Food and Drug Administration (FDA) from 2010 to 2020
(Brown & Wobst, 2021; Research, 2021). Surprisingly, over the decade, only 3 new drugs,
bedaquiline, delamanid, and pretomanid, were approved for the treatment of tuberculosis.
And between 1963 to 2012, there was an approval of only one anti-tubercular agent,
Rifapentine. This infers that even though the drug discovery process is making progress
each year, effective tuberculosis drugs are slow to be marketed.

Figure 21. Drug discovery process (Duelen et al. 2019).
The reason for such a low approval rate is because the drug discovery and development
process is marked by a high attrition rate, where more than 90% of the compounds fall off
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by the end of clinical trials (Counting the Cost of Failure in Drug Development, n.d.).
There are many reasons for a compound to fail, including, clinical safety, preclinical
toxicity, pharmacokinetics, efficacy, etc. A major cause of drug attrition is poor
pharmacokinetics or ADME (Absorption, Distribution, Metabolism, and Excretion)
properties for anti-infective agents (Kennedy, 1997). In this study, among 198 NCEs, 39%
of drug attrition occurred due to unsatisfactory ADME properties (Figure 22) (Kennedy,
1997). A recent study by four major pharmaceutical companies reflects the importance of
physicochemical properties, such as logP, logD, pKa, and molecular weight (MW), of a
drug candidate. Log P (partition coefficient) of a drug is partition between octanol and
water, mainly applicable to neutral compounds. Log D (distribution coefficient) is same as
log P but at a defined pH, usually recorded at pH 7.4. On average, drug candidates have a
MW less than 443, logP value of 2.8, and logD value of 2.2 whereas the launched drugs
have MW less than 396, logP value of 3.2, and logD value of 1.8 (Waring et al., 2015).
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Overall, the poor physicochemical and pharmacokinetic properties of a drug slows down
drug development.

Figure 22. Reasons for drug failure (Kennedy, 1997).
3.2 ADME
ADME is an acronym for absorption, distribution, metabolism, and excretion. ADME
properties help us to understand the bioavailability and efficacy of a chemical compound
inside a living organism (The Role of ADME & Toxicology Studies in Drug Discovery &
Development, 2020). In short, it helps in understanding the pharmacokinetics of the drug
in the human body. Pharmacokinetics refers to the study of the movement of a chemical
compound within the body (Figure 23). In other words, pharmacokinetics is what the body
does to the drug or foreign chemical substance.
Drug absorption is defined as the transportation of a drug from the site of administration to
the systemic circulation. The rate and extent of drug absorption is known as bioavailability
which is an essential factor to maintain the therapeutic effect of a drug (Alagga & Gupta,
2021). Distribution of a drug is defined as the movement of a drug to and from the body
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fluids and tissues of the body (for example, fat, muscle, and brain tissue). Drug metabolism
is an enzymatic breakdown or biotransformation of a drug to inactive or active drug
metabolites and assist in its elimination. Drug metabolism is a crucial element since it
provides an understanding of metabolic stability (half-life), drug-drug interactions, and
toxicity (A. P. Li, 2001). Drug excretion is the elimination of a metabolized drug out of the
body through the stool or renal route (A. P. Li, 2001).
Drug toxicity is another crucial factor in causing a high attrition rate in drug development.
A drug with a good pharmacological action does not necessarily become a safe drug in
clinical trials, leading to restricted use or market withdrawal (A. P. Li, 2001). Therefore, a
potential drug candidate should have a high selectivity index (SI), at minimum above 10
(North et al., 2013). SI is defined as the ratio that measures the window between

Figure 23. ADME principles (retrieved from Eupati toolbox).
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cytotoxicity and microbial activity. It is calculated by the ratio of CC50 (the minimum
concentration of compound to cause 50% of the normal cells to die, cytotoxicity) to MIC
(minimum inhibitory concentration).
3.3 Screening for ADME studies
ADME/Tox parameters are important to prioritize the compounds for further development.
Screening of compounds at early stages via in silico and/or in vitro techniques requires less

Figure 24. Flowchart for two-tier approach for in vitro and in vivo analysis (Chung
2004)

time and cost, thereby utilizing a ‘fail early, fail cheap’ strategy (Yu & Adedoyin, 2003) or
“early ADME” (Thompson, 2000). Additionally, this data supports medicinal chemists in
ranking compounds not only based on potency but also potential ADME/Tox parameters.
The most common physicochemical and pharmacokinetic assays are aqueous solubility,
LogP, permeability, human plasma protein binding, metabolic stability, and cytotoxicity
assays (Hughes et al., 2011). Chung and their group provided general guidelines for
examining ADME/Tox and practical ‘rules of thumb’ for selecting the best candidate to
proceed further (Figure 24) (Chung et al., 2004).
By following the general guidelines and satisfying the primary goals of our research
project, I focused on aqueous solubility and metabolic stability assays for our synthesized
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compounds. As I are still in the early discovery (lead optimization) phase, I used in vitro
assays that are amenable to high throughput screening (HTS).
3.4 Aqueous solubility
Aqueous solubility is one of the important physicochemical properties for the drug
discovery and development process (Chung et al., 2004). A definition of solubility, given
by the International Union of Pure and Applied Chemistry (IUPAC), is ‘the analytical
composition of a saturated solution, expressed in terms of the proportion of a designed
solute in a designated solvent.” In simple terms, it is the maximum concentration of a solute
in a solvent (Mittal, 2017). Solubility is referred to as aqueous solubility when the solvent
is water (Chemistry (IUPAC), n.d.). In pharmaceutical studies, the solute is a drug and the
solvent is a physiological buffer (for in vitro studies) or biological fluids (for in vivo
studies).
An increase in aqueous solubility generally corresponds to an increase in drug absorption,
thereby typically resulting in better bioavailability. Unfortunately, the solubility data often
discourage medicinal chemists as most of the lead molecules identified via combinatorial
chemistry and HTS are poorly water-soluble (Lipinski, 2000; Lipinski et al., 2001), often
referred to as ‘brick dust’(Williams et al., 2013). During the drug development process,
poorly water-soluble compounds encounter numerous challenges such as tight FDA
regulations for oral delivery, inaccurate risk assessment, crystallization, and acute toxicity
(Ishikawa & Hashimoto, 2011). Simply, a poorly water-soluble compound (<100 µg/mL)
has a high chance of attrition in the drug development phase.
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Despite several efforts to improve solubility, about 40% of currently marketed drugs
(Sharma et al., 2009) and up to 75% of compounds currently under development are poorly
water-soluble compounds (Di et al., 2009). Although an ideal requirement for aqueous
solubility is >100 µg/mL in the development phase, a minimum value of 10 µg/mL is
acceptable in the early discovery phase (Di et al., 2009; Hughes et al., 2011).
The two most common methods widely used to determine the solubility of any chemical
compound are kinetic solubility and thermodynamic (equilibrium) solubility. The
thermodynamic solubility assay requires an excess amount of compound in an aqueous
media, yielding a saturated system. The data obtained from the thermodynamic assay is
advantageous for in vivo animal dosing and preclinical development (Kerns et al., 2008).
Unlike thermodynamic solubility, kinetic solubility assay is rapid, efficient, and amenable
to high-throughput screening (HTS). Kinetic solubility assays require a minimal amount of
chemical compound dissolved in an organic solvent, e.g. methanol or DMSO. Therefore, a
kinetic solubility assay is more appropriate and provides a good prediction of
thermodynamic solubility in the early drug discovery phase (Kerns et al., 2008).
3.4.1 General procedure of kinetic aqueous solubility assay
Figure 25 shows the general procedure for the determination of kinetic aqueous solubility.
A stock solution of each synthesized compound in methanol (10 mg/mL) was prepared.
Subsequently, it was diluted into the physiological buffer (pH = 7.4) at a concentration of
100 µg/mL (100-fold dilution) and incubated for six hours at room temperature. After six
hours, the sample was centrifuged to pellet the insoluble fraction, and the supernatant was
collected. The supernatant was further diluted with a methanol-water solution containing
internal standard (IS) and quantified using Liquid Chromatography with tandem mass
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spectrometry (LC-MS/MS). The addition of the IS (Warfarin) offers several advantages
and provides the most accurate results. Warfarin has a unique retention time, high
ionization potential, and is stable in both organic and aqueous solutions, and thus was
selected as the IS for the quantification of the solubility of our compounds. The solubility
determination for representative compound N250 is detailed below.

Figure 25. General procedure to studying kinetic aqueous solubility (North lab protocol).

To correlate MS signal and drug concentration, a calibration curve was plotted. An eightpoint curve was designed via serial dilution of a known concentrations. The composition
of the calibration curve standards (500 ng/mL - 3.91 ng/mL) and of the samples were
identical and the expected concentration of the samples would likely be within the range
of the calibration curve. The calibration curve was made by plotting area ratio (AUC of
sample/AUC of IS) by the actual concentrations of the sample to produce a linear equation.
The area ratio was then incorporated into the Equation 1 to calculate the concentration of
the samples (Figure 26 and Table 5). The sample concentrations were corrected for the
dilution factor and reported as mean ± S.D.
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North 250 solubility assay calibration curve
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Figure 26. Calibration curve of N250 for kinetic aqueous solubility.
Table 5. Sample area, IS area, area ratio, and standard concentration of N250 for
aqueous solubility.
Sample
Name

Area

IS Area

Area Ratio

CC1
CC2
CC3
CC4
CC5
CC6
CC7
CC8
N=1
N=2
N=3

17802
37493
76059
153151
323525
631161
1243049
2434039
1378241
797646
1159983

6411295
5969241
6027801
5966109
5970274
6224195
6350683
6542878
6209561
6172463
6227253

0.002776662
0.006281033
0.012618034
0.025670165
0.054189305
0.101404439
0.195734695
0.372013508
0.22195466
0.129226534
0.186275232

Actual
Conc.
(ng/mL)
3.91
7.81
15.63
31.25
62.5
125
250
500

RT

IS RT

0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.83
0.84
0.83

1.28
1.28
1.27
1.27
1.27
1.27
1.27
1.28
1.27
1.27
1.27

The solubility of each sample is determined by using the linear equation acquired from the
calibration curve (y = 0.0008x; R2 = 0.998).
Equation 1,
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𝑥=

y
0.0008

For N=1,

𝑥=

0.22195466
= 227.44
0.0008

In preparing the final sample for quantification, the dilution factor was 100. Therefore, the
solubility of N=1 was 227.44 * 100 = 22744 ng/mL (22.74 µg/mL). The solubility values
for N=2 and N=3 were calculated similarly, producing a mean and standard deviation of
22.39 ± 5.8 µg/mL. Table 6 represents the aqueous solubility values for all final products.
Table 6. Aqueous solubility of 13 final products.
M. tb
MIC
(µg/mL)

Aqueous
Solubility
(µg/mL)

249

2

18.69 ± 1.66

248

1

5.94 ± 0.53

247

0.125

0.82 ± 0.55

Compound
Number

Quinolone Structures

64

252

8

76.58 ± 2.25

251

4

17.61 ± 7.18

250

0.5

22.39 ± 5.84

269

>64

10.83 ± 0.83

272

4

19.33 ± 13.25

273

4

73.95 ± 7.44
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270

2

36.30 ± 2.88

271

2

5.93 ± 2.50

274

4

12.02 ± 5.41

275

4

8.18 ± 6.67

ND

69.41 ± 6.76

Ranitidine
HCl

For our synthesized coumarin compounds, all were shown to be poorly soluble in an
aqueous media (<6 µg/mL), except 249. The replacement of coumarin core to 2-quinolone
core was found to be effective in terms of increased aqueous solubility (249 vs 252, 248 vs
251, and 247 vs 250). All newly designed 2-quinolone derivatives, except 271 and 275,
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showed moderate aqueous solubility of >10 µg/mL. Compound 252 and 273 achieved the
highest aqueous solubility value of 76.58 µg/mL and 73.95 µg/mL, respectively.
Compound 250 with the highest anti-mycobacterial activity showed a moderate aqueous
solubility value of 22.39 µg/mL. Compound 274 with N-ethyl quinolone and compound
275 with N-propyl quinolone exhibits low aqueous solubility than compound 250,
suggesting the addition of more lipophilic groups is detrimental to the aqueous solubility.
Ranitidine was used as a positive control to validate the protocol. The reported value of
aqueous solubility of ranitidine hydrochloride is 79.5 µg/mL (Ranitidine Hydrochloride |
DrugBank Online, n.d.) and the determined value was 69.4 µg/mL, supporting the efficacy
and reliability of this study.
The definition of solubility as per the United States Pharmacopeia National Formulary
(USP-NF) is given in Table 7. According to these guidelines, compounds that require
greater than or equal to 10,000 parts of a solvent per part of solute are considered practically
insoluble or insoluble. In simple terms, compounds with an aqueous solubility of <100
µg/mL are considered practically insoluble or insoluble. In drug discovery phase, an
aqueous solubility value above 10 µg/mL is acceptable but ideal values are above 100
µg/mL. Although we achieved higher aqueous solubility values than the known coumarin
derivatives, the aqueous solubilities of all our compounds were less than 100 µg/mL. Only
compounds 252 and 273 are closest to the mark and further optimization of these
compounds could lead to increase aqueous solubility. However, these compounds are only
moderately active against M. tb.
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Table 7. USP-NF – Description and Relative Solubility (2020)
Descriptive term

Parts of solvents required
per parts of solute

Very soluble

Less than 1

Freely soluble

From 1 to 10

Soluble

From 10 to 30

Sparingly soluble

From 30 to 100

Slightly soluble

From 100 to 1,000

Very slightly soluble

From 1,000 to 10,000

Practically insoluble or insoluble

Greater than equal to 10,000

3.5 Metabolic stability
Drug metabolism or biotransformation is a process of converting a lipophilic drug molecule
to a more water-soluble form which can readily be excreted from the human body (A. P.
Li, 2001). However, this is not the case every time. Sometimes metabolism is required to
convert an inactive prodrug to an active drug or to convert an active drug into a more potent
metabolite.
Drug metabolism occurs through Phase I and Phase II pathway enzymes. Phase I
metabolism reactions involve hydrolysis, oxidation, and reduction, CYP450 being the
crucial enzyme causing oxidation of 90% of all xenobiotics (Zhang et al., 2012). Phase II
metabolism involves conjugation reactions on hydrophilic phase I metabolites, or
sometimes directly on drug molecules. The enzymes responsible for phase II are UDPglucuronosyltransferases,

sulfotransferases,

N-acetyltransferases,

glutathione

S-
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transferases, and methyltransferases. Inadequate metabolism and poor pharmacokinetics
lead to drug attrition, meaning it is very important to understand the fate of the drug during
the early discovery phase (Thompson, 2000).
Metabolic stability experiments are carried out to examine the liability of a drug molecule
to break down. These experiments help to filter out the rapid metabolizer and prioritize the
compounds for further development. A potential lead candidate is often optimized for its
metabolic property during the lead optimization phase, and also it helps to understand the
structure-metabolism relationships (SMR). Like other ADME assays, metabolic stability
can be studied in both ways, in vitro and in vivo (Thompson, 2001). In vitro metabolic
stability can be expressed as in vitro half-life (t1/2) and intrinsic clearance (CLint)
(Baranczewski et al., 2006). There are several methods, such as recombinant enzymes,
liver microsomes (HLM and MLM), liver S9 fractions, and hepatocytes, to measure the
disappearance of a compound over time. Although each of these assays offers a few
advantages and limitations, it is really important to choose a method that is amenable to
HTS, less time-consuming, inexpensive and more prominently that comprises both, phase
I and phase II enzymes (Richardson et al., 2016).
Liver S9 fractions (the 9000g supernatant of a liver homogenate) are commonly used for
the prediction of the half-life of a compound during an early drug discovery phase. The S9
studies save 15-fold costs and generate the same quality data as that of hepatocytes. Unlike
liver microsomes, S9 fractions contain both microsomal and cytosolic enzymes. The
cytosolic enzymes contain aldehyde oxidase, xanthine oxidase, sulfotransferases,
methyltransferases, N-acetyl transferases, and glutathione transferases. On the other hand,
microsomal enzymes only limit to cytochrome P450’s (CYPs, the most common drug69

metabolizing enzyme) and uridine 5’-diphospho-gluronosyltransferase (UGT). However,
the S9 fraction assay necessitates the use of cofactors such as β-nicotinamide adenine
dinucleotide hydrogen phosphate (NADPH) for phase I reactions, and uridine 5’diphospho-α-D-glucuronic acid (UDPGA), glutathione (GSH), and 3’-phosphoadenosine5’- phosphosulphate (PAPS) for phase II reactions (Richardson et al., 2016).
3.5.1 General procedure of S9 fraction metabolic stability
To determine human S9 fraction metabolic stability, a known concentration of MeOH drug
stock was added to a mixture containing diluted S9 fractions with NADPH and incubated
at 37°C. At the pre-specified time point, aliquots were removed from the assay and the
sample concentrations were quantified via LC-MS/MS (Figure 27). The pre-specified time
points selected were 0, 15, 30, 60, 120, and 240 min to capture real-time S9 fractionmediated compound decay.

Figure 27. General procedure of S9 fraction stability assay.
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Warfarin was selected as an internal standard for use in LC-MSMS quantification of
sample concentration due to its unique retention time, high ionization potential, stability in
both organic and aqueous solvent, and molecular weight unique to synthesized compounds.
Like aqueous solubility, a similar eight-point calibration curve was designed via serial
dilution of a known concentration of final products (Figure 28). The calibration curve was
made by plotting area ratio by the actual concentrations of the sample to produce a linear
equation describing the relationship. The area ratio was then incorporated into the
Equation 2 to calculate the concentration of the samples (Table 8). The sample
concentrations were corrected for the dilution factor and reported as mean ± S.D.

Table 8. Sample area IS area, area ratio, and standard concentration of N250 for S9
fraction stability.

Sample Name

Area

IS Area

Area
Ratio

CC1
CC2
CC3
CC4
CC5
CC6
CC7
CC8
N250 0 min
N250 30 min
N250 60 min
N250 120 min
N250 240 min

44978
87946
170252
356504
681204
1501146
2938557
5656449
223504
156093
117515
72216
42883

10919288
10970454
11027648
10942219
10739676
11365812
11266197
11871132
12026719
12180132
12328543
11967434
12143105

0.004
0.008
0.015
0.033
0.063
0.132
0.261
0.476
0.019
0.013
0.01
0.006
0.004

Actual
Conc.
(ng/mL)
3.91
7.81
15.63
31.25
62.5
125
250
500

Sample
RT

IS
RT

0.83
0.83
0.84
0.83
0.84
0.84
0.83
0.83
0.83
0.83
0.83
0.83
0.83

1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
1.27
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North 250 S9 stability calibration curve
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Figure 28. Calibration curve of N250 for S9 fraction stability.

The concentration of each sample is determined by using the linear equation acquired from
the calibration curve (y = 0.001x; R2 = 0.997).
Equation 2,
𝑥=

y
0.0001

For the N250 0 min sample,

𝑥=

0.019
= 19
0.0001

While preparing the final sample for quantification, the dilution factor was 30. Therefore,
the actual concentration of the N250 0 min sample was 19*30 = 570 ng/mL. The
concentration of N250 in the 30, 60, 120, and 240-minute samples were calculated
similarly, supplying the values in Table 9.
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Table 9. N250 S9 fraction stability and natural logarithm (LN) calculations.
Concentration
Sample name
Time (in min)
LN (concentration)
(ng/mL)
N250 0 min
0
570
6.345636
N250 30 min
30
390
5.966147
N250 60 min
60
300
5.703782
N250 120 min
120
180
5.192957
N250 240 min
240
120
4.787492

Most drugs are eliminated via first-order kinetics, suggesting that the rate of elimination is
proportional to the serum concentration of the drug (Hallare & Gerriets, 2021). To obtain
the first-order elimination rate constant (ke), the natural logarithm of the experimentally
calculated concentration must be plotted against time (Figure 29). The negative slope of
the line (-m) is equal to ke for the test compound in this study.
For compound N250,
𝑦 = −0.0063𝑥 + 6.164
−𝑚 = 0.0063 = 𝑘𝑒
The half-life (t1/2) for compounds with first-order metabolism is described by the equation,
Equation 3. Half-life (t1/2)

𝑡1/2 =

0.693
𝑘𝑒

For compound N250,

𝑡1/2 =

0.693
= 110 𝑚𝑖𝑛𝑢𝑡𝑒𝑠
0.0063
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The S9 stability experiment was completed for all 13 compounds and reported in Table
10, with t1/2 reported.

North 250 S9 stability
7

LN concentration)

6
5
4
3
2

y = -0.0063x + 6.1649
R² = 0.9316

1
0
0
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100

150

200
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300
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Figure 29. Log-transformed values of S9 fraction stabilities plotted against time.

Table 10. S9 fraction stability half-lives of 13 final products.
M. tb MIC
(µg/mL)

Half-life
(t1/2)
(in mins)

249

2

33.32

248

1

507.5

247

0.125

64.76

Compound
Number

Quinolone Structure

74

252

8

63.9

251

4

48.5

250

0.5

107.5

269

>64

33

272

4

470

273

4

133

75

270

2

130

271

2

123

274

4

138.6

275

4

142.5

All synthesized final compounds exhibited a half-life of >60 minutes, except 249 and 269.
Among the known coumarin derivatives, a highly potent compound with a morpholine
head group (247) showed a half-life range of 64 min. Coumarin derivative, compound 249
with pyridyl head group showed the least stability in the S9 fraction (t1/2 = 33.32 min).
Interestingly, a coumarin derivative with a hydroxyl head group (248) achieved the longest
half-life of 507.5 min. However, the hydroxyl group of 248 can easily undergo phase II
metabolism, which was not studied in the assay.
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Except 251 and 269, our newly designed 2-quinolones, were more stable (t1/2 >100 min) in
the S9 fraction than a lead coumarin derivative (247). The lead 2-quinolone derivative with
morpholine head group (250) displayed a half-life range of 107.5 min. Replacing the
morpholine with the thiomorpholine ring drastically reduces the half-life (269, t1/2 = 33
min). Unlike coumarin derivative 248, compound 251 with hydroxyl group is less
metabolically stable (t1/2 = 48.5 min). All 2-quinolone derivatives with piperazine ring were
found to significantly improve the half-life (t1/2 >120 min). Also, the long-chain alkylated
quinolones, N-ethyl (274) and N-propyl (275), were found to be more stable than N-methyl
quinolone, 250.
3.6 Conclusion/summary
A drug discovery and development process is marked by a high attrition rate, 90% of drug
candidates get failed by the end of the phase 3 trial. The most common reason for attrition
is poor pharmacokinetic or ADME properties. Thus, early ADME is being focused in the
early discovery phase. For my thesis project, I carried out two of the most important ADME
assays, aqueous solubility and metabolic stability.
In the early discovery phase, the minimum threshold for aqueous solubility is 10 µg/mL.
The known coumarin-based FadD32 inhibitors (247 and 248), except 249, were found to
be poorly water-soluble (<10 µg/mL). All our newly designed 2-quinolone derivatives,
except 271 and 275, successfully achieved the minimum threshold. The most potent
compound of the series, 250 (M. tb MIC = 0.5 µg/mL), showed an aqueous solubility value
of 22.39 ± 5.84 µg/mL.
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Using S9 fraction, the metabolic stability assay was performed on all synthesized final
products. The primary goal for S9 fraction stability in the early discovery phase is a halflife of >60 minutes (North et al., 2013). Except for 249, 251, and 269, all synthesized
compounds have S9 stability of >60 minutes. A lead 2-quinolone derivative, compound
250 (107.5 min), has a better half-life than a lead coumarin derivative, compound 247 (64
min). Overall, 2-quinolone class was found to be more metabolically stable than the
coumarin class (252 vs 249 and 250 vs 247). However, compound 251 with a hydroxyl
head group displayed a shorter half-life than its coumarin form, compound 248. This may
suggest that the point of metabolism for these derivatives is not the ester hydrolysis and
thus more robust investigation is warranted.
3.7 Experimental section
3.7.1 Quantitative assessment using LC-MS/MS
The Agilent 1200 / AB Sciex® API 5500 QTrap LC-MS/MS was tuned for each compound
to determine specific mass spectrometer detection parameters, including multiple reaction
monitoring (MRM) transitions, declustering potentials (DP), entrance potentials (EP), cell
exit potentials (CXP), and collision energies (CE). MRM Q1 base peaks and Q3 product
ions for all final compounds and warfarin (IS) are reported in Table 11. Mass spectrometer
source parameters were set including source temperature (450°C), ion spray voltage (5500
V), and gas pressure (curtain gas = 25 psi; ion source gas 1 = 50 psi; ion source gas 2 = 50
psi). To determine the compound specific parameters, 500 ng/mL of compound in 50%
methanol-water and 0.1% formic acid were prepared and tested. The liquid
chromatography mobile phase was comprised of 70% acetonitrile and 30% water with
0.1% formic acid and the column (stationary phase) was a reverse phase with Kinetex®
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C18 column (50 X 3 mm; 5 µm), flow rate of 0.5 mL/min, and a gradient of solvent A
(water with 0.1% formic acid) and solvent B (acetonitrile).
Table 11. Q1 and Q3 values of 13 final products and internal standard.
Sample Name
Q1
Q3
247

425.6

338.9

248

357.2

265.1

249

327.5

256.2

250

438.5

352.2

251

369.5

354

252

340.4

282.3

269

454.6

352.4

270

466.1

352.3

271

480.3

352.2

272

438.1

353.3

273

452.1

352.2

274

452.7

366.2

275

466.6

380.1

Warfarin (IS)

308.9

163

3.7.2 Determination of kinetic aqueous solubility
Kinetic aqueous solubility was performed by protocol developed by North lab (Sowards et
al.). The compounds were first dissolved in methanol at a concentration of 10 mg/ml.
Methanol stock solutions were stored in refrigerator prior to use. A quantity of 10 µL of 10
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mg/mL methanol stock solution was added to 990 µL of phosphate-buffered saline (PBS),
vortexed, and allowed to stand for 6 hours at room temperature. The samples were then
centrifuged at 13,000 RPM for 10 minutes and 10 µL of the supernatant transferred to an
Eppendorf tube containing 990 µL of 505 ng/mL warfarin in 50.5% methanol: 49.5% PBS
to prepare a solution containing an unknown concentration of compound with 500 ng/mL
warfarin and 50: 50% methanol: water to be quantified by LC-MS/MS. A calibration curve
was plotted using 8 standards of known concentration ranging from 3.91 ng/mL to 500
ng/mL. The experiment was performed in triplicate for each compound.
3.7.3 Determination of liver S9 fraction stability
Using North lab protocol (Sowards et al.), human liver S9 fraction stability was determined
by mixing 200 µL of S9 fraction 1.25 mg/mL with 25 µL of 10 µg/mL diluted drug stock
(prepared by diluting 10 µL of 10 mg/mL methanol drug stock into 990 µL of methanol)
and 25 µL NADPH 10mM solution. The mixture was vortexed, then incubated at 37°C. At
the time point of 0, 30, 60, 120, and 240 minutes, 25 µL aliquots were removed from the
assay sample and combined with 50 µL of cold methanol to quench the reaction. The
quenched reaction samples were then vortexed and centrifuged for 10 minutes at 13,000
RPM at 4°C. The supernatant was then diluted into 225 µL of prepared stock solution such
that the final sample for quantification was diluted 30-fold from the initial 10 µg/mL and
the composition of the solution for quantification contained an unknown concentration of
a drug with 500 ng/mL warfarin and 50: 50% methanol: water to be quantified by LCMS/MS. A calibration curve was constructed to produce 8 standards of known
concentration ranging from 3.91 ng/mL to 500 ng/mL. Each experiment was performed in
two independent runs. All half-life values are reported as the average half-life of two
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independent runs, except for 247, 270, 271, 273, and 274, which are reported as one run
only due to lack of metabolic decay in one of those runs.

81

Chapter 4. Conclusion, Future Directions, and Global Impact
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4.1 Conclusion
Tuberculosis is a worldwide killer infectious disease, infecting 10 million and killing 1.4
million each year globally (Global Tuberculosis Report 2020, n.d.). The rise of drugresistant strains is a serious threat to the public. The treatment for drug-resistant TB (DRTB) requires longer therapy, a multi-drug regimen, higher treatment cost, and drug-induced
toxicities. Moreover, the success rate for DR-TB is very low. Similarly, non-tuberculous
mycobacteria (NTM) are rapidly spreading across the country and world. Current therapy
against NTM infections is a well-known class of antibiotics and has already started
showing resistance. Therefore, a new drug with a novel mechanism of action is an urgent
need.
My thesis project tested and validated the hypothesis that medicinal chemistry optimization
of coumarin derivatives can improve metabolic stability while maintaining the potency
against M. tb. I designed a new class of agents, 2-quinolone derivatives, using a scaffold
hopping approach. The synthesis of 2-quinolone derivatives utilizes a well-known fourstep reaction and produces a 50-70% yield for most of them.
I explored the structure-activity relationship (SAR) for the synthesized 2-quinolone
derivatives and all have maintained activity against M. tb. Compound 250 was the most
potent compound of the series against M. tb (MIC = 0.5 µg/mL). Interestingly, compound
250 was also found to be moderately active against M. abscessus (MIC = 8 µg/mL) whereas
all known coumarin derivatives are poorly active (MIC = 32 µg/mL). Notably, compound
250 (22.39 µg/mL) achieved higher solubility than its coumarin derivative, compound
CCA31 (0.82 µg/mL). Finally, an in vitro S9 stability assay on compound 250 showed a
promising half-life of 107.5 minutes. Overall, compound 250 maintained the potency
83

against M. tb and at the same time improved the aqueous solubility and metabolic stability
than compound CCA31. These promising results warrant further studies on compound
250. Moreover, other 2-quinolone derivatives such as 273 with excellent aqueous solubility
(73.95 µg/mL) and half-life (t1/2 = 133 min) need to be optimized to enhance the potency
against M. tb (MIC = 4 µg/mL).
4.2. Future directions
4.2.1 Expanding in vitro ADME studies on compound 250
Early ADME studies in the drug discovery and development process are important to
prioritize compounds and reduce the cost in later stages (Hughes et al., 2011). Aqueous
solubility, permeability, human plasma protein binding, metabolic stability, and
cytotoxicity studies are the key pharmacokinetic parameters studied to identify a potential
drug candidate (Chung et al., 2004). To expand the pharmacokinetic profile of compound
250, other ADME studies like permeability, human plasma protein binding, and
cytotoxicity studies would need to be performed. Permeability is the rate at which a drug
substance passes through cell membranes (Fagerholm, 2008). Most drugs permeate using
passive diffusion, but a few utilize an active transport or a facilitated diffusion mechanism.
Drug permeability can be assessed through one of these in vitro assays, cell-free assay like
Parallel Artificial Membrane Permeability Assay (PAMPA) or cell-based assays using the
human colon adenocarcinoma (Caco-2) cell lines, the Madin-Darby canine kidney
(MDCK) cell, porcine kidney epithelial cell lines (LLC-PK1) (Wang et al., 2016). The
permeability rate determines the absorption and distribution profile of a drug substance,
and it also helps to classify a drug according to the BCS classification (Research, 2019).
Human plasma protein binding (HPPB) refers to the process where human plasma proteins
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(albumin, alpha-1 acid glycoprotein, and lipoproteins) interact with a drug substance
(Pharmacokinetics, n.d.). Only the unbound drug (or free drug) in the bloodstream reaches
the target site to elicit its pharmacological action (Pharmacokinetics, n.d.). With HPPB
studies, one can determine a potential drug-drug interaction as well as the distribution,
metabolism, and excretion profile of a drug candidate. In an early replication stage, M. tb
resides and replicates inside macrophages. Thus, it is important to test a drug for its
diffusion across macrophage cells and whether it inhibits bacterial growth or not. Lastly,
antitubercular drugs should be non-toxic to the human cell. In vitro cytotoxicity studies are
performed to determine the toxicity profile of a drug substance. From the cytotoxicity and
MIC values, one can find the selectivity index (SI) of a particular drug candidate. SI is the
ratio between the toxicity value and MIC value.
4.2.2 In vivo pharmacokinetic and pharmacodynamic studies
In the drug discovery and development process, in vivo studies provide more relevant
information and a much deeper understanding of the pharmacokinetics, safety, and efficacy
of a drug substance. In the preclinical phase, in vivo evaluations of drug candidates are
mostly carried out in live animals, such as murine models. As WHO aims for all oral drugs
for the treatment of tuberculosis, my goal is to develop an orally bioavailable drug
compound. For oral delivery, in vivo examination includes determining oral bioavailability
(F (%)), AUC (area under the curve), the volume of distribution (Vd), peak plasma
concentration (Cmax), time to reach Cmax (Tmax), and elimination half-life (t1/2). These values
will help in determining in vivo pharmacokinetic profile of our 2-quinolone class of
compounds.
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4.2.3 FadD32 inhibition studies
We have successfully identified 2-quinolone derivatives as an active class of agents against
M. tb and M. abscessus. Coumarin derivatives are the known class of inhibitors targeting
the FadD32 enzyme. Since our 2-quinolone derivatives share the same chemical space, we
hypothesize the 2-quinolone derivatives would act the same way. Therefore, further
biochemical inhibition studies against the FadD32 enzyme needs to be studied. To
determine the kinetics of FadD32 inhibition, we are developing the use of an AMP- Glo™
Assay to measure the concentration of AMP produced during the FadD32 FACS reaction
(Figure 30). ,Recall, the coumarin compounds inhibit the transfer function of FadD32
where the meromycolyl-AMP is converted to meromycolyl-ACP, releasing AMP. Using
the AMP-Glo Assay, we will determine the concentration of AMP produced by FadD32
in the presence and absence of each inhibitor in order to calculate the IC50 values.

Figure 30. AMP-Glo™ Assay (Promega.com).

4.2.4 Optimizing 250 for physicochemical and pharmacokinetic properties
Modification of 5-phenyl group:
Compound 250 can be further optimized to enhance potency as well as physicochemical
properties. Compound 252 is an active 2-quinolone derivative with 4-pyridyl as a phenyl
group. Also, one coumarin derivative with the 5-pyrimidyl group is shown to be active
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against the FadD32 enzyme (Kawate et al., 2013). However, these groups were never
accessed with a morpholine head group. Therefore, it is worth replacing phenyl of 250 with
3-pyridyl and 5-pyrimidyl (Figure 31). Moreover, non-classical sp3 rich phenyl
bioisosteres such as bicyclo[1.1.1]pentane, cubane, bridged piperidine, etc, can be utilized
to improve upon the aqueous solubility of a lead compound (Ratni et al., 2021; Tse et al.,
2020).

Figure 31. Modification of 5-phenyl group

Modification of morpholine ring:
The SAR study of our 2-quinolone and known coumarin derivatives defines an important
role of the oxygen of morpholine ring in terms of anti-tubercular activity. Figure 32 shows
popular morpholine bioisosteres which significantly improves aqueous solubility and
metabolic stability of drug candidates (Hobbs et al., 2019; Morpholine Bioisosteres for
Drug Design - Enamine, n.d.). Using scheme 2 (iv), a series of compound can be synthesize
by replacing boronic acids from the morpholine bioisosteres shown in Figure 32.
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Figure 32. Modification of morpholine ring
Scaffold hopping:
I successfully utilized scaffold hopping as an effective technique to identify 2-quinolone
as a new class of compounds with an improved kinetic solubility and metabolic stability.
Figure 33 describes two other new class of compounds which could be synthesized and

Figure 33. Identification of two new class of inhibitors using scaffold hopping.
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examined for potency against M. tb and M. abscessus. Addition of more heteroatoms to the
core structure significantly reduces ClogP value than that of compound 250. As mentioned
in Chapter 3, a high logP value compounds often face drug development challenges.
Harcken et al. report a similar scaffold hopping approach to identify a clinical candidate
with improved kinetic solubility and half-life (Harcken et al., 2021).
Modification of methyl groups:
Using an in silico technique, we identified three soft spots which are highly susceptible to
human metabolism. Of which, our thesis project addresses the blockage of one of three soft
spots, the lactone hydrolysis. However, the two benzylic methyl groups on coumarin and
2-quinolone derivatives are still susceptible to CYP-mediated benzylic hydroxylation.
Thus, protecting these methyl groups with halogens or halogenated groups, such as F, Br,
Cl, or CF3 (Figure 34), can slow down the metabolism of these compounds. However, the
synthesis of these compounds can be challenging because of the larger electrondeactivating groups and/or loss of selectivity over halogens.

Figure 34. Modification of methyl group with X. (X = F, Br, Cl, CF3)

Modification to improve potency:
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Recently, quinoline derivatives were discovered as a new class of putative FadD32
inhibitors. The most potent compounds of the series contains an amide linkage instead of
a 2-carbonyl group (Fang et al., 2018). Similar compounds can be synthesized and tested
for their anti-mycobacterial action. Furthermore, 3-aminophenyl and 2-chlorophenyl
groups at 4-position were highly active in coumarin and quinoline series, respectively
(Fang et al., 2018; Kawate et al., 2013). Therefore, the addition of these groups on
compound 250 would likely increase the potency against M. tb (Figure 35).

Figure 35. Improving potency of compound 250.

4.2. Global impact
TB is the leading cause of infectious disease deaths, caused by mycobacterium
tuberculosis. TB kills 1 person every 22 seconds globally. Recently, WHO expects to see
a 13% rise in TB mortality rate as a negative consequence of COVID-19 (Updated WHO
Information Note, n.d.). Surprisingly, TB has been around us for the past 9,000 years, but
we do not have a safe and efficient therapy for the treatment (Barberis et al., 2017; CDC,
2021). Additionally, TB with other comorbidities such as HIV/AIDS makes the therapy
more challenging. A treatment for drug-susceptible TB requires multi-drugs, longer
therapy, and large adverse drug reactions. The success rate for drug-susceptible TB therapy
is 85%. On the other hand, drug-resistant TB, including multidrug-resistant (MDR-TB)
and extensively drug-resistant (XDR-TB) are listed as serious threats by the Center for
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Disease Control and Prevention. “We cannot hope to end TB without dramatically shorter,
simpler, and better treatments”, once said by Mel Spigelman, MD, president, and CEO of
TB Alliance (A Global Threat, n.d.).
Other than M. tb and M. leparae, NTM species are generally incurable nightmares and
cases are rising rapidly in the United States. There are more than 190 NTM species and
can be classified as slow-growing and rapid-growing mycobacteria. Current therapy of
NTM infection involves the usage of existing antibiotics (Sethiya et al., 2020). However,
the rise of antimicrobial resistance is a threat to the treatment of NTM infections. Therefore,
novel drugs, which are more specific to mycobacteria, are required to overcome the burden
of NTM species.
FadD32 is an enzyme involved in mycolic acid biosynthesis and is a druggable target
(Kuhn et al., 2016; Stanley et al., 2013). Until now, there are no FDA-approved drugs or
drugs under clinical trials that inhibit FadD32 function. We explored a novel class of
FadD32 inhibitors, 2-quinolones, which are active against M. tb (lead compound MIC =
0.5 µg/mL). With my thesis project of developing novel drugs with a novel mechanism of
action, we hope to help the WHO End TB Strategy that is 95% reduction in TB deaths by
2035 in compared with 2015 (WHO | The End TB Strategy, n.d.).
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Appendix
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Appendix 1. 1H NMR of 251; 1H NMR (CDCl3) δ = 1.56 (3H, s), 2.17 (3H, s), 3.85
(3H, s), 6.62 (1H, s), 7.09 (2H, d, J = 8 Hz), 7.30 (2H, d), 7.32 (2H, d), 7.40 (3H, t, J =
8 Hz).
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Appendix 2. 13C NMR of 251; 13C NMR (CDCl3) δ = 14.42, 22.57, 27.97, 28.56, 29.34,
29.47, 31.76, 32.71, 35.67, 114.49, 117.49, 122.93, 127.99, 128.4, 128.98, 129.28,
131.9, 132.0, 132.49, 134.57, 139.43, 140.7, 142.12, 151.31, 160.4.
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MW = 369.4
Appendix 3. Mass Spec of 251; ESI-MS [M+H]+ calculated for C25H23NO2: 370.4 ,
found: 369.9.
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