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Abstract 

A quarter of the human population are estimated to be latently infected with 

Mycobacterium tuberculosis (M. tb), the etiologic agent of tuberculosis (TB). The 

likelihood of developing active TB disease is significantly higher among individuals 

with compromised immune systems, such as patients co-infected with the human 

immunodeficiency virus (HIV), which is the major risk factor for TB reactivation in the 

co-endemic areas. Since the year 2000, around 10 million people fall ill with TB 

annually with more than 1 million TB fatalities each year. Most of the current anti-

tuberculosis (anti-TB) therapies are old (discovered in the last century) and are 

becoming increasingly ineffective due to the emergence of the drug-resistant (DR) M. 

tb strains. Therefore, novel anti-TB drugs that work through new mode of actions are 

urgently needed to bypass the resistance mechanisms developed by M. tb against the 

currently used drugs. The difficulty in finding potent anti-TB drugs stems from the thick, 

waxy outer coating of M. tb, that accounts for its impermeability to several therapeutic 

agents. The hydrophobicity of the cell wall of M. tb is predominantly ascribed to the 

accumulation of long chain fatty acids, called mycolic acids (MAs). Of note, M. tb was 

shown to secrete numerous kinases and phosphatases (virulence factors) that subvert 

the host immune system and evade phagolysosome fusion, thereby successfully 

establishing and maintaining an intracellular infection. 

The mycobacterial membrane protein large 3 (MmpL3) is a key transporter that is 

responsible for flipping trehalose monomycolate (TMM), the MAs precursor, from 

cytoplasm to the periplasm. Thereafter, MAs assemble in the M. tb cell wall, forging a 

protective shield that shelters the mycobacterium from noxious substances, including 

antibiotics as well as the immune modulators from the host. Numerous MmpL3 

inhibitors with diverse chemical structures were uncovered in the past decade, such 

as the indole-2-carboxamides (I2Cs) and the adamantyl ureas. However, most of the 

reported MmpL3 inhibitors with potent anti-TB activities developed to date are highly 

lipophilic, accounting for their poor bioavailabilities. In this thesis, a number of I2C 

analogues and bioisosteres, with modified lipophilicities, were designed, synthesised, 

and evaluated for their anti-TB activities against drug-sensitive (DS) M. tb H37Rv 

strain. The top potent compounds were assessed for their growth inhibitory activities 

against a panel of DR M. tb strains. Their cytotoxicities were also evaluated against 
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healthy Vero cells. In silico molecular docking studies were performed to inspect their 

binding modes within the MmpL3 active site, in comparison to the co-crystallised 

ligands. In addition, some of the old anti-TB drugs, namely isoniazid (INH), 

pyrazinamide (PZA), and ciprofloxacin (CPF), were structurally modified in an attempt 

to improve their anti-TB activities. Some hybrid molecules were also synthesised, 

conjugating two pharmacophores from various anti-TB agents with diverse 

mechanisms of action.  

On the other hand, since the I2C framework was also demonstrated to have a 

remarkable activity against cancer cells, numerous novel indoles were designed and 

synthesised to be tested against paediatric glioblastoma (GBM) tumour cell line 

KNS42 and other grade IV tumours in addition to the M. tb strains. Analysis of gene 

transcriptional response of KNS42 cells exposed to the most active compounds 

revealed a significant downregulation of key oncogenes. When the KNS42 cells were 

found to overexpress cannabinoid receptor 1 (CB1R), a rigorous literature search was 

conducted to scrutinise the antitumour potential of cannabinoids and whether or not 

their cytotoxic activities are correlated to their cannabinoid (CB) receptor modulation. 

Within this context, several I2C derivatives were reported in the literature as CB 

receptor ligands. Accordingly, the most potent antitumour I2C analogues and 

bioisosteres were assessed for their agonistic and antagonistic activities at both CB1R 

and cannabinoid receptor 2 (CB2R). The outcome of this thesis highlights the potential 

of the I2C architecture as a versatile scaffold that can be fine-tuned for its 

antimycobacterial and/or antitumour activities. 
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Background 

Tuberculosis (TB) is a highly communicable airborne disease, claiming the lives of 

more than 1 million people every year globally at least since 2000. Mycobacterium 

tuberculosis (M. tb), the causative agent of TB, is a recalcitrant pathogen which is rife 

around the world, latently infecting approximately a quarter of the population 

worldwide. The asymptomatic dormant status of the bacteria escalates to the 

transmissible active form when the host’s immune system becomes debilitated, such 

as in patients co-afflicted with the human immunodeficiency virus (HIV). The current 

front-line treatment regimen for drug-sensitive (DS) M. tb strains is a 6-months 

protocol, involving four different drugs, that requires stringent adherence to avoid 

relapse and resistance. Poverty, difficulty to access proper treatment, and lack of 

patient compliance contributed to the emergence of more sinister drug-resistant (DR) 

strains which demand longer duration of treatment (up to two years) with more toxic 

and more expensive drugs compared to the first-line regimen. Only two new drugs, 

bedaquiline (BDQ) and delamanid (DLM), were approved in 2013/2014 for treatment 

of TB–the first anti-TB drugs with novel mode of actions to be introduced to the market 

in more than 50 years–reflecting the attrition rates in the development and approval of 

new anti-TB drugs. Therefore, new potent anti-TB agents with novel mechanism of 

action are urgently required to treat and control the spread of antibiotic resistant M. tb 

strains. In recent years, several small molecules were identified as promising 

preclinical and clinical anti-TB drug candidates that inhibit new protein targets in M. tb. 

Most of these key targets are implicated in the biogenesis of the thick waxy outer 

membrane that barricades the M. tb, shielding the bacilli against environmental 

threats, including the host immune system and antibiotics. Accordingly, inhibiting these 

targets by small molecules can disrupt several critical biosynthetic processes, causing 

deformations in the intricate protective cell wall of M. tb, which eventuates in the death 

of the mycobacteria.     
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1.1. Introduction  

In 1882, Robert Koch identified the tubercle bacillus, also known as M. tb, as the 

etiologic agent of TB (1). Since his discovery, the TB epidemic seems to be unabated, 

spreading in every corner of the globe. TB is a highly contagious airborne disease and 

one of the top ten causes of death worldwide (2). Although the disease typically affects 

the lungs (referred to as pulmonary TB), it can also spread to other parts of the body 

(known as extrapulmonary TB) (2). M. tb can stay dormant for years and persist in the 

body without any indication of illness, in which many people become asymptomatic 

carriers (inactive TB) (3). According to the 2020 World Health Organisation (WHO) 

report (2), around one quarter of the world’s population (2 billion) are latently infected 

with M. tb (Figure 1.1). In the individuals carrying latent TB infections (LTBI), the 

estimated lifetime risk for TB reactivation is 5 – 10%. Indeed, the dormant 

mycobacteria can be awakened (active TB), particularly in the immunocompromised 

patients, such as those who are co-infected with the human immunodeficiency virus 

(HIV). Among the 38 million people living with HIV, the risk of developing TB is 

estimated to be 18 times higher than people without HIV (2). When the stalemate is 

broken, TB reactivation occurs and the bacterial burden soars, wherefore the disease 

becomes symptomatic (4).  

Although the fraction of people with LTBI predisposed to TB reactivation is seemingly 

small, roughly 10 million people fall ill with TB annually at least since 2000 (2). In 

addition, from 2000 to 2019, approximately 1.4 – > 2 million people died from TB each 

year, with the highest mortality rates occurring between 2000 and 2010. The latest 

2020 WHO report documented that in 2019 TB claimed the lives of more than one 

million people worldwide (an estimated 1.2 million and 0.2 million deaths among the 

HIV-negative and the HIV-positive cohorts, respectively). In fact, TB-related fatalities 

surpass the deaths toll from any other bacterial pathogen, ranking TB among the 10 

leading causes of deaths worldwide (2).  

Unfortunately, no effective vaccine is currently available to prevent TB disease in 

adults, either before or after exposure to M. tb. Nonetheless, the only licenced TB 

vaccine, bacille Calmette-Guérin (BCG), which was developed nearly a century ago, 

can confer moderate protection in infants and children, especially from severe forms 

of TB (miliary TB and TB meningitis) (2). Indeed, while anyone anywhere can get 
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infected with TB, most people (about 90%) who develop active TB are adults, with 

more incidents among men than women. Therefore, there is a pressing need for a 

more efficacious vaccine that provides immunity against all forms of TB across all age 

spectrums. 

 

 

Figure 1.1. General TB statistics and main symptoms of pulmonary TB. Data source: latest WHO 
TB report in 2020. 

 

The clinical manifestations of active pulmonary TB may include pleuritic chest pain, 

prolonged cough, haemoptysis, fever, fatigue, loss of appetite, night sweat and weight 

loss (5) (Figure 1.1). Geographically, in 2019, the majority of people who developed 

TB were located in the WHO South-East Asian region (44%), followed by the WHO 

African region (25%) and the WHO Western Pacific region (18%). Four countries 

accounted for nearly half of the global TB burden: the two WHO South-East Asian 
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countries, India (26%) and Indonesia (8.5%), in addition to the two WHO Western 

Pacific countries, China (8.4%) and the Philippines (6.0%) (2).    

1.2. TB Pathogenesis  

The pathogenic life cycle of M. tb is illustrated in Figure 1.2. TB is transmitted via M. 

tb-containing aerosol droplets, propelled by active TB patients when they cough, 

sneeze, or talk (5). After the new host inhale the TB bacteria, they travel through the 

respiratory tract and reach the lung. At this point, the host’s innate immune system 

comes into play to quell the infection, whereupon the tubercle bacilli are internalised 

by alveolar macrophages. When the macrophages fail to inhibit or destroy the bacilli, 

the bacteria multiply within their intracellular environment and then get released and 

phagocytosed by other alveolar macrophages and the cycle continues (5). 

Lymphocytes are then recruited to the infection site, initiating a cell-mediated immune 

response, in which a pile of immune cells arrives, attempting to sequester the bacteria 

and limit further multiplication (6). At this stage, the host remains asymptomatic, and 

the TB bacteria may get eliminated completely or step into latency inside the 

granuloma (7). However, in the setting of impaired immunity, the disease immediately 

progresses into active TB with clinical symptoms (7). 

The granuloma is the cardinal feature of pulmonary TB which is an amorphous 

collection of macrophages and other immune cells, aimed at restricting the bacterial 

spread (7). In immunocompetent individuals, although the granuloma is unable to 

eliminate the pathogen, it restrains the bacilli and halts the progression to active 

disease (6). However, the bacteria still survive, avoiding death by blocking the 

phagolysosome fusion and subverting the host’s immune response. This process 

establishes a hospitable niche for M. tb where it can survive for decades, outwitting 

the immune system and persisting in a non-replicating or slowly replicating state (6). 

In this case, the patient is still non-infectious and asymptomatic (latently infected). 

Notably, one of the challenges facing the current TB therapy is targeting this tenacious 

pathogen inside the granuloma. 
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Figure 1.2. Pathophysiology of pulmonary TB. Following the M. tb transmission to the new host, the 
bacilli enter the lung and get ingested by macrophages. Further immune cells are recruited to wall off 
the infected macrophages, leading to the formation of the granuloma, the hallmark of TB. Healthy 
individuals remain latently infected and the infection is kept at bay at this stage, but prone to the risk of 
reactivation. Foamy macrophages release their lipid content when they necrotise leading to caseation 
(cheese-like structure). Caseum is a decay manifested at the core of the granuloma that compromise 
its rigid integrity. As the granuloma develops, the bacilli commence to seep out of the macrophages into 
the caseum layer. When the reactivation occurs, M. tb proliferates and the bacterial load becomes 
overwhelmingly high, whereupon the granuloma rupture, disseminating the bacteria to the airways. The 
bacilli are then expectorated as contagious aerosol droplets, restarting the cycle, infecting other 
individuals. 

 

As the granuloma matures, macrophages differentiate into foamy macrophages and 

other various morphotypes (8). The centre of the granuloma may necrotise as a result 

of the necrotic lysis of the host immune cells forming what is referred to as caseum 

(caseous granuloma) (9). Indeed, the accumulating soft necrotic debris, located in the 

core of the granuloma, resembles cheese (earning it the name caseum). Foamy 

macrophages, which are characterised by accumulated lipid droplets, distribute 

around the necrotic foci of the granuloma (10). Importantly, the M. tb-induced 

dysregulation of host lipid metabolism, via disrupting the balance between the influx 

and efflux of lipid particles from the serum, and sequestration thereof, were found to 

play a critical role in the disease progression (8). This disturbance in lipid metabolism 

promotes the formation of foam cells, which support bacterial persistence and 

eventually result in the accumulation of caseum in the granuloma (8). In addition, 
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mycolic acids (MAs), which are the major lipid components of the M. tb robust cell wall 

that are essential for the mycobacterial growth and survival, were reported to 

contribute to the differentiation of macrophages into foam cells (11, 12). The resulting 

caseous lesions serve as reservoirs, encasing and sheltering the tubercle bacilli which 

maintain the dormancy of the bacteria (13). However, in the late stage of the disease, 

the caseous core softens and cavitation takes place, leading to resuscitation of the 

bacteria, and the patient develops active TB, culminating in transmitting the infectious 

bacilli into a new host (8, 13). This life-threatening transformation largely relies on the 

effectiveness of the host’s immune response in limiting the bacterial replication (6).  

Even though the main cause of TB reactivation is ascribed to HIV co-infection, other 

conditions may also switch the quiescent infection to an active one. These triggering 

factors include malnutrition, immune suppressive medications, chemotherapy, 

uncontrolled diabetes mellitus, sepsis, drug or alcohol addiction, chronic renal failure, 

smoking, and malignancy (6). When the host is immunocompromised, the hibernated 

bacilli, originally enclosed in the granuloma, will reactivate and replicate, accompanied 

by the granuloma liquifying and cavitating (10). Accordingly, the structure of the 

granuloma wanes and the contagious bacteria are released which results in the 

formation of cavitary lesions, signifying the lung damage observed in TB patients (6, 

14). Furthermore, the caseous material serves as a fertile source of nutrients that 

promotes the growth of the pathogen to an overwhelming burden (14). Finally, the 

bacilli spread throughout the lung and find their ways to the blood capillaries paving 

the way not only for transmission to other people but also for dissemination to other 

organs (14). At this stage, the disease becomes highly infectious and symptomatic 

(active TB). Lung histology during the active disease indicates the coexistence of 

granulomas at different stages of development (14). 

1.3. Current Treatment Regimen for Drug-Sensitive (DS) TB  

The current recommended treatment for DS-TB involves a combination of four 

antibiotics: isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA) and ethambutol 

(EMB), which were all discovered nearly 60 years ago (15) (Figure 1.3). This four-

drug cocktail should be administered for at least 6 months under directly observed 

treatment (DOT) to ensure high rates of treatment success and cure. The treatment 

involves two phases: the initial phase which comprises administering the 
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aforementioned four drugs for two months, and the continuation phase treatment with 

INH and RIF for the last four months to kill the dormant bacteria (15).  

The four drugs target M. tb via different mechanisms of action. Briefly, INH is a prodrug 

that upon activation inhibits the enoyl-acyl carrier protein reductase (InhA) which is a 

key enzyme in the MAs biosynthetic process (16). MAs are the primary mediators of 

the hydrophobic attributes and lack of permeability of the mycobacterial outer coating 

(11). RIF binds to the ꞵ-subunit of the bacterial RNA polymerase and exerts its 

bactericidal activity by inhibiting the early steps of gene transcription (17). Like INH, 

PZA is a prodrug that gets activated, after diffusing into the TB granuloma, by the 

pyrazinamidase enzyme to pyrazinoic acid (POA) which subsequently kills the M. tb 

bacillus inside the granuloma (18). However, the mode of action of PZA is still 

enigmatic. EMB is a bacteriostatic drug that inhibits the synthesis of arabinogalactan 

and lipoarabinomannan, two essential components of the mycobacterial cell wall, by 

targeting the three arabinosyltransferases EmbA, EmbB, and EmbC (19). 

Despite the effectiveness of the four front-line anti-TB agents against DS-TB, several 

adverse side effects are associated with this regimen, including liver dysfunction, 

peripheral neuropathy, erythromelalgia, ocular toxicity, central nervous system (CNS) 

toxicity, gastrointestinal (GI) intolerance, and skin rash (20-22). Poor patient 

compliance owing to these unwanted side-effects, high pill count, and protracted 

duration of therapy in addition to the overuse/misuse of antibiotics contributed to the 

emergence of DR M. tb strains (20).   

  

 

Figure 1.3. The four front-line anti-TB drugs. 
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1.4. Challenges to The Global Control of TB 

1.4.1. Drug-Resistant (DR) TB Crisis  

The therapeutic approach for DR-TB and the prognosis thereof is significantly 

correlated to the resistance pattern, however, the clinical management of DR-TB is 

generally complicated. Multidrug-resistant TB (MDR-TB) is defined as resistance to 

INH and RIF, the two most powerful front-line anti-TB drugs (2). In 2019, there were 

an estimated 465,000 MDR-TB incident cases. The cure rates for MDR-TB are 

typically lower than DS-TB (2). The 2019 WHO recommended second-line regimen 

for MDR-TB (Figure 1.4) is an 18 – 20 months treatment protocol, contingent on the 

patient’s response to therapy. The MDR-TB medication regimen consists of at least 

four drugs in the intensive phase: three drugs from group A [linezolid, bedaquiline 

(BDQ), and moxifloxacin/levofloxacin] and one drug from group B (clofazimine, or 

terizidone/cycloserine) (23). At least three of these drugs should be prescribed for the 

rest of the treatment (continuation phase) after BDQ is stopped. Two drugs in group B 

should be prescribed, if only one or two drugs from group A are used (23). If the M. tb 

strain is resistant to one or more of the preceding drugs, drugs from group C 

[delamanid (DLM), streptomycin/amikacin, EMB, PZA, 4-aminosalicylic acid, 

imipenem, meropenem, ethionamide/prothionamide, high dose INH] should be added 

to the regimen (23, 24). In 2020, the WHO recommended a shorter all-oral regimen 

for MDR-TB (9 – 11 months) to make it easier for the patients to complete the therapy, 

in comparison to the aforementioned longer regimen (25). The initial phase of this 

shorter treatment protocol comprises administering a cocktail of BDQ, 

moxifloxacin/levofloxacin, clofazimine, ethionamide/prothionamide, INH (high dose), 

PZA, and EMB for four months (with a possibility of extension for a maximum of six 

months if the patient’s culture or sputum smear remains positive by the end of the 

fourth month). Regardless, BDQ should be used for 6 months in total. The continuation 

phase is fixed at 5 months, entailing the administration of moxifloxacin/levofloxacin, 

clofazimine, PZA, and EMB (25). It is worth noting that BDQ and DLM, which were 

recently implemented in the second-line regimen, are the first anti-TB drugs with new 

mechanisms of action to be approved for treatment of TB in more than half a century; 

RIF was approved for clinical use in Italy in 1968 and in USA in 1971 (26, 27). BDQ 

was the first to be approved by the United States Food and Drug Administration (US 

FDA), at the end of 2012, followed by an authorisation granted by the European 
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Medicines Agency (EMA) for the use of both DLM and BDQ in adults with MDR-TB, in 

2013 and 2014, respectively (26). 

 

 
Figure 1.4. Current second-line anti-TB agents.  

 

On the other hand, extensively drug-resistant TB (XDR-TB) is a subset of MDR-TB 

(resistant to INH and RIF) with an additional resistance to at least one fluoroquinolone 

(such as moxifloxacin or levofloxacin) and any of the injectable second-line TB drugs 

(such as amikacin) (28). Therefore, very limited treatment options are available for 

XDR-TB, resulting in extremely high mortality rates and raising the danger of a return 

to the pre-antibiotic era  (29). An intermediate stage between MDR-TB and XDR-TB 

is called pre-XDR-TB which is an MDR-TB additionally resistant to either a 

fluoroquinolone or an injectable second-line agent (28). Pre-XDR-TB and XDR-TB 

treatment duration ranges between 14 – 24 months including also both intensive and 
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continuation phases with a combination of the second line agents to which the M. tb 

strain is susceptible (28). Recently, a shorter new regimen, comprising BDQ, 

pretomanid, and linezolid (BPaL regimen), was approved by the US FDA to be 

administered in patients with XDR-TB (24). However, this regimen should only be 

administered under operational research conditions and when BDQ and linezolid have 

not been previously used (24). 

People may get MDR-TB or XDR-TB in one of two ways: 1) a primary infection with 

MDR or XDR bacteria (person-to-person transmission) or 2) resistance may develop 

when anti-TB drugs are misused or mismanaged in TB patients (23, 24). Overall, 

MDR-TB and XDR-TB generally require substantially longer duration of treatment (up 

to two years) compared to the first-line regimen for DS-TB. Moreover, the second-line 

anti-TB drugs, recommended for MDR- and XDR-TB, are generally more toxic, more 

expensive, and less efficacious than the front-line drugs (30). All of which exacerbate 

the patient adherence dilemma and the spread of the disease in the community, 

perpetuating TB as a global health menace.  

1.4.2. TB and HIV Co-Infection  

HIV infection is considered the main predisposing risk factor for patients falling ill with 

M. tb, increasing the likelihood of disease progression into the active stage by 18-fold 

(2). Similarly, TB is known to exacerbate the HIV infection and is considered the 

leading cause of death in HIV patients (31). In co-infected individuals, both pathogens 

have profound effects on the immune system, disarming the host’s immune 

responses, and accelerating the decline of the immunological functions (31). One of 

the complications of TB and HIV co-infection is devising an appropriate treatment 

which is attributed to the increased pill burden, overlapping toxic side effects, and 

drug-drug interactions (29). The main interactions between TB and HIV antibiotics are 

correlated to RIF-induced elevated expression of hepatic cytochrome P450 (CYP) 

system. This induction of the CYP enzymes increases the metabolism of several HIV 

co-medications, such as protease inhibitors, and accordingly decreases their 

therapeutic concentrations (29). Even the co-administration of CYP inhibitors, such as 

ritonavir, cannot salvage the normal trough levels of various protease inhibitors. 

Hence, whether boosted or not, standard protease inhibitors cannot be prescribed with 

RIF (29). Other rifamycin antibiotic with reduced CYP induction properties is rifabutin, 

which was identified as an alternative to RIF. However, the co-administration of 
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ritonavir increases the serum concentration, and accordingly the accompanying 

toxicity, of rifabutin (29). Taken together, these complications further worsen the 

clinical management of both infections and the patient adherence to treatment. 

1.4.3. The Coronavirus 2019 (COVID-19) Pandemic and TB 

TB has long been the world’s leading cause of death from a single infectious disease 

(surpassing HIV/AIDS since 2007) (2). In this context, in 2020 alone, COVID-19 

caused the deaths of more than 1.7 million people worldwide according to the WHO 

(32). Although the 2020 death figures of TB have not been revealed yet, the COVID-

19 health crisis is expected to have catastrophic effects on TB. The WHO predicts a 

0.2 – 0.4 million increase in the global number of TB deaths in 2020 (2).  

1.5. TB Drug Targets  

1.5.1. Overview  

In 1998, the complete genome sequencing of M. tb (approximately 4000 genes) was 

unveiled which advanced our understanding of the molecular biology of the bacterium 

(33). Knowledge of the whole-genome  M. tb sequence enabled researchers to identify 

a subset of genes that are essential in vitro and in vivo (34). This revelation in turn 

contributed to the discovery of new targets for novel compounds via identifying the 

mutated genes of the strains resistant to these compounds. The gene knockdown 

techniques, whereby the gene of a specific target is depleted, has also facilitated the 

validation process of several M. tb drug targets (34). The TB drug discovery 

approaches can be classified into target-based and phenotypic screening (35, 36) 

(Figure 1.5). The genome-derived target-based approach (target-to-drug) involves the 

identification of a specific cellular target in advance but without giving any information 

about its druggability (drug penetration or efflux) (35). Indeed, it has been a difficult 

conundrum to translate a good bacterial enzyme inhibition into a potent whole-cell M. 

tb inhibitory activity because of the difficulty to penetrate the highly impermeable waxy 

cell wall of M. tb (29). In addition, several inhibitors which were identified against 

essential targets were lacking drug-like properties. Therefore,  no anti-TB drug has 

emerged from this strategy to date (29, 35, 36).  
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Figure 1.5. A simplified diagram of target-based and phenotypic TB drug discovery cascade. 

 

On the other hand, the cell-based phenotypic screening approach (drug-to-target) is 

based on a high-throughput screening of compound libraries which proved to be a 

much more successful strategy (29, 35). In fact, all currently used anti-TB antibiotics 

were discovered using the phenotypic screening tactic (36). This approach ensures 

the compounds’ capability to inhibit bacterial growth at first, followed by identifying 

their potential target (29, 35). However, the lack of that upfront knowledge regarding 

the mechanism of action prevents any structural biology input into the drug design 

efforts by medicinal chemists (29). Another drawback of the whole-cell screening 

approach is that although many hits can be delivered, some of them may have 

detergent effects; they may work through non-specific mechanisms, thereby having 

toxic effects. Therefore, to circumvent this problem, the cytotoxicity of the hit 

compounds should be evaluated across several cell lines to obtain ʺquality hitsʺ with 

good selectivity and specifity (29). Overall, the identification of targets for compounds 

with established anti-TB activity (cell-based/phenotypic approach) allows for the 

rational modification and optimisation, via medicinal chemistry, of the lead candidates 
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(35). Accordingly, adopting this strategy will ensure that the designed compounds 

retain activity against their primary target.  

1.5.2. Current Hot Targets in M. tb Drug Discovery and Their Corresponding TB 

Drug Candidates  

1.5.2.1. GyrA/B 

DNA gyrase is a highly conserved type II topoisomerase enzyme which is essential 

for DNA transcription, replication, and recombination in M. tb (37, 38). Therefore, 

inhibiting DNA gyrase results in impaired DNA replication and permanent double 

strands breaks which lead to cytotoxic accumulation of cleaved double-strand DNA 

fragments, inducing bacterial death (9, 39). DNA gyrase is an ATP-dependent 

tetrameric enzyme (with A2B2 heterotetramers), consisting of GyrA and GyrB subunits 

(37, 38). The GyrA subunit carries the breakage-reunion active site and is a clinically 

validated drug target of the fluoroquinolone family of antibiotics, such as moxifloxacin. 

On the other hand, the GyrB subunit (ATPase) promotes ATP hydrolysis and has been 

relatively less exploited, thereby representing a new avenue for tackling M. tb strains 

that are resistant to fluoroquinolones (37, 38). Indeed, various chemical entities have 

been developed as GyrB inhibitors, showing potent activity against DR-TB (37). In 

particular, a novel class of aminobenzimidazoles was found to target the ATPase 

subunit, which upon further optimisation led to the discovery of SPR720 (VXc-486) 

(37) (Figure 1.6). 

SPR720 was found to inhibit a panel of DS and DR M. tb isolates in vitro with minimum 

inhibitory concentrations (MIC) of 0.03 – 0.30 µg/mL and 0.08 – 5.48 µg/mL, 

respectively (37). It also reduced the M. tb burden in the lungs of infected mice in vivo 

and demonstrated bactericidal activity against intracellular and dormant M. tb in a low 

oxygen environment. Interestingly, the phosphate prodrug of SPR720 showed more 

potent killing of M. tb than the parent compound in vivo. When combined with other 

anti-TB drugs, the prodrug sterilised the M. tb infection in mice with relapse infection 

(37). Based on the preclinical efficacy studies of SPR720 in vitro and in vivo against 

some important non-tuberculous mycobacterial (NTM) species in addition to the 

toxicology/safety reports obtained thereof, SPR720 was advanced into human clinical 

trials (40). Similar to M. tb, NTM infections can cause progressive lung disease, 

especially in patients with structural lung damage or weakened immune systems (41).  
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Phase I clinical trials of SPR720 were initiated in January 2019, aimed at evaluating 

its tolerability, safety, and pharmacokinetics (PK) in healthy volunteers (42).  

 

 

Figure 1.6. Schematic representation of the site of action of several current promising anti-TB 
drug candidates and hit/lead compounds. A simple version of the mycobacterial cell wall and the 
cytoplasmic membrane is portrayed, showing the current hot targets in TB drug discovery, namely 
GyrA/B, QcrB, ATP synthase, DprE1, FadD32, Pks13, and MmpL3. TMM: trehalose monomycolate, 
GroMM: glycerol monomycolate, TDM: trehalose dimycolate, GMM: glucose monomycolate (GMM), 
DPR: decaprenylphosphoryl-D-ribose, DPX: decaprenylphosphoryl-2′-ketoribose, DPA: 
decaprenylphosphoryl-D-arabinose, MAs: mycolic acids, FAS-I: fatty acid synthase I, and FAS-II: fatty 
acid synthase II. 

 

Towards the end of February 2019, SPR720 was designated the Qualified Infectious 

Disease Product (QIDP) status by the US FDA for the treatment of lung infections 

caused by M. tb and NTM (43). In December 2020, Phase IIa clinical trial of SPR720 

started on patients with NTM pulmonary disease caused by Mycobacterium avium (M. 

avium) complex (MAC). Shortly Afterwards, a clinical hold has been placed on 

SPR720 by the US FDA following concerning events correlated with ongoing animal 

toxicology studies, wherein mortalities in non-human primates were observed, albeit 

with inconclusive causality to SPR720 (44). It is worth noting that there are no 

specifically approved oral antibiotics for treatment of pulmonary NTM. Indeed, a 

prolonged combination therapy with mainly unapproved drugs is recommended (12 – 
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24 months) and is often complicated by tolerability and/or safety concerns. Therefore, 

pending trial results, SPR720 could become the first approved oral antibiotic for NTM 

infections, addressing a crucial unmet need for the treatment of the debilitating 

pulmonary disease associated therewith (44). 

1.5.2.2. ATP Synthase 

The diarylquinoline BDQ (Figure 1.4), the most recently approved anti-TB drug with a 

novel mechanism of action, was found to elicit its activity via inhibiting the c subunit of 

the mycobacterial ATP synthase enzyme (45). Accordingly, it disrupts the energy 

metabolism and decreases intracellular ATP levels in M. tb (45, 46).  However, some 

issues were associated with BDQ. First, it has an extremely long in vivo elimination 

half-life and extensive tissue accumulation that could be ascribed to its very high 

lipophilicity (ClogP = 7.25) (47). It also showed potent inhibition of the human ether-a-

go-go gene (hERG) cardiac potassium channel (IC50 = 1.6 μM), which is crucial for the 

repolarisation of cardiac action potentials. This dysfunction of hERG causes prolonged 

QT (the time interval between the beginning of the Q wave till the end of the T wave) 

syndrome, resulting in irregular heart rhythm and potentially sudden death (47). 

Indeed, BDQ comes with a black box warning for increased risk of arrhythmia and 

mortality (48). Therefore, next-generation lead optimisation efforts were subsequently 

initiated, aimed at lowering the lipophilicity and cardiotoxicity of BDQ and improving 

clearance while maintaining its high anti-TB activity (47). In this respect, two 

diarylquinolines TBAJ-587 and TBAJ-876 were identified (Figure 1.6). Both 

compounds have anti-TB activity (MIC90 = 0.006 and 0.004 µM, respectively) superior 

to BDQ (MIC90 = 0.03 µM) against H37Rv strain in vitro (47). In animal models, TBAJ-

587 has better efficacy than BDQ, while the activity of TBAJ-876 was comparable to 

BDQ. Importantly, the lipophilicities (ClogP = 5.80 and 5.15, respectively) and hERG 

inhibitory activities (IC50 = 13 and > 30 μM, respectively) of both compounds are lower 

than BDQ (47). TBAJ-587 and TBAJ-876 are currently in Phase I clinical trials (49). 

1.5.2.3. QcrB  

The cytochrome b subunit (QcrB) of the cytochrome bc1 complex has recently 

emerged as an interesting target in M. tb (50). The cytochrome bc1 complex is a key 

component of the respiratory electron transport chain required for ATP synthesis. 

Therefore, the inhibition of this complex disrupts the M. tb ability to generate energy. 
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A phenotypic screening of a library encompassing more than 100,000 compounds as 

antimycobacterial agents led to the identification of imidazopyridine amides (IPAs) as 

a promising class that blocks the M. tb growth by targeting QcrB (50). An optimised 

IPA derivative Q203 (Figure 1.6) showed potent growth inhibition against DS M. tb 

H37Rv strain (MIC50 = 2.7 nM) and numerous MDR and XDR M. tb clinical isolates in 

vitro (MIC90 < 0.43 nM for most DR strains) (50). Q203 was found to trigger a rapid 

ATP depletion in M. tb under both aerobic and anaerobic conditions and when a whole-

genome sequencing of resistant mutants was conducted, QcrB was identified as its 

target. Q203 showed minimal cytotoxicity in different eukaryotic cell lines and was well 

tolerated in mice when administered as a high single dose (1000 mg/kg) as well as in 

a long-term administration study in rats (10 mg/kg administered for 20 days) (50). 

Importantly, Q203 did not inhibit the hERG channel (IC50 > 30 µM), suggesting its 

potential low risk of cardiotoxicity. It also did not induce the human pregnane X 

receptor (hPXR) at 10 µM concentration and did not inhibit any of the CYP450 

isoenzymes tested (IC50 > 10 µM). Q203 was also efficacious at a dose < 1 mg/kg in 

a mouse model of TB (50). The aforementioned potent anti-TB activities in addition to 

the promising safety, and PK profiles obtained for Q203 (50) led to its advancement 

into human clinical trials. Telacebec (Q203) is currently in Phase II clinical trials as an 

oral antibiotic for treatment of TB. The preliminary results of Phase IIa early 

bactericidal activity (EBA) demonstrated that Telacebec was well tolerated and safe 

when administered at different doses to adult patients with pulmonary TB (49).  

An analogous pyrazolo[1,5-a]pyridine-3-carboxamide derivative TB47 (Figure 1.6) 

was also identified as a preclinical anti-TB candidate that inhibits QcrB (49, 51). TB47 

exhibited potent anti-TB activities (MIC = 0.016 – 0.500 µg/mL) against a panel of M. 

tb clinical isolates, including various MDR and XDR strains (51). TB47 also showed 

promising PK and toxicity profiles, whereby it displayed negligible cytotoxicity (IC50 > 

100 µM against both Vero and HepG2 cell lines), CYP450 interactions (IC50 > 20 µM), 

and hERG channel inhibition (IC50 > 30 µM) (51). In mouse infection models, although 

TB47 was not bactericidal as a monotherapy, it displayed a strong synergism with PZA 

and RIF, indicating its potential when combined with other anti-TB drugs (51).  
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1.5.2.4. DprE1 

Decaprenylphosphoryl-β-D-ribose 2′-epimerase 1 (DprE1), also called 

decaprenylphosphoryl-β-D-ribose oxidase, is a key enzyme implicated in the 

mycobacterial cell wall biosynthesis (52, 53). In 2009, a ground-breaking report 

identified DprE1 as the target of a novel class of inhibitors, namely 1,3-benzothiazin-

4-ones (BTZs), that were discovered in a phenotypic screening of a drug library (53). 

This new class of compounds is endowed with potent antimycobacterial activities, 

demonstrating bactericidal activities against M. tb in the nanomolar range (53). DprE1 

is a flavoprotein that works in concert with decaprenylphosphoryl-D-2-keto erythro 

pentose reductase (DprE2) to generate an arabinose precursor which plays a 

fundamental role in the synthesis of the mycobacterial cell wall polysaccharides 

arabinogalactan and lipoarabinomannan (52, 53). In this respect, DprE1 uses flavin 

adenine dinucleotide (FAD) to oxidise decaprenylphosphoryl-D-ribose (DPR) to a keto 

intermediate [decaprenylphosphoryl-2′-ketoribose (DPX)], which is subsequently 

reduced by DprE2 to form decaprenylphosphoryl-D-arabinose (DPA) (54) (Figure 1.6). 

DPA then serve as a sugar donor for the biogenesis of cell wall arabinans. The DPA 

biosynthesis was recently shown to take place in the periplasmic space of the 

mycobacterial cell wall, where DprE1 was also found to be located (54). The 

extracytoplasmic localisation of DprE1 makes it more accessible to drugs which 

contribute to its vulnerability. It was demonstrated that inhibiting DprE1 abolishes the 

formation of DPA, thereby provoking cell lysis and mycobacterial death (53). The 

validity of DprE1 as a drug target was further verified by genetic studies conducted 

using M. tb conditional knock-down mutants (55). Indeed, downregulation of DprE1 

therein led to bacterial cell wall damage and lysis. Furthermore, rapid death was 

manifested in the DprE1-depleted mutants in vitro and intracellularly, accentuating its 

crucial role in bacterial growth and survival (55). In addition to BTZs, several new 

classes of DprE1 inhibitors effective against M. tb have been identified. Four 

compounds are currently in advanced stages of clinical trials, namely BTZ-043, PBTZ-

169 (Macozinone), OPC-167832, and TBA-7371 (Figure 1.6). 

The benzothiazinone analogue BTZ-043, which is the first identified DprE1 inhibitor, 

stood out as an exemplar of the BTZs class (53). In fact, BTZ-043 was found to be a 

suicide inhibitor of the mycobacterial FAD-dependent DprE1 enzyme, irreversibly 

inactivating the enzyme by forming a covalent adduct (56). BTZ-043 displayed 
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nanomolar bactericidal activities both in vitro and ex vivo against M. tb (53). Indeed, 

BTZ-043 exhibited an MIC value of 1 ng/mL (2.3 nM) against DS H37Rv M. tb strain 

and similar activities against a panel of clinical isolates of M. tb, including MDR-TB 

and XDR-TB strains. In the ex vivo model, BTZ-043 killed M. tb intracellularly (MIC < 

10 ng/mL) in M. tb infected macrophages, demonstrating higher potency than INH and 

RIF against intracellular bacteria (53). In murine infection models of TB, the efficacy 

of BTZ-043 was comparable to INH and RIF although the in vitro anti-TB activities of 

the preceding two front-line drugs were far less than that of BTZ-043 (53, 57). In 

preclinical toxicology studies, BTZ-043 was well tolerated in minipigs (at 360 mg/kg) 

and rats (up to 170 mg/kg), showing low toxicological potential (49). BTZ-043 showed 

limited cytotoxic activities against human cell lines, including monocytic THP-1 cells, 

two hepatic cells (Huh7 and HepG2), and lung epithelial A549 cells [median toxic 

doses (TD50) = 16 – 77 µg/mL; selectivity indices (SI) = 16000 – 77000] (58). Phase 

IIa EBA clinical trials of BTZ-043 commenced in November 2020 (49).     

Since the exceptional in vitro potency of BTZ-043 did not translate to comparably high 

in vivo efficacy in TB mouse models, further optimisations were conducted which led 

to the development of a new series of enhanced BTZs, namely 

piperazinebenzothiazinones (PBTZs) (57). This study was aimed at improving the 

pharmacological properties of the first-generation lead compound BTZ-043, 

particularly water solubility which was achieved by incorporating a piperazine group 

into the BTZ scaffold. Indeed, the next generation PBTZ-169 (Figure 1.6) displayed 

superior physicochemical properties and antimycobacterial activity compared to BTZ-

043 (57). PBTZ-169 (Macozinone) inhibited DprE1 by forming a covalent bond with 

the cysteine residue in the active site thereof, demonstrating a mechanism of action 

identical to BTZ-043. The in vitro activity of PBTZ-169 against M. tb H37Rv strain (MIC 

= 0.3 ng/mL) was nearly 3-fold higher than BTZ-043 (57). Importantly, PBTZ-169 

retained its potent activity against a panel of MDR and XDR M. tb clinical isolates. 

Besides its improved in vitro anti-TB potency, PBTZ-169 showed greater promise than 

BTZ-043 in the following aspects: 1) the lack of chiral centres in PBTZ-169 made the 

synthesis, manufacture, and quality control thereof more convenient than BTZ-043, 

which decreases its production cost; 2) PBTZ-169 was significantly more efficacious 

than BTZ-043 in murine models of TB which may stem from the fact that PBTZ-169 is 

a more efficient DprE1 inhibitor than BTZ-043; 3) PBTZ-169 displayed less cytotoxicity 
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than BTZ-043; 4) PBTZ-169 demonstrated better solubility than BTZ-043 which 

accounted for its rapid absorption compared to BTZ-043, indicating a better PK profile 

(57). PBTZ-169 acted synergistically with BDQ, while additive effects were observed 

when combined with other anti-TB drugs (57). Although PBTZ-169 was developed 

years after BTZ-043 (53, 57), PBTZ-169 made a remarkable progress in the clinical 

trials, therefore it is currently on par with BTZ043 as both candidates are in Phase II 

(49). Phase I studies of PBTZ-169 in healthy male volunteers revealed its favourable 

safety profile and good tolerability. Phase IIa EBA study of PBTZ-169 was completed 

early 2018 which established its acceptable safety in DS-TB patients. In addition, a 

statistically significant bactericidal activity was manifested when PBTZ-169 was 

administered as a monotherapy in a group of seven patients for 14 days (49). 

Another phenotypic screening campaign conducted on a library of carbostyrils has 

identified and optimised 3,4-dihydrocarbostyril derivatives with potent anti-TB activities 

(59). Notably, the carbostyril structural core constitutes the backbone of numerous 

drugs and has been recognised for having favourable PK and safety profiles. These 

efforts led to the identification of the promising anti-TB drug candidate OPC-167832 

(Figure 1.6). Whole genome sequencing of OPC-167832 resistant mutants 

subsequently identified DprE1 as the target of this compound and further studies also 

demonstrated its inhibition of DprE1 enzymatic activity (59). The MIC values of OPC-

167832 against various DS and DR M. tb strains ranged from 0.24 – 2 ng/mL. It 

showed bactericidal activity against both growing and intracellular M. tb at 

concentrations of 0.5 and 4 ng/mL, respectively. Of note, the killing activity of OPC-

167832 against growing M. tb was superior to BDQ and linezolid, whilst being similar 

to RIF, moxifloxacin, and levofloxacin (59). This potent bactericidal activity was 

recapitulated in vivo in a mouse model of chronic TB, in which OPC-167832 displayed 

a very low minimum effective dose (MED = 0.625 mg/kg). OPC-167832 was also 

evaluated in combination therapies in TB infected mice, in which it was used alongside 

DLM as the core component of drug-combination regimens comprising 3 or 4 drugs, 

whereupon the third and/or fourth drug was linezolid, moxifloxacin, or BDQ (59). The 

observed sterilising activities of five out of six of these regimens was greater than the 

front-line regimen (INH, RIF, PZA, and EMB). Indeed, the new combinations 

demonstrated a rapid decrease in the bacterial burden in mice and relapse-preventing 
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effects superior to the standard treatment cocktail (59). These key attributes resulted 

in the entry of OPC-167832 into the clinical pipeline (Phase I/II EBA) (49).  

A series of 4-azaindoles emerged from a scaffold morphing approach based on the 

imidazopyridine scaffold, exemplified by Q203 (60). This new class demonstrated 

excellent in vitro and in vivo anti-TB activities, with DprE1 being identified as their 

target. In fact, they were found to be non-covalent inhibitors of DprE1 (60, 61). TBA-

7371 (Figure 1.6) was the highlight of this class that proceeded to clinical development 

(60, 62). This compound displayed potent anti-TB activities against DS and DR M. tb 

strains in vitro (MIC = 0.4 – 6.25 µM). TBA-7371 also showed potent bactericidal 

activity against M. tb with minimum bactericidal activity (MBC) value of 0.78 – 1.56 µM 

and was active against intracellular M. tb (60, 62). TBA-7371 was efficacious in a 

mouse/rat model of chronic TB infection, significantly reducing the bacterial burden in 

the lungs of infected animals (62). TBA-7371 showed minimal inhibition of the hERG 

channel (IC50 > 33 µM), suggesting its low risk of cardiotoxicity (62). When TBA-7371 

was tested against THP1 cells (human monocytic cell line), it demonstrated no 

inhibition up to 100 µM concentration, indicating its lack of cytotoxicity (60, 62). TBA-

7371 did not inhibit any of the CYP450 isoenzymes (IC50 > 50 µM), suggesting its low 

tendency for drug-drug interactions. In general, when tested against a panel of human 

targets, TBA-7371 showed no major safety liabilities (60, 62). When its PK properties 

were assessed in rodents, good oral exposure was observed (60). TBA-7371 is 

currently in Phase I/IIa EBA clinical trials (49, 63). 

1.5.2.5. FadD32 and Pks13 

The fatty acyl-AMP ligase 32, which is also called fatty acid degradation protein D32, 

(FAAL32 or FadD32) and polyketide synthase 13 (Pks13) are crucial enzymes that act 

in concert with each other, playing pivotal roles in the biosynthetic machinery of MAs 

(Figure 1.6) (64, 65). MAs are the major integral lipid components of the exceptionally 

fortified waxy cell wall of M. tb and the primary mediators of hydrophobicity and 

impermeability thereof (11). Briefly, in the M. tb cytoplasm, the C24 – C26 -alkyl branch 

of the MAs and the C50 – C60 meromycolate chain are generated from the fatty acid 

synthase I (FAS-I) and fatty acid synthase II (FAS-II) systems, respectively. These two 

fatty acids chains get activated before the final condensation takes place (11). FadD32 

is an adenylating enzyme that activates and transfers the meromycolyl-AMP 
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(meroacyl-AMP) onto the terminal condensing enzyme Pks13. In other words, FadD32 

serves as a linking enzyme connecting the FAS and PKS biosynthetic pathways (66). 

Pks13 then catalyses a key Claisen condensation reaction, coupling both of the two 

loaded fatty acyl chains, the -alkyl branch and meromycolate chain, to produce -

alkyl ꞵ-ketoacids (64). The resulting assembled chain attach to trehalose, followed by 

a final reduction step to form trehalose monomycolate (TMM). The formed TMMs 

serve as MAs precursors which then get shuttled from cytoplasm to periplasm via the 

mycobacterial membrane protein large 3 (MmpL3) (64).  

The closely partnered triad of FadD32, Pks13, and MmpL3, implicated in the MAs 

biosynthesis, composes a new territory that has not been fully exploited in M. tb 

(Figure 1.6). Therefore, they represent promising drug targets for the development of 

new anti-TB agents that could be used in tackling DR-TB. Both fadD32 and pks13 

genes are adjacent on the same operon (the fadD32-pks13-accD4 cluster) (67). MAs 

contribute to the intrinsic resistance of M. tb and are indispensable to mycobacterial 

survival, persistence, and virulence. Therefore, inhibiting crucial enzymes that are 

involved in the MAs biosynthesis is considered a viable approach in the TB drug 

discovery (68). This notion is substantiated by the currently used drugs that target the 

MAs biosynthesis, exemplified by the well-established anti-TB drug INH which 

constitutes the backbone of TB chemotherapy along with RIF. Accordingly, inhibiting 

FadD32 or Pks13 results in impairment in MAs biosynthesis, compromising the 

integrity of the M. tb outer membrane. Indeed, the deletion of the fadD32 or pks13 

genes in Corynebacterium glutamicum abolished the production of MAs, altering the 

structure of the cell envelope (69-71). In Mycobacterium smegmatis (M. smegmatis), 

both genes were also shown to be essential for the mycobacterial growth and survival 

(69, 70).  

In M. tb, depletion of fadD32 was clearly bactericidal and increased the sensitivity of 

fadD32 knockdown strain to several antibiotics (72). A whole-cell phenotypic screening 

against M. tb led to the identification of a series of diarylcoumarins that inhibit FadD32 

(73). The most potent coumarin analogue CCA34 (Figure 1.6) showed an MIC value 

of 0.24 µM against DS H37Rv M. tb strain (74). CCA34 also exhibited potent activity 

against an M. tb isolate with monoresistance to INH (MIC = 0.44 µM). In addition, it 

demonstrated a potent MBC value of 1.9 µM, which is comparable to that of INH (MBC 

= 0.5 µM). In macrophages infected with M. tb, CCA34 was able to kill the intracellular 
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bacilli, whilst it had no effect on the macrophage viability (74). Importantly, in the 

mouse TB infection models, CCA34 was nontoxic and well-tolerated [maximum 

tolerated dose (MTD) = 100 mg/kg]. It also inhibited the bacterial proliferation, 

demonstrating 30-fold reduction in bacterial numbers in the lungs of infected mice after 

8 days. This efficacy was found to be comparable to that observed for INH (74). These 

findings established FadD32 as a valuable and validated in vivo druggable target for 

M. tb. Since the 4,6-diaryl-5,7-dimethylcoumarins effectively suppress bacterial 

replication in vivo via inhibiting FadD32, CCA34 could be considered a promising lead 

compound that can be subjected to further optimisations. 

On the other hand, Sacchettini group have developed a technique that is based on 

high throughput screening paired with whole-genome sequencing of resistant mutants 

and recombineering to validate the functional significance of the mutations (75). This 

method led to the identification of several whole-cell active compounds and their 

targets. One of the scaffolds that was identified therein was a benzofuran derivative 

which was found to target Pks13 (75). Upon conducting further structure-based 

modifications, the same group then highlighted the benzofuran derivative TAM16 

(Figure 1.6) as a potent anti-TB lead compound (MIC values ≤ 0.42 µM). This 

compound is also endowed with highly potent in vitro bactericidal activities against the 

tested DS and DR clinical isolates of M. tb (76). It also exhibited potent in vivo efficacy, 

equal to that of the front-line anti-TB drug INH, in multiple mouse TB infection models. 

TAM16 demonstrated excellent drug-like properties and favourable safety and PK 

profiles (76). TAM16 is currently in the lead optimisation stage (49).  

Ensuing structure-activity relationship (SAR) optimisation efforts aided by the Pks13 

crystal structure led to the identification of several coumestan analogues as potent 

anti-TB agents in vitro and in vivo in serum inhibition titration assay (SIT) (77, 78). 

Pks13 was shown to be the target of these coumestan analogues (77). Coumestan 

derivative 1 (Figure 1.6) was the highlight of these published reports, showing potent 

activities against several DS- and DR-TB strains (MIC/MBC < 0.008 µg/mL) (77). This 

excellent in vitro activity was translated into potent in vivo activity in the mouse SIT 

assay, displaying higher activity than INH and TAM16 (77). In 2021, further in vitro and 

in vivo studies were performed on the coumestan analogue 1 (79). It showed potent 

sterilising capacity at a concentration of 0.06 µg/mL (15 times the MIC) in culture. In 

addition, it demonstrated favourable PK parameters when orally administered in mice 
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(10 mg/kg) with a 19.4% relative bioavailability. Importantly, in mouse infection 

models, coumestan 1 displayed a dose-dependent activity as a monotherapy. It also 

showed a synergistic effect when combined with RIF (25 mg/kg of 1 and 10 mg/kg of 

RIF) in reducing the colony forming unit (CFU) in the mouse lungs after 8 weeks of 

treatment (79). Taken together, both the benzofuran derivative TAM16 and the 

coumestan analogue 1 represent promising preclinical anti-TB drug candidates that 

may undergo further developments in the future.   

1.5.2.6. MmpL3 

After the FadD32 and Pks13 crosstalk takes place which eventually results in the 

formation of TMM, these MAs precursors then get flipped from cytoplasm to periplasm 

via the inner membrane protein MmpL3 (67, 80) (Figure 1.6). The mycolyl portion then 

get anchored to arabinogalactan, the major cell wall polysaccharide, which is further 

linked to peptidoglycan. It also gets attached to other TMM molecules, glucose, and 

glycerol (80, 81). This anchoring process leads to the formation of the mycolyl-

arabinogalactan-peptidoglycan (mAGP) complex, and the outer membrane glycolipids 

trehalose dimycolate (TDM), glucose monomycolate (GMM), and glycerol 

monomycolate (GroMM) (80, 81) (Figure 1.6). The fundamental role of MmpL3 in 

shuttling the MAs across the cytoplasmic membrane and accordingly forging the 

formidable permeability barrier of M. tb was verified in different reports (82-86). In this 

respect, MmpL3 was found to be essential for the replication and viability of M. tb (84). 

Indeed, downregulation of the mmpL3 gene in M. tb was associated with an abrogation 

in mycobacterial division and rapid cell death (82, 84). Not only did silencing mmpL3 

have a bactericidal effect in vitro, but it also reduced the bacterial load in both acute 

and chronic mouse lung infection models (84). All of which established the MmpL3 

transporter as a well-validated target in M. tb.  

Several small molecules with diverse chemical entities, including SQ109 (87), indole-

2-carboxamides (I2Cs) (88-90), AU1235 (83), BM212 (35), and THPP1 (91), have 

been identified as potent anti-TB agents and MmpL3 was shown to be their target. In 

fact, the results of one study favoured a direct mechanism of inhibition of MmpL3 by 

the preceding five classes of compounds (92). In the same report, SQ109, BM212, 

and AU1235 were additionally found to dissipate the proton motive force (PMF) from 

which MmpL3 derive its energy (indirect mechanism). In 2019, the crystal structure of 
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MmpL3 came to light, elucidating the binding modes of SQ109, I2Cs, and AU1235 

within the MmpL3 binding pocket (93). Upon binding, these derivatives occupied three 

subsites in the proton transportation channel, disrupting the key Asp-Tyr pairs 

implicated in proton relay and blocking the PMF for substrate translocation (93). In 

general, compounds that are targeting MmpL3 are quite lipophilic which can 

undermine the water solubility and bioavailability of this class of inhibitors.    

Compound SQ109 (Figure 1.6) is a 1,2-ethylenediamine that was developed from 

high-throughput screening of EMB analogues, aimed at identifying an EMB-based 

drug candidate with a decreased toxicity and an improved anti-TB activity (94). SQ109 

is the most advanced MmpL3 inhibitor in the clinical trials (Phase II) (49). Of note, 

although SQ109 emerged from a combinatorial library based on EMB, both 

compounds have different structures and SQ109 was found to have an entirely new 

mode of action which is different form EMB (94). Indeed, a retrospective evaluation of 

SQ109-resistant mutants divulged a disruption in the assembly of MAs onto the M. tb 

cell wall which was ascribed to inhibiting the MmpL3 transporter (87). SQ109 displayed 

excellent activity against several DS and DR M. tb strains in vitro (MIC ≤ 0.78 µg/mL). 

It was also efficacious in vivo in mouse TB infection models at a dose of 10 mg/kg, 

which is way below its MTD in mice (600 mg/kg) (94). SQ109 displayed bactericidal 

activity with an MBC value of 0.64 µg/mL. SQ109 killed M. tb inside macrophages with 

activity superior to EMB and equivalent to INH (94). It also reduced the intracellular M. 

tb load by 99% at its MIC and showed synergistic effects when combined with other 

anti-TB drugs. In preclinical safety studies in dogs, rats, and nonhuman primates, the 

no observed adverse events level (NOAEL) of SQ109 was 30 – 40 mg/kg/day, 

depending on the species. SQ109 was safe and well tolerated in Phase I and the 

preliminary Phase II clinical studies (94). In a Phase II study, SQ109 showed promising 

efficacy and tolerability results when added to the standard treatment regimen for 

patients with pulmonary MDR-TB (49).  

The whole-cell phenotypic screening technique has also led to the discovery of more 

classes of MmpL3 inhibitors. In particular, two I2C analogues NITD-304 and NITD-349 

(Figure 1.6) were previously highlighted as potent anti-TB preclinical candidates for 

treating MDR-TB (89). Li et al employed a combination of in vitro and whole-cell-based 

approaches and revealed that both NITD-304 and NITD-349 inhibit the MmpL3 via a 

direct mechanism (92). Both lead candidates displayed potent activities against DS 
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and DR M. tb clinical isolates (MIC99 ≤ 0.08 µM) (89). They exhibited bactericidal 

activity against in vitro replicating M. tb and intramacrophage M. tb, in which NITD-304 

displayed a bactericidal activity profile similar to isoniazid (INH), rapidly killing M. tb at 

concentrations greater than 0.2 µM. Both compounds also showed favourable oral PK 

properties in dogs and rodents (89). The two advanced lead analogues were also 

efficacious in treating both acute and chronic M. tb infections in murine efficacy models 

[MED = 37.5 (NITD-304) and 25 (NITD-349) mg/kg]. The in vivo activity of both 

compounds (100 mg/kg each) was comparable to RIF (10 mg/kg) and better than EMB 

(100 mg/kg). In these mouse infection models, one month of daily dosing (100 mg/kg) 

of NITD-304 or NITD-349 was well tolerated in all animals (89). Furthermore, in vitro 

and in vivo safety assessment of both candidates including exploratory two-week rat 

toxicology studies revealed their promising safety margin. Indeed, both compounds 

showed no cytotoxicity towards mammalian cells (CC50 ˃ 20 µM) with a selectivity 

index > 1000. They also showed no inhibition/toxicity in nearly 40 biochemical assays 

including a panel of human G protein-coupled receptors, proteases, 

phosphodiesterases and ion channels (IC50 > 30 µM) (89). Unlike many anti-TB drugs, 

for instance, moxifloxacin and BDQ, both NITD-304 and NITD-349 were devoid of the 

cardiotoxic liability as neither of them inhibited the hERG channel (IC50 > 30 µM). 

Additionally, both candidates neither inhibited nor stimulated the CYP enzymes at 10 

µM concentration, except for the CYP2C9 isoform which was inhibited by NITD-349 at 

IC50 value of 2.67 µM. They also did not induce hPXR activation at 10 µM 

concentration. Collectively, these findings suggest the low potential for drug-drug 

interactions correlated with these two I2C analogues (89). Both compounds are 

currently in the lead optimisation phase (49). 

Three hit compounds, AU1235, BM212, and THPP1 (Figure 1.6), were also shown to 

have potent bactericidal activities against M. tb via targeting MmpL3 (83, 91, 95). The 

adamantyl urea derivative AU1235 demonstrated potent activities against DS and DR 

M. tb strains (MIC < 0.12 µg/mL), while having negligible cytotoxicity against 

mammalian Vero cells (IC50 = 219 µg/mL)  (83, 96). The diarylpyrrole derivative BM212 

(Figure 1.6) exhibited strong inhibitory activities against several M. tb strains, including 

MDR-TB (MIC = 0.7 – 1.5 µg/mL). It also displayed bactericidal activity against 

intracellular M. tb (MIC = 0.5 µg/mL) with no macrophage loss detected (95). Finally, 

the tetrahydropyrazolo[1,5-a]pyrimidine-3-carboxamide compound (THPP1) showed 
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potent anti-TB activities against a panel of DS and mono-resistant M. tb strains (MIC 

= 0.16 – 0.6 µM) in addition to MDR and XDR M. tb strains (MIC = 0.16 – 5 µM) (91). 

THPP1 also demonstrated a potent intracellular anti-TB activity with MIC value of 0.16 

µM in infected murine macrophages. THPP1 also exhibited minimal cytotoxicity 

against human HepG2 cells (IC50 > 25 µM) (91).  

1.6. Summary and Concluding Remarks 

Despite the availability of potentially curative antibiotics, TB continues to cause 

morbidity and mortality at alarming rates worldwide, especially in developing countries. 

The TB control efforts are generally hampered by the HIV co-infection, poor patient 

compliance, and suboptimal treatment approaches in different parts of the world.  

Several initiatives, such as Stop TB Partnership, were launched globally, with the goal 

of controlling the TB pandemic.  In 2014, the WHO adopted the End TB Strategy (2016 

– 2035), which is aimed at 90% reduction in TB incidents and 95% reduction in TB 

deaths by 2035. However, judging by the slow decrease in TB incidence and fatalities 

in the past two decades in addition to the unfolding crisis of the COVID-19 pandemic, 

a significant breakthrough is required promptly to accomplish the WHO End TB 

Strategy objectives.   

The tubercle bacilli are typically trammelled by granulomas in immunocompetent 

individuals, wherein a lifelong standoff between the bacteria and the host’s immune 

system takes place (latent TB infection). This covert (asymptomatic) TB infection can 

recrudesce when the host immunity is impaired which results in high bacterial burden 

and the progression of the disease, culminating in developing clinical manifestations 

and TB transmission. The relentlessness of the TB pandemic evokes some important 

questions regarding the ability of M. tb to establish infection in the host. What are the 

mechanisms adopted by the M. tb to evade immune recognition and elimination? What 

prompts the balance between the host’s immune response and the M. tb-mediated 

immune subversion to shift in favour of the pathogen, leading to bacterial survival? 

What is the role of epigenetic protein phosphorylation and dephosphorylation 

signalling machinery in the M. tb pathogenesis and virulence? 

Regardless of the factors governing the establishment and progression of the TB 

disease, treating DS M. tb infections is usually attainable by the first-line anti-TB drug 

regimen, whilst managing DR-TB infections is more challenging and less auspicious. 
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To bypass drug resistance, novel drug targets in M. tb have been reported and 

validated, deflecting from the traditional drug targets of the currently used TB 

antibiotics. Since the whole genome sequencing of M. tb (≈ 4000 genes) was revealed, 

a multitude of small molecules with potent activities against both DS and DR M. tb 

strains were discovered and their targets were identified and validated. Despite the 

extensive efforts undertaken to date to introduce more efficacious anti-TB drugs to the 

market, only two medications, working through new mechanisms, were approved in 

2013/2014 in more than 5 decades and are correlated with serious side effects. To 

this end, feeding the TB drug development pipeline with new highly active drug-like 

anti-TB molecules may help expedite the discovery of revolutionary TB medications.  

1.7. Aims of The Project 

1.7.1. Investigating Kinase Targets Implicated in The Biosynthesis of MAs in M. 

tb (Chapter 2) 

The adaptation and survival strategies adopted by M. tb, which account for its 

persistence in a non-replicating state for decades, are linked to its unusual cell 

envelope (97). Nevertheless, little is known regarding the signalling mechanisms, 

whereby M. tb modulates the production of cell wall components to adapt to 

environmental changes. Phosphorylation and dephosphorylation have emerged as 

critical epigenetic mechanisms that regulate signal transduction in M. tb (97). Indeed, 

several eukaryotic like mycobacterial serine/threonine (Ser/Thr) protein kinases 

(STPKs) were found to be connected to the cell wall biosynthesis and cell 

shape/division of M. tb (97). However, there are insufficient literature reports covering 

the significance of M. tb kinases and phosphatases in drug discovery. 

Accordingly, in the review article that we published in 2019, the following aspects were 

comprehensively addressed: 1) the biosynthesis and incorporation of MAs on the M. 

tb cell wall and the enzymes/transporters involved therein; 2) the role of M. tb kinases 

and phosphatases in regulating the activity of several protein targets implicated in MAs 

biosynthetic machinery; 3) small molecules inhibitors targeting protein kinases and 

phosphatases in M. tb. This review article is included in Chapter 2 herein.  
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1.7.2. Design, Synthesis, Purification, and Chemical Characterisation of Various 

Series of Analogues as Potential Anti-TB Agents 

1.7.2.1. MmpL3 Inhibitors-Derived New Analogues (Chapters 3 and 4)  

The primary focus of this thesis is to develop novel anti-TB agents using the two indole-

2-carboxamides NITD-304 and NITD-340 as lead compounds. Towards this objective, 

two research articles were published so far entailing potential MmpL3 inhibitors and 

their SAR. Several novel compounds showed potent activities against DS, MDR, and 

XDR clinical isolates. The most active compounds displayed negligible cytotoxicities 

against mammalian cells. Docking studies were performed using the MmpL3 crystal 

structure to shed light on the potential mechanism of action of the most potent 

compounds. The two research articles are integrated into Chapters 3 and 4 in this 

thesis. 

Chapter 3 entails exploring the anti-TB activities of the quinolone-2-carboxamide, 

quinolone-3-carboxamide, naphthamide and 4-arylthiazole-2-carboxamide 

frameworks as bioisosteric replacements of the I2C counterpart. Two naphthamide 

derivatives were the most active compounds in our study, displaying anti-TB activities 

against DS M. tb H37Rv strain comparable to EMB. They also retained their high 

potency against a panel of MDR/XDR strains and showed no cytotoxicity against 

mammalian Vero cells.  

Chapter 4 main objective is to enhance the physicochemical properties of the I2Cs by 

integrating water solubilising groups into their framework. Therefore, several novel 

adamantanol-based I2Cs and their adamantane counterparts were synthesised and 

evaluated for their anti-TB activity and cytotoxicity. The kinetic water solubilities of 

selected 3-hydroxyadamantane and bare adamantane derivatives were determined 

using analytical high-performance liquid chromatography (HPLC). 

1.7.2.2. INH, PZA, and Ciprofloxacin (CPF) Derivatives (Chapter 5) 

In order to discover novel anti-TB compounds with optimised activity against DS and 

DR M. tb strains, some of the old anti-TB drugs in the market were revisited, namely 

INH, PZA, and CPF. Several chemical modifications were employed in an attempt to 

improve the physicochemical properties of the preceding drugs and generate new 

hybrids linking two different anti-TB entities with distinct biological activities. These 
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changes were presumed to lead to better anti-TB activity and circumvent the 

resistance mechanisms of the parent compounds. However, none of these changes 

resulted in improved anti-TB activities against DS M. tb H37Rv strain compared to the 

parent counterpart. Furthermore, the INH-POA hybrid, which showed the highest anti-

TB activity against DS-TB in this set of derivatives, was inactive against our tested DR 

M. tb isolates, similar to INH. We recently published these findings in a research letter 

which is incorporated in Chapter 5 herein. 

1.7.3. Repurposing The Indole-2-Carboxamide Framework and Its Bioisosteres 

as Antitumour Agents against Paediatric Brain Gliomas (Chapter 6 and 7) 

Apart from the outstanding activity of the I2C framework against TB, the antitumour 

potential of several I2C analogues is well documented in the literature. Since 

numerous overlapping structural features were discerned between the I2C-containing 

anti-TB and anti-tumour agents, new I2C analogues were designed, synthesised, and 

evaluated against DS-TB and paediatric glioblastoma (GBM) KNS42 cell line. The 

cytotoxic activities of the most active anti-TB and antitumour compounds were 

evaluated against normal Vero cells or healthy human fibroblast HFF1 cells. The most 

potent compounds against the viability and proliferation of KNS42 cells were further 

tested against a panel of grade IV non-GBM paediatric tumour cells, namely 

teratoid/rhabdoid (BT12 and BT16 cell lines) in addition to medulloblastoma (DAOY 

cell line). Towards this, two research articles were recently published and are included 

in Chapter 6 and 7 in this thesis. 

Chapter 6 comprises the strategy of adding more spacers to the amide linker between 

the indole ring and the amide nitrogen-linked group. In this respect, several novel I2Cs 

tethered to a rimantadine group, benzylamine, or 1-carbonylphenyl were prepared. In 

addition, two dicarboxamide derivatives with a phenyl or piperazine group introduced 

as the middle linker between the indole ring and the adamantane motif were 

synthesised. All derivatives were evaluated for their anti-TB activities against DS 

H37Rv M. tb strain and KNS42 GBM cell line to verify the polypharmacological profile 

of the I2C framework. Indeed, several compounds showed potent anti-TB and 

antitumour activities. A differential gene expression analysis was carried out on the 

KNS42 cells treated with the top potent antitumour compound in comparison to the 

corresponding untreated cells. 
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Chapter 7 entails the design, synthesis, and SAR of more I2C analogues and other 

indole bioisosteres as antitumour agents. In addition, selected quinolone-2-

carboxamides and their 3-carboxamide counterparts, which were evaluated for their 

anti-TB activities in our 2020 paper (Chapter 3), were also tested for their antitumour 

activities against paediatric GBM KNS42 cells. Interestingly, we found that KNS42 cell 

line overexpresses cannabinoid receptor 1 gene (CNR1). Additionally, some of the 

evaluated I2Cs and indole bioisostere analogues were previously shown to activate 

cannabinoid receptor 1 and/or 2 (CB1R and CB2R). More importantly, the 

growth/proliferation of tumour cells overexpressing CB1R and/or CB2R was previously 

inhibited upon treatment with cannabinoid receptors modulators. Taken together, the 

functional activities of our top potent compounds were evaluated to preliminary assess 

the implication of these receptors in the observed antitumour activities. The most 

active compounds were then tested against BT12, BT16, and DAOY cell lines and 

their cytotoxicities were assessed against human fibroblasts. Some compounds 

showed pan-tumour cell inhibition and preliminary safety towards non-tumour cells. 

When their functional activities were determined at CB1R and CB2R, mixed results 

were obtained, which suggested the non-involvement of these receptors in our 

observed antitumour activities. Therefore, a gene transcriptional analysis was 

conducted on KNS42 cells untreated and treated with one of the most active 

compounds. 
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Background 

Mycobacterium tuberculosis (M. tb) is a remarkably versatile pathogen that possesses 

a unique ability to counteract the killing mechanisms generated by the host to control 

the infection. Several protein kinases and phosphatases were found to play a key role 

in impeding phagosomes maturation in macrophages and accordingly blocking the 

phagosome-lysosome fusion, allowing the bacteria to survive. During phagocytosis, 

both M. tb and the host’s phagocytic cells develop mechanisms to fight each other, 

resulting in pathogen elimination or survival. In this respect, M. tb uses a 

phosphorylation-based signal transduction mechanism, whereby it senses 

extracellular signals from the host and initiates the appropriate adaptation responses. 

Indeed, the ability of M. tb to exist in different states in the host (persistent quiescent 

state or actively replicating mode) is mainly mediated through protein 

phosphorylation/dephosphorylation signalling. The M. tb regulatory and defensive 

responses coordinate different aspects of the bacilli’s physiology, for instance, cell wall 

components, metabolic activity, virulence, and growth. In the review article published 

in 2019, we summarised the role of protein phosphorylation/dephosphorylation in 

modulating the activity of the enzymes involved in the mycolic acids (MAs) biosynthetic 

machinery in M. tb. Additionally, selected inhibitors of various kinases and 

phosphatases encoded by M. tb and their anti-TB activities were discussed therein.        
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2.1. Introduction 

Signal transduction is a cellular mechanism that is critical for adaptation of bacterial 

pathogens to extracellular environmental changes (1). It involves sensing a signal or 

input via a sensor protein, followed by generating an intracellular response or output 

via a transducer protein (1). This process is governed by protein kinases and 

phosphatases that mediate protein phosphorylation and dephosphorylation, 

respectively (2). In bacteria, the stimulus-response adjusting mechanism is mainly 

regulated by a two-component system, comprising histidine kinase sensors and their 

corresponding response regulators (transducers) (2). In this regard, a histidine kinase 

is stimulated by a particular intracellular or environmental signal which results in 

autophosphorylating a key histidine residue (3). This phosphorylated histidine then 

serves as a substrate to the cognate response regulator, wherein an aspartate residue 

is autophosphorylated. In response to this phosphorylation cascade, the response 

regulators, which are mainly DNA binding proteins, trigger the expression of certain 

genes, bringing forth the requisite response (3). In eukaryotes, the backbone of the 

signal transduction network consists of serine, threonine, and tyrosine (Ser/Thr/Tyr) 

protein kinases and their coupled phosphatases (2). The histidine/aspartate (His/Asp) 

phosphorylation (two-component system) was previously thought to be exclusive to 

prokaryotes, whereas the Ser/Thr/Tyr phosphorylation was considered a eukaryotic 

trait.  However, both systems were detected in numerous prokaryotic and eukaryotic 

cells (3).  

In M. tb, the pathogenic success mostly relies on the ability of the mycobacteria to 

sense and adjust to the complex and dynamic environmental cues of the host (3). 

Accordingly, the M. tb possesses a wide repertoire of an advanced intracellular signal 

transduction network encompassing: 1) "eukaryotic-like" eleven serine/threonine 

protein kinases (STPKs); 2) twelve classic prokaryotic signalling machinery (two-

component system protein kinases); 3) a single protein tyrosine kinase (PtkA); 4) two 

protein tyrosine phosphatases (MPtps); 5) one Ser/Thr phosphatase (PstP) (3, 4). The 

presence of Ser/Thr/Tyr protein kinases and His/Asp two-component system enables 

the bacterium to fine-tune its response depending on the cellular environment. Indeed, 

M. tb employs the His/Asp phosphorylation system when a rapid short-term response 

is required, whilst the Ser/Thr/Tyr phosphorylation comes into play when a stable long-
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term response is mandatory (3). The M. tb exploitation of the two phosphorylation 

systems allows for its survival and adaption in complex environments.  

2.2. M. tb Protein Kinases and Phosphatases Regulate The Host’s Immune 

Response 

2.2.1. The Critical Role of Macrophages in Controlling Infection 

Macrophages constitute the immune system’s first-line of defence against microbial 

invaders in the human’s body and are the connecting link between the innate and 

adaptive immunity (5). Pathogen invasion sets off a series of macrophages’ signalling 

cascades, rendering a hostile environment that undermines the microbial 

pathogenesis. Indeed, macrophages orchestrate a panoply of innate immune events, 

such as phagocytosis, phagosome-lysosome fusion, and autophagy, to ensure the 

pathogen clearance from the body (5). However, in certain cases macrophages 

become overpowered by the invading microbes, thereby failing to eliminate them. As 

a result, these pathogenic intruders manage to form a safe niche within the host which 

constitutes a ticking time bomb that can ultimately transform into a full-blown disease. 

Phagocytosis is an essential part of the macrophage killing machinery, whereby 

microorganisms are captured, engulfed, and destroyed (6, 7). The phagocytic process 

can be divided into four main phases: 1) microbial recognition; 2) phagosome 

formation and maturation; 3) phagosome-lysosome fusion (phagolysosome 

formation); 4) pathogen degradation (6).  

Phagocytosis is initiated upon recognition of distinctive molecular patterns associated 

with pathogens (6, 7). This recognition is accomplished via several specialised 

receptors on the cell surface of phagocytes which in turn trigger signalling cascades 

that prompt phagocytosis. In this respect, after receptor engagement, the plasma 

membrane wall off the microorganism via surrounding it, followed by membrane 

sealing, forming a vacuole where the microbe is internalised (6, 7) (Figure 2.1). This 

phagocytic vesicle (early phagosome), confining the microorganism, subsequently 

changes its membrane composition and contents in a process called phagosome 

maturation through fusion with endosomes and ultimately lysosomes. A "kiss and run" 

dynamic process between early phagosomes and endocytic vesicles take place, 

wherein sequential events of fusion and fission lead to the formation of late 

phagosomes and recycling of endosomes (7).  Early phagosomes are characterised 
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by the presence of Rab5 which is a small membrane-based guanosine triphosphatase 

(GTPase). Rab5 regulate the fusion between early phagosomes and endosomes via 

recruiting early endosome antigen 1 (EEA1) (7). It also recruits human vacuolar protein 

sorting 34 (Vps34) which is a class III phosophoinositide 3-kinase (PI3K) that is 

responsible for the generation of phosphatidylinositol 3-phosphate (PI3P). This lipid 

prompts phagosome maturation via recruiting other effector proteins, such as Rab7 

which is a small GTPase, signifying late phagosomes (7). In fact, Rab5 is considered 

the key marker of early phagosome, whereas in mature late phagosomes, Rab7 takes 

over, mediating the fusion between phagosomes and lysosomes and bringing about 

the dissociation of Rab5 (6-8).  

 

 

Figure 2.1. Overview of the phagocytosis of microbial invaders and phagosome maturation, 
showing M. tb secreted kinases and phosphatases interfering with the developmental process 
of phagosomes. Generally, once engulfed, the pathogen remains confined within early phagosomes 
which then undergo a maturation process that involves fusion with endosomes and lysosomes to 
eventually turn into phagolysosomes, the definitive pathogenicidal vacuoles. Early phagosomes are 
marked by the presence of EEA1, PI3P, and Rab5, which contribute to the phagosome-endosome 
fusion. Upon the procession of phagosomal maturation, V-ATPase accumulate on the phagosomal 
membrane, lowering the pH of phagosomal lumen. The acidic nature of phagolysosomes constitutes a 
harsh environment for the microbes and is a prerequisite for the activation of several hydrolytic 
enzymes. Subsequently, the antigen is degraded and presented, alerting the adaptive immune system. 
M. tb secreted virulence factors PknG, MPtpA, MPtpB, and SapM impair the phagolysosome fusion, 
allowing the bacteria to survive. MPtpA impedes phagosome acidification via hydrolysing VPS33B and 
inhibiting the trafficking of V-ATPase to late phagosomes. MPtpB hydrolyses PI3P and PI(3,5)P2 that 
mediate the transition to late phagosomes and phagolysosome, respectively. Similar to MPtpB, SapM 
blocks the preceding transition events via hydrolysing PI(4,5)P2, PI3P and binding to Rab7.    

 

When the late phagosomes fuse with lysosomes, they evolve into microbicidal 

vacuoles called phagolysosomes. Importantly, Vacuolar-type adenosine 

triphosphatase (V-ATPase or V-type H+–ATPases) gradually accumulates on the 
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phagosomal membrane upon maturation (7). Of note, V-ATPases team up with the 

human vacuolar protein sorting 33B (VPS33B, Figure 2.1) which is a crucial 

component of the phagocytosis process (vide infra) (9, 10). V-ATPases use cytosolic 

ATP as an energy source to translocate protons (H+) into the phagosomal lumen 

leading to progressive acidification of phagosomes, in which the phagosomal pH 

gradually drop from 6.5 (early phagosomes) to 4.5 (phagolysosomes) (7, 9). Sturgill-

Koszycki and collaborators demonstrated that the lack of acidification in mycobacterial 

containing phagosomes could correlate to the exclusion of V-ATPase from the vesicles 

(11).  

Many sophisticated mechanisms directed towards degrading and eliminating the 

pathogen take place in phagolysosomes. Indeed, the phagosome-lysosome fusion 

results in membrane remodelling (alterations in the characteristics of phagosomal 

membrane) and acquisition of more V-ATPases in addition to lysosomal hydrolases 

(proteolytic enzymes), such as proteases, cathepsins, lipases, and lysosomes (7, 9). 

The low luminal pH of the phagolysosomes can be directly toxic to the microorganism 

in addition to being optimal for the hydrolytic enzymes to carry out the degradation 

process of the phagocytosed pathogen (6, 7). Furthermore, other microbicidal 

elements come into the picture, including scavenger molecules and reactive oxygen 

species. Collectively, the oxidative and degradative milieus of the phagolysosomes 

render the interior environment inhospitable to the invading microorganisms which 

ultimately lead to pathogen degradation (7). The protein-based microbial antigen 

resulting from this process are then presented to T-lymphocytes, whereupon the 

adaptive immune system gets activated (6). Therefore, the adequate maturation of 

phagosomes into phagolysosomes (innate immunity) is of paramount importance for 

the degradation of the pathogen and presenting the degraded antigen to the adaptive 

immunity which will subsequently result in eliminating the pathogen. In general, this 

phagocytic process is efficient in removing the invading microorganisms and 

maintaining homeostasis. However, several microbes, including M. tb, have 

developed tactics to prevent phagosomal ripening and thwart the phagosome-

lysosome fusion (7). Accordingly, these microbes survive in the host by escaping the 

macrophage killing schemes, perpetuating the infection.  

2.2.2. Role of M. tb Kinases and Phosphatases in Warding Off Phagosome 

Maturation and Preventing Phagosome-Lysosome Fusion 
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When the tubercle bacilli are inhaled and enter the lungs, they are faced with various 

subpopulations of phagocytic cells, such as dendritic cells and alveolar macrophages 

(6). After the bacilli are phagocytosed, M. tb blocks the formation of the final 

antimicrobial organelles (phagolysosome) via hijacking the killing pathways of the 

macrophages which precludes the elimination of the bacilli. In fact, M. tb turns the table 

on the host and use the immune cells to shield itself and form a safe harbour where it 

can survive for the rest of the host’s life. Indeed, M. tb has developed several strategies 

to subvert the immune response and prevent phagosome maturation from proceeding 

in a normal way, thereby inducing chronic infection, and persisting in a latency mode 

(6). The M. tb ability to survive in the macrophages via blocking the phagosome-

lysosome fusion was first published by Armstrong and Hart nearly 50 years ago (12). 

They demonstrated that nearly 70% of phagosomes containing M. tb failed to fuse with 

lysosomes. Since then, numerous virulence factors, produced by M. tb, were found to 

hamper phagosome maturation, and arrest the formation of the ultimate killing 

organelles (9, 13). In particular, the mycobacterial protein kinase G (PknG) was found 

to be implicated in the prevention of phagosome-lysosome fusion (14). In addition, 

three secreted M. tb phosphatases, the mycobacterial protein tyrosine phosphatase A 

and B (MPtpA, MPtpB) in addition to the secreted acid phosphatase M (SapM), co-

ordinately interfere with the stages of development of phagosomes, thereby preventing 

pathogen destruction (15). Taken together, the M. tb-mediated manipulation of host 

vesicular trafficking processes leads to a malfunction in the process of antigen 

presentation, causing an ineffective activation of cell populations that contribute to 

keeping the infection at bay (see Chapter 1, Figure 1.2).  

2.2.2.1. PknG 

Prokaryotes typically use the His/Asp two-component system to regulate their signal 

transduction, however, when the M. tb genome was sequenced, 11 members of the 

ʺeukaryotic-like" Ser/Thr kinase family were discovered, namely PknA, PknB, and  

PknD – PknL (16). Among these STPKs, three kinases PknA, PknB, and PknG were 

found to be implicated in the mycobacterial intracellular growth and survival. Both 

PknA and PknB regulate the mycobacterial cell wall synthesis, cell division-associated 

morphological changes, and cell growth (16). On the other hand, to date, PknG is the 

only M. tb STPK that has been reported to modulate the host’s immune system, as a 

result of which it enhances the M. tb survival in macrophages (3). PknG is released by 
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M. tb into the lumen and cytosol of phagosomes and is considered a key player in the 

prevention of phagosome-lysosome fusion (17). Therefore, PknG expression is 

believed to be correlated to the pathogenicity of mycobacteria (14, 18). Since 

phosphorylation is a key mechanism that is required for regulating vesicular trafficking,  

it is likely that PknG phosphorylates a host protein that is involved in the phagosome-

lysosome fusion, thereby inhibiting this crucial step (13). However, after being 

secreted from M. tb in macrophages, the mechanism by which PknG is translocated 

to the cytosol and its exact action on the host’s substrates and vesicular trafficking 

machinery are yet to be deciphered (13). Several reports have established the 

importance of PknG for mycobacteria to avoid lysosomal delivery in both macrophages 

and dendritic cells (14, 18, 19). Inactivation of PknG by chemical inhibition or gene 

disruption resulted in rapid lysosomal delivery and mycobacterial degradation in 

infected macrophages (14). Similarly, when dendritic cells were infected with PknG-

deleted (pknG) strain, the mycobacterial mutants were largely transferred to 

lysosomes (19). In fact, in this study, both macrophages and dendritic cells infected 

with wild-type mycobacteria remained mainly in nonlysosomal phagosomes. 

Surprisingly, Majlessi et al showed that the degree of intracellular trafficking of 

mycobacteria to lysosomes does not impact the extent to which T cell responses are 

generated against mycobacterial antigen (19). They conceded that their findings are 

in marked contrast with other studies that have established that lysosomal delivery, in 

both dendritic cells and macrophages, is a prerequisite for the processing and 

presentation of antigens. Indeed, they reported that the wild-type mycobacteria that 

resisted lysosomal transfer in macrophages and dendritic cells gave rise to efficient 

antigen presentation and T cell responses identical to the PknG-deficient 

mycobacterial mutants that were instantly shuttled to lysosomes (19). Interestingly, 

while PknG was found to be essential for the survival of M. tb after the bacterium is 

phagocytosed inside the macrophage, in in vitro cultures both the PknG-deleted 

mycobacteria and the wild-type counterpart survived equally (20). Other reports 

unravelled more functional facets of PknG, showing that, in macrophages, PknG 

promotes latency-like conditions (21, 22). In this respect, PknG mediates persistence 

via modulating cellular metabolism, resulting in efficient metabolic adaptation under 

stressful environment, such as hypoxia. In other words, PknG functions as a "stress 
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regulatorʺ by combating different stressful conditions experienced by mycobacteria. In 

addition, PknG was shown to play a role in abetting drug tolerance (21).  

The critical role of PknG in promoting the survival of mycobacteria inside macrophages 

has spurred researchers to search for PknG inhibitors. Unlike most of the currently 

used anti-TB drugs that interfere directly with M. tb growth, inhibiting PknG may 

recondition the macrophages to carry out their innate microbicidal activity, by 

delivering the bacilli, residing in phagosomes, to lysosomes (13). In other words, 

inactivating PknG will revert the macrophage to a degradative milieu, in which the 

bacilli are efficiently destroyed and cleared. As a secreted protein, an additional benefit 

of targeting PknG is that inhibitors are not required to access the highly impermeable 

mycobacterial cell membrane (13). Importantly, despite the high homology between 

the mycobacterial PknG and the eukaryotic Ser/Thr kinases, PknG possesses a 

unique kinase domain that is distinct from the eukaryotic kinases (23). AX20017 (1, 

Figure 2.2), a highly selective PknG inhibitor (IC50 = 0.39 µM), was found to bind to 

this unique domain. Indeed, blocking the activity of PknG by this 

tetrahydrobenzothiophene led to a rapid mycobacterial transfer to lysosomes, followed 

by killing the intracellular residing mycobacteria without impacting the viability of the 

macrophages (14). Similar to the pknG mutant in mycobacteria, AX20017 exhibited 

no inhibitory activity against mycobacterial growth in culture (outside host cells) (14). 

Although the topology of the kinase domain of PknG is indeed reminiscent of the 

eukaryotic kinases, AX20017 is harboured in a narrow pocket that is characterised by 

a unique set of amino acids which are absent in human kinases (23). This finding in 

turn explains the high specificity of AX20017 towards PknG and demonstrates that 

targeting this M. tb’s secreted virulence factor can be successfully achieved without 

compromising the host’s homologous kinases. NU-6027 (2, Figure 2.2) is another 

PknG inhibitor that was recently identified from a phenotypic screening of a library of 

pharmacologically active small-molecules, aimed at discovering novel 

antimycobacterial agents (24). NU-6027 was previously shown to potently inhibit the 

activity of various kinases, including cyclin-dependent kinase 1 and 2 (CDK1/2) (25). 

Its antitumour activity was subsequently investigated against numerous human tumour 

cell lines, in which it displayed potent tumour cell growth inhibition (25). When 

evaluated against M. tb STPKs, NU-6027 inhibited the autophosphorylation activity 

associated with both PknG and PknD in a dose-dependent manner without affecting 
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the kinase activity of the other tested STPKs (24). Remarkably, NU-6027 potently 

induced apoptosis of mycobacteria in THP-1 infected macrophages which was 

correlated to an upregulation in the expression of proapoptotic genes in the NU-6027-

treated macrophages. Of note, no cytotoxicity was observed towards THP-1 cells 

when treated with NU-6027 at 25 µM concentration. In addition to macrophages, NU-

6027 inhibited the growth of M. tb in mouse tissues (24). Taken together, the preceding 

findings substantiate the notion that modulating the host/mycobacterial signalling 

pathways constitutes an attractive approach for the development of novel anti-TB 

agents. 

 

 

Figure 2.2. Selected PknG, MPtpA, MPtpB, and SapM inhibitors. AX20017 and NU-6027 inhibit the 
kinase activity of PknG. L335M34 is a potent and selective inhibitor of the phosphatase activity of 
MPtpA. I-A09 and compound 5 potently and specifically inhibit MPtpB. The 2-phospho-L-ascorbic acid 
(6) was recently identified as a competitive inhibitor of SapM.   

 

2.2.2.2. M. tb Secreted Phosphatases  

Among the virulence factors secreted by M. tb into the cytoplasm of host macrophages 

are three phosphatases, denominated MPtpA, MPtpB, and SapM (10). These 

phosphatases are vital for altering the host’s signalling pathways and damping down 

the immune response, leading to optimal bacillary survival within the host and 

ultimately pathogenesis. Research efforts from different laboratories led to major leaps 

in the current understanding of the mechanisms by which these phosphatases 
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contribute to evading immune detection of M. tb (10). Like PknG, these M. tb-secreted 

phosphatases are only required for the in vivo growth of the bacteria. Unlike the 

traditional essential in vitro M. tb targets which have been the main focus of anti-TB 

drug discovery to date, these phosphatases are dispensable for the in vitro growth of 

mycobacteria (10). However, targeting these phosphatases could provide a leeway to 

circumvent the drug delivery issue correlated with the thick hydrophobic cell wall of M. 

tb. In addition, inhibiting their immune-related modulating activity could lead to 

resetting the macrophage’s signalling and restoring the innate host’s defence 

mechanisms.  

MPtpA was first identified when the genome of H37Rv M. tb strain was sequenced, 

revealing its homology to eukaryotic protein tyrosine phosphatases (10). M. tb 

secretes MPtpA into the cytosol of host’s macrophages, disrupting key elements 

involved in phagosome maturation (9). In fact, the mptpA gene was found to be 

overexpressed upon the entry of M. tb into host macrophages (26). The cognate 

substrate of MPtpA was found to be VPS33B (Figure 2.1), a key player in the process 

of phagocytosis, functioning as a regulator of vesicle trafficking and membrane fusion 

(9, 10). Indeed, MPtpA and VPS33B were found to be colocalised in M. tb-infected 

macrophages (27). VPS33B is a protein kinase that is ubiquitously expressed in 

eukaryotic cells and belongs to class C vesicular sorting protein (VPS-C) complex (9, 

10). Dephosphorylating VPS33B by MPtpA inactivates the host protein, resulting in 

the arrest of phagosome-lysosome fusion (27). In a subsequent study, Wong et al 

identified another key MPtpA target that is partnered with VPS33B, namely V-ATPase 

(28). Indeed, the lack of phagosome acidification was found to be directly attributed to 

MPtpA due to its binding to the H subunit of the V-ATPase machinery that drives the 

low pH of phagosomal lumen. In this regard, they constructed a two-step process 

model indicating that MPtpA interaction with the V-ATPase machinery is a precondition 

for the dephosphorylation of VPS33B within the macrophages (28). They proposed 

that, first, the M. tb-secreted MPtpA binds to V-ATPase, resulting in an initial disruption 

in membrane fusion, while being placed in close proximity to its catalytic substrate 

VPS33B. Thereafter, MPtpA dephosphorylates VPS33B, leading to inactivating the 

entire membrane fusion/phagosome maturation machinery and its downstream 

effectors (28). Consequently, the concerted cancellation of the activity of V-ATPase 

and VPS33B by MPtpA prevents V-ATPase trafficking to M. tb infected phagosomes, 
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perpetuating the infection in host macrophages. Indeed, genetic deletion of mptpA in 

M. tb (mptpA) impaired the bacillary survival within human THP-1 infected 

macrophages, in which phagosomes harbouring mptpA showed enhanced 

lysosomal fusion, compared to the parental strain (27). In addition, macrophages 

transfected with mptpA knockout strain failed to maintain unacidified phagosomes, 

therefore the mycobacteria were continually cleared from macrophages (28). 

Importantly, although a large number of MPtpA inhibitors have been identified, these 

inhibitors generally tend to suffer from low selectivity due to the fact that MPtpA shares 

37% similarity with its human ortholog (10). However, a highly specific MPtpA inhibitor 

(L335M34, Figure 2.2) was reported in 2017 by Dutta et al, displaying more than 20-

fold selectivity over a panel of tested human protein tyrosine phosphatases (PTPs) 

(29). Indeed, L335M34 (3) showed an IC50 value of 160 nM against MPtpA, while no 

significant activity was observed against all examined human PTPs at concentrations 

less than 3 µM. Unsurprisingly, L335M34 was bereft of activity in the standard M. tb 

growth inhibition assays, whilst it markedly supressed the bacillary load, at low 

micromolar concentration, in M. tb-infected macrophages (IC50 = 1.38 µM) (29). 

In contrast to MPtpA, the other secreted M. tb’s protein tyrosine phosphatase, namely 

MPtpB, does not have a human ortholog with only 6% similarity with one human PTP 

(10). Like MPtpA, MPtpB is released into the cytoplasm of M. tb-infected macrophages 

(30). Beresford et al have demonstrated that MPtpB possesses a unique phosphatase 

activity with triple specificity towards phosphoserine/phosphothreonine, 

phosphotyrosine, and phosphoinositides (PIs) (31). In particular, manipulating the host 

phosphoinositide metabolism is a strategy used by pathogenic microbes to promote 

their colonisation within the infected macrophages (15). Indeed, the alteration of PIs’ 

dynamics by M. tb affects the intracellular traffic events correlated with phagosome 

maturation, enabling the long-term survival of bacteria inside the host. In this regard, 

PI3P, which is an early phagosomal membrane tag that is critical for the downstream 

events of the maturation process, was found to be dephosphorylated by MPtpB 

(Figure 2.1) (15). PI3P is an essential membrane trafficking regulatory lipid that is 

generated by PI3K on the host membranes of early phagosomes and endosomes and 

represents a docking site for some proteins associated with the maturation of 

phagosomes into phagolysosomes (13). In addition, MPtpB dephosphorylates 

PI(3,5)P2 which is another key lipid component, serving as a marker of late 
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phagosomes, and is required for the ensuing phagosome-lysosome fusion (15). The 

importance of MPtpB in the intracellular survival of M. tb was experimentally proven 

by Singh et al when they constructed an mptpB mutant strain of M. tb (32). The authors 

showed that disrupting the mptpB gene impaired the ability of M. tb to survive in 

activated macrophages. However, in resting macrophages, both the mutant strain and 

the wild-type had similar intracellular growth patterns, suggesting the consequential 

interplay between the host and M. tb. In addition, in guinea pigs, infection with the 

mptpB mutant strain led to a 70-fold inhibition in bacterial burden in the spleens of 

infected animals, compared to the animals infected with the parental strain (32). 

Reintroducing the mptpB gene to the mutant strain enabled the resulting 

complemented strain to establish infection and raise the survival rates in guinea pigs 

to levels on par with the parental strain (32). These findings were further substantiated 

by other studies, in which selective MPtpB inhibitors were shown to reverse the altered 

host immune defence reactions and reduce the intracellular growth and survival of M. 

tb in the macrophages (30, 33, 34). For instance, Zhou et al identified compound I-

A09 (4, Figure 2.2) as a potent and specific MPtpB inhibitor (IC50 = 1.26 µM) that was 

able to overcome the perturbation of host immune surveillance mechanism induced 

by MPtpB (30). Interestingly, this compound not only recapitulated the phenotype of 

mptpB deleted mutant in active macrophages, but it also inhibited the bacterial load in 

resting macrophages by 90% relative to the untreated cells, while the viability of 

macrophages remained unaffected.  However, as expected, I-A09 exhibited no activity 

against M. tb in extracellular cultures [minimum inhibitory concentration (MIC) > 100 

µM] (30). A more recent MPtpB inhibitor, compound 5 (Figure 2.2), was identified by 

He et al which displayed an outstanding potency and selectivity, with more than 10000-

fold preference towards MPtpB (Ki = 7.9 nM) over a wide panel of 25 phosphatases 

(34). This compound also showed excellent activity and specificity in averting the 

MPtpB function in macrophages. Taken together, since both MPtpA and MPtpB are 

not essential for M. tb growth in vitro, the phenotypic screening wheel is shifted 

towards utilising a combination of ex vivo macrophage infection models and in vitro 

enzyme inhibition. This unorthodox approach is indeed one of the currently developing 

trends, aimed at discovering novel anti-TB compounds. 

SapM is a ʺeukaryotic-like" acid phosphatase that is secreted by M. tb in the host cell 

cytosol (35). Recently, SapM was also found to behave as an atypical alkaline 
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phosphatase (15). Similar to MPtpB, it is believed that SapM functions as a lipid 

phosphatase, hydrolysing PI3P on the phagosomal membrane, thereby preventing 

PI3P accumulation on phagosomes and blocking phagosome-lysosome fusion (15). 

However, how SapM is transferred from the phagosomal lumen, where it is secreted, 

to the phagosome’s cytoplasmic face, where it interacts with PI3P, remains a 

conundrum (9). While PI3P normally regulates the conveyance of phagocytosed 

consignments to lysosomes, this trafficking event is pre-empted when the 

accumulation of PI3P is halted by M. tb. In fact, a PI3P-free environment must be 

maintained by M. tb during its occupation in macrophages to accomplish complete 

phagolysosomal arrest (9). In this respect, SapM promotes the continuous removal of 

PI3P from phagosomes-containing bacteria, preventing the anchorage of the proteins 

required for phagosomes to acquire lysosomal components. Indeed, Vergne et al 

demonstrated that dephosphorylation of PI3P mediated by SapM prevented 

recruitment of the effector protein EEA1 to the phagosomal membrane, thereby 

inhibiting the phagosomes-late endosomes fusion (36). SapM and MPtpB-induced 

hydrolysis of PI3P was also shown to prevent Rab5 and Rab7 swapping step that is 

prerequisite for the transition to late phagosome (15).  In addition to PI3P, SapM was 

found to hydrolyse another PI, namely PI(4,5)P2, that is involved in the nascent 

phagosome formation and its subsequent scission from plasma membrane (15). 

Therefore, SapM-mediated blocking of this critical step during the mycobacterial 

invasion facilitates the uptake and colonisation of M. tb within the host. Of note, SapM 

showed a broad PI activity when tested against several PIs; however, it displayed 

more specificity towards PI(4,5)P2 and PI3P that are essential in the early stages of 

phagocytosis of M. tb and phagosome maturation (15). In addition, Hu and colleagues 

supported the SapM’s role in the intracellular survival of M. tb by showing that it 

interferes with autophagy (37). Similar to phagocytosis, autophagy is a highly 

conserved natural process that is operational in numerous immune cells, especially in 

macrophages (38). They both share common features and serve as host defence 

mechanisms that are required for fighting infections and maintain proper homeostasis 

(39). In this regard, pathogenic microorganisms, such as M. tb, produce virulence 

factors to combat these killing machineries. Indeed, SapM was shown to block 

autophagosome-lysosome fusion and suppress autophagy by binding to Rab7 (37). 

Taken together, SapM seems to possess a pleiotropic role in the pathogenesis of M. 

tb. Deletion of sapM gene in M. tb (M. tb sapM) led to phagosomal maturation arrest 
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and growth inhibition of M. tb in human THP-1 macrophages (40). Indeed, upon 

disrupting sapM in M. tb, the resulting strain was severely attenuated with impaired 

ability to grow or cause pathological damage in guinea pig tissues, compared to the 

parental strain. The importance of SapM in the pathogenesis of M. tb was corroborated 

when the survival of guinea pigs infected with M. tb sapM was compared to M. tb 

infected animals. Indeed, the M. tb infected guinea pigs gradually succumbed to death 

in 4 months, while not even one M. tb sapM infected animal died during the whole 

duration of the study (7 months) (40). Recently, two SapM inhibitors were identified, 

namely L-ascorbic acid and 2-phospho-L-ascorbic acid (6, Figure 2.2) (15). In fact, 

the latter compound significantly reduced the bacterial load/survival of M. tb H37Rv 

strain in infected THP-1 macrophages, while displaying no detrimental effect on the 

viability of macrophages. In support of the SapM’s function being likely restricted to 

promoting the intracellular survival of M. tb, compound 6 showed no inhibitory effect 

on the extracellular growth of M. tb at 72 hours (15). Overall, contrary to the current 

antibiotics that are focused on inhibiting traditional essential targets in vitro, the 

intracellular activities of the preceding MPtpA, MPtpB, and SapM inhibitors constitute 

a proof of concept that reinstating the intrinsic host signalling machinery could be 

exploited in eradicating the TB infection.  

2.3. M. tb Protein Kinases and Phosphatases Regulate The Biosynthesis of Cell 

Wall Components 

Contrary to other bacteria, the unusually intricate cell wall of M. tb is made up of unique 

lipid and glycolipid components which are correlated to the virulence and survival of 

mycobacteria inside the host (13). This fortified cell wall act as a protective shield that 

insulate the mycobacteria from noxious substances, such as the host’s immune killing 

mechanisms and many antibiotics (3). In addition, the glycolipids of M. tb cell wall can 

impair the normal host trafficking events that is regulated by PI3P, thereby interfering 

with phagosome-lysosome fusion (13). Apart from modulating the host cell responses, 

most of the Ser/Thr kinases and phosphatases encoded by M. tb appear to be involved 

in key regulatory processes such as cell wall components synthesis, cell division, and 

stress responses (3). These manipulations allow the bacterium to enter a state of 

dormancy, in which protein phosphorylation/dephosphorylation governs translating 

extracellular signals into adequate responses, such as cell wall remodelling and 

downregulating the metabolic activity of the bacteria (3). In 2019, we published a 
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review article covering in detail the biosynthetic machinery of MAs, which are the major 

constituents of the M. tb’s cell wall. This review paper also provides insights into the 

role of kinases and phosphatases in modulating the activity of several proteins 

implicated in the MAs synthesis. In addition, several small-molecule inhibitors of 

mycobacterial kinases and phosphatases were highlighted therein. The review article 

is subsequently integrated into this Chapter. 
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Abstract: Background: Mycolic acids (MAs) are the characteristic, integral building blocks for the 

mycomembrane belonging to the insidious bacterial pathogen Mycobacterium tuberculosis (M.tb). 

These C60-C90 long -alkyl- -hydroxylated fatty acids provide protection to the tubercle bacilli against 

the outside threats, thus allowing its survival, virulence and resistance to the current antibacterial 

agents. In the post-genomic era, progress has been made towards understanding the crucial enzymatic 

machineries involved in the biosynthesis of MAs in M.tb. However, gaps still remain in the exact role 

of the phosphorylation and dephosphorylation of regulatory mechanisms within these systems. To date, 

a total of 11 serine-threonine protein kinases (STPKs) are found in M.tb. Most enzymes implicated in 

the MAs synthesis were found to be phosphorylated in vitro and/or in vivo. For instance, phosphoryla-

tion of KasA, KasB, mtFabH, InhA, MabA, and FadD32 downregulated their enzymatic activity, while 

phosphorylation of VirS increased its enzymatic activity. These observations suggest that the kinases 

and phosphatases system could play a role in M.tb adaptive responses and survival mechanisms in the 

human host. As the mycobacterial STPKs do not share a high sequence homology to the human’s, there 

have been some early drug discovery efforts towards developing potent and selective inhibitors.  

Objective: Recent updates to the kinases and phosphatases involved in the regulation of MAs biosyn-

thesis will be presented in this mini-review, including their known small molecule inhibitors.  

Conclusion: Mycobacterial kinases and phosphatases involved in the MAs regulation may serve as a 

useful avenue for antitubercular therapy. 

Keywords: Mycobacterium, tuberculosis, kinase, phosphatase, mycolic acids, small molecule inhibitors, formulations.  

1. INTRODUCTION 

 The highly contagious tuberculosis (TB) is an airborne 
disease caused by the microorganism Mycobacterium tuber-
culosis (M.tb). It is estimated to latently infect one-quarter of 
the global population [1]. In particular, co-infection with 
human immunodeficiency virus (HIV) greatly worsens the 
scenario with 0.4 million deaths among HIV-positive people 
[1]. As the ninth overall leading cause of death worldwide, 
TB surpassed HIV/AIDS as the number one infectious dis-
ease killer, making it the major threat to global health. Ac-
cording to the 2017 World Health Organisation report, 10.4 
million people suffer from TB in which 1.3 million HIV-
negative patients died in 2016 out of 1.7 million total deaths. 
The treatment option is onerous because M.tb persists in the 
host for extended periods of time, thus requiring a 6-month  
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minimum treatment with the first-line anti-TB drugs pre-
sented in two phases. The intensive phase is two month ad-
ministration of a cocktail of the four first-line drugs: isonia-
zid (INH), rifampicin (RIF), pyrazinamide (PZA) and 
ethambutol (EMB). While the later four months treatment 
represents the continuation phase which consists of INH and 
RIF to kill the dormant bacteria [1, 2]. This protracted dur-
ation of therapy and high pill count, as well as drug side ef-
fects, resulted in poor patient compliance and incomplete 
eradication of TB, which ultimately lead to the development 
of drug-resistant TB [3]. The recrudescence of the disease in 
the form of multi-, extensively- and totally-drug resistant 
tuberculosis (MDR-, XDR- and TDR-TB, respectively) has 
left limited drug options available for TB patients [4-9]. Fur-
thermore, the second line anti-TB drugs for MDR-TB and 
XDR-TB strains should be administered for a longer dur-
ation (up to 2 years), even though less effective, more expen-
sive and toxic compared to the first line regimen [10]. Ac-
cordingly, anti-TB drugs with a novel mode of action and 
higher efficacy on the resistant TB strains, and a shorter 
course of treatment, are urgently needed.  

1874-4702/19 $58.00+.00 © 2019 Bentham Science Publishers 
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 The sequencing of M.tb genome has uncovered many 
potential therapeutic targets involved in lipid biosynthesis 
and metabolism [11]. Of particular interest is the mycolic 
acids (MAs) which are unique long chain fatty acids (FAs) in 
Mycobacterium. MAs are the major constituents of myco-
bacterial cell envelope and contribute to the outer membrane 
permeability and integrity [12]. In addition, MAs biosynthe-
sis can be inhibited by INH and ethionamide (ETH) causing 
cell viability loss [13]. Recent data on the protein phosphory-
lation and signal transduction mechanisms in M.tb sheds 
light on the regulatory events in mycobacterial growth, cell 
wall biosynthesis, cell division and virulence [14]. This re-
view will discuss the role of protein substrates phosphoryla-
tion in MAs biosynthesis, as well as small molecules target-
ing the mycobacterial kinases and phosphatases.  

2. MYCOLIC ACIDS IN M.tb 

 The thick M.tb cell envelope is characterised by tight 
bundles of complex lipids consisting mainly of three inter-
connected macromolecules: arabinogalactan, peptidoglycan, 
and MAs which are key players in the infectious process [15, 
16]. MAs are a homologous series of -branched -
hydroxylated FAs with an exceptional chain length (C60-C90 
in M.tb) and the primary mediators of acid-fastness and hy-
drophobic character of mycobacterial outer coating [17]. 
They are mainly found as esters of the terminal penta ar-
abinofuranosyl units of the major cell wall polysaccharide, 
arabinogalactan (AG), which is further covalently linked via 
a phosphodiester bond to the cell wall peptidoglycan to form 
mycolyl-arabinogalactan-peptidoglycan complex (mAGP); 
the insoluble cell wall skeleton [18-21]. MAs are also the 
major lipid components of the outer mycobacterial cell enve-
lope; present as extractable free lipids, such as esters of tre-
halose, glucose, and possibly glycerol forming trehalose 
monomycolate (TMM) or trehalose dimycolate (TDM), glu-
cose monomycolate (GMM), and glycerol monomycolate 
(GroMM), respectively (Fig. 1) [22-28]. TDM, also known 
as the ‘cord factor’, accumulates in a cord-like fashion on the 
surface of the cell, represents the most abundant, granuloma-
genic, and significant toxic lipid extractable from the virulent 
mycobacterial cell surface [29, 30]. This mAGP on the M.tb 
surface with the non-covalently associated glycolipids con-
stitutes a closely packed and formidable bilayer barrier with 
significantly reduced fluidity and permeability, playing an 
important role in virulence and immune evasion. Hence, this 
protective layer insulates the Tubercle bacillus against nox-
ious chemicals and the host’s immune system, underlining 
its fundamental role in mycobacterial survival and growth in 
the host [12]. Being essential for mycobacterial virulence 
and viability, characterisation of key enzymes involved in 
the biosynthesis of MAs may lead to the identification of 
novel targets for drug development.  

2.1. Mycolic Acid Biosynthesis in M.tb 

 MAs of mycobacteria comprise a very long meromy-
coloyl chain (C50-C60) and a saturated -side chain (C24–C26) 
that can be classified according to chain lengths and chemi-
cal functions to four distinct structural classes [31]. Firstly, 

-MAs (Fig. 2), are the most abundant form containing two 
cis-cyclopropyl groups attached to the meromycolate chain 
and they do not contain any oxygen functionality other than 

the -hydroxyl group and therefore are different from the 
oxygenated MAs such as keto-, methoxy and hydroxyl my-
colates. On the other hand, the oxygenated mycolates contain 
additional oxygen functions in the distal portion of the 
meromycolate chain and are four to six carbons longer than 
the -MAs [31].  

 The biosynthesis and incorporation of MAs on the myco-
bacterial cell wall can be summarised into five distinct steps, 
which have been illustrated in many excellent reviews  
[12, 31-33] and are depicted in Fig. (2). The first three steps 
[34-36] focused on the synthesis of the two chain segments 
of MAs involve: (i) the synthesis of the C24-C26 saturated -
alkyl branch of the MAs by the single multi-domain enzyme, 
FAS-I; (ii) the synthesis of C50-C60 meromycolate chain by 
FAS-II which includes discrete monofunctional enzymes; 
(iii) incorporation of double bonds, cyclopropyl, methoxy 
and keto functionalities to the meromycolic acid backbone 
by numerous desaturases or dehydratases/isomerases, cyclo-
propane synthases and methyl transferases (the process that 
results in the subsequent formation of different MA sub-
classes). In step (iv), FAS-I derived -alkyl branch and 
meromycolate chain generated from FAS-II are activated and 
ligated onto the terminal condensing enzyme polyketide syn-
thase (Pks13) which catalyses a Claisen condensation reac-
tion and couples both activated chains together. Trehalose is 
then attached to the newly formed assembled chain, followed 
by a final reduction reaction; and step (v) involves shuttling 
the intact MAs into the periplasm as a trehalose ester by the 
membrane transporter, mycobacterial membrane protein 
large 3 (MmpL3). Thereafter. the antigen 85 complex 
(Ag85ABC) transfers the MA portion to arabinogalactan, to 
form mAGP, and other cell wall-associated glycolipids  
(Fig. 1).  

Step (i): Biosynthesis of medium-chain FAs precursors 

via fatty acid synthase 1 system (FAS-I) 

 In M.tb, the multifunctional FAS-I polypeptide encoded 
by fas (Rv2524c) possesses all the functional domains corre-
sponding to the de novo fatty acid synthesis cycle [37-40]. 
FAS-I system uses acetyl-CoA and malonyl-CoA as sub-
strates in a cycle of transacylation, condensation, -ketoacyl 
reduction, dehydration and enoyl reduction to elongate the 
acetyl group by two carbon units [12] (Fig. 2, top left). The 
resulting acyl-CoA produced in each cycle is used as a build-
ing block for further extension by two carbon units in an-
other cycle and the elongation will continue until the forma-
tion of the medium-chain acyl-CoA primers, C16-C18 and 
C24-C26 FAs. The former, C16-C18 FAs, is subsequently fed 
into FAS-II to synthesise the long meromycolic acid seg-
ment. While the resulting C24-C26 acyl-CoAs are carboxy-
lated by acetyl-CoA carboxylases (ACCases) prior to the 
final condensation reaction catalysed by Pks13; accounting 
for the -branch of the final mycolic acid [31] (Fig. 2).  

Step (ii): Meromycolic backbone biosynthesis via type II 

fatty acid synthase II (FAS-II) and step (iii): incorpora-

tion of double bonds, cyclopropyl, methoxy and keto 

functionalities to the meromycolic acid 

 In contrast to FAS-I, the FAS-II is composed of four dis-
sociable enzyme components and is incapable of the de novo 
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Fig. (1). A model depicting the inner membrane (IM) and the cell wall of M.tb. Following MAs synthesis in cytoplasm, mycobacterial mem-

brane protein large 3 (MmpL3) acts as a cross gate for the mature MAs in the form of trehalose monomycolate (TMM), commuting them 

from cytoplasm to periplasm. Next, Ag85ABC complex transfers the MA portion from TMM to: (i) arabinogalactan layer to form mycolyl 

arabinogalactan peptidoglycan (MAGP) layer, (ii) another TMM to form trehalose dimycolate (TDM), (iii) glucose to form glucose monomy-

colate (GMM), and (iv) glycerol to form glycerol monomycolate (GroMM). The figure indicates the prevalence of MAs in M.tb cell wall, 
being anchored to arabinogalactan (MAGP) and in the form of glycolipids in the outer membrane (OM).  

 

synthesis of FAs from acetyl-CoA [41, 42]. Instead, myco-
bacterial FAS-II uses acyl-CoA primers released by FAS-I as 
a substrate to synthesise the meromycolate chain via several 
iterative cycles; each comprises four steps entailing four en-
zymes, either mtFabH or KasA/B as well as MabA, Ha-
dAB/BC, and InhA [35]. FAS-II enzymes function on myco-
bacterial acyl carrier protein (AcpM)-bound substrates which 
necessitate the transfer of the malonate group from malonyl-
CoA to the AcpM to form malonyl-S-AcpM, a reaction cata-
lysed by malonyl-CoA:AcpM transacylase (MCAT or 
mtFabD) enzyme [42]. AcpM function is hypothesised to be 
shuttling acyl intermediates between enzymes. The FAS-II 
elongation process is then initiated by -ketoacyl-AcpM syn-
thase III (Kas-III or mtFabH), the pivotal link between FAS-
I and FAS-II, as it catalyses a Claisen condensation between 
Acyl-CoA primers released from FAS-I and malonyl-AcpM 
[43] (Fig. 2). The donor malonyl-AcpM is decarboxylated to 
form the acetyl-AcpM carbanion, a nucleophile which will 
attack the carbonyl group on the acyl primer to form the 
elongated -ketoacyl-AcpM which will be further funneled 

into the FAS-II cycle [34]. Next, four enzymes catalyse each 
cycle of elongation acting successively and repetitively until 
the required length of meromycolic acid is achieved. Firstly, 
a nicotinamide adenine dinucleotide phosphate-dependent -
ketoacyl-AcpM reductase (MabA, FabG1) catalyses the re-
duction of -keto group in the -ketoacyl-AcpM precursors 
[44]. The resulting -hydroxyacyl-AcpM is dehydrated by -
hydroxyacyl-AcpM dehydratase (HadAB and HadBC) to an 
enoyl-AcpM. Then, the nicotinamide adenine dinucleotide 
hydrogen (NADH)-dependent trans-2-enoyl-AcpM reductase 
(InhA) catalyses the reduction of the resulting enoyl chain to 
acyl-AcpM [31]. Now the resulting acyl chain is two carbons 
longer than the starting precursor which will be recycled by 

-ketoacyl-AcpM synthases (KasA or KasB) instead of the 
mtFabH to further elongate the chain length by two carbons 
forming -ketoacyl AcpM and the cycle will continue as 
described until the required meromycolate chain length is 
obtained [45-49]. Specific modifications are inserted onto 
the distal and proximal positions of the meromycolic acid 
chain by eight different methyl transferases (MtF) namely, 
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MmaA1 to MmaA4, CmaA1, CmaA2, PcaA and UmaA 
[50].  

 The difference between mtFabH and KasA/KasB is in 
their acyl substrate preference. The initiation condensing 

enzyme, mtFabH, favours acyl-CoA substrates over the acyl-
AcpM primers [34]. In addition, mtFabH contains a hydro-
phobic pocket capped by an -helix, which limits the length 
of the bound acyl chain to C16-C18; excluding the longer ones 
(C24-C26) from chain elongation [34]. While mtFabH initiates 

 

Fig. (2). Schematic illustration of MAs biosynthesis and regulation by phosphorylation as well as the proposed four FAS-II complexes and 

Pks13 domains. MAs biosynthesis starts with the de novo synthesis of two types of medium length acyl-chains by FAS-I in which the rela-

tively shorter one acts as a substrate for further elongation in FAS-II to synthesise meromycolic acids. After modifications on meromycolate 

chains and FAS-II elongation, Pks13 catalyses Claisen-type condensation of the activated -alkyl branch and meromycolic acids. The result-
ing -ketoester is then attached to trehalose and then reduced to TMM, which is further shuttled to periplasm by MmpL3. 
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MAs elongation using acyl-CoA as a substrate and malonyl-
AcpM as a co-substrate, both KasA and KasB catalyse sub-
sequent rounds of chain extension using acyl-AcpM and 
malonyl-AcpM. The two distinct elongating condensing en-
zymes, KasA and KasB, are encoded by two different genes, 
kasA (Rv2245) and kasB (Rv2246), which are present in the 
same operon and share many similarities, including the 
specificity for long-chain acyl-AcpM primers [47, 48].  

 It is also noteworthy that several studies have proposed 
an attractive model of different specialised interconnected 
complexes which organise FAS-II system of M.tb based on 
the preferential interaction between the condensing enzymes 
and dehydratase heterodimers which define the specificity of 
each elongation complex [50-52]. In this model, three types 
of specialised FAS-II elongation complexes are intercon-
nected together, all of which contains a ‘core’ consisting of 
the reductases (MabA and InhA) and mtFabD: i) the initia-
tion FAS-II (I-FAS-II) comprises in addition to the core, 
mtFabH and represents the link between FAS-I and FAS-II; 
ii) two elongation FAS-II complexes (E-FAS-II) consisting 
of a core and either KasA and HadA/B (E1-FAS-II) or KasB 
and HadB/C (E2-FAS-II); and iii) the termination FAS-II (T-
FAS-II) involving the core and KasB linked to Pks13 which 
condenses the FAS-I derived -branch with the meromyco-
late branch (Fig. 2). Despite their similar sequence, both 
KasA and KasB exhibit different chain length specificities in 
which KasA catalyses the initial elongation of MA chains in 
E1-FAS-II and KasB extends them to their full length in E2-
FAS-II [47-49]. Similar to KasA, HadAB heterodimer is 
implicated in the initial FA elongation process, whereas the 
HadBC is involved in the advanced meromycolate extension 
cycles, in the sense that HadB/C prefers longer substrates 
than HadA/B. The HadB monomer represents the catalytic 
subunit, while HadA and HadC control the substrate selectiv-
ity for chain extension. This is consistent with the co-
existence of KasA and HadA/B in E1-FAS-1 and KasB and 
HadB/C in E2-FAS-II [53, 54]. The kasB mutant strains of 
M.tb were found to produce shorter chain length mycolates 
and exhibiting impaired growth, increased permeability of 
cell wall and severe inability to resist the host immune sys-
tem and antibiotic effect [34, 55]. In addition, enzymes such 
as isomerases, methyl transferases and cyclopropane syn-
thases are suggested to modify the merochain during these 
elongation processes [50-52]. These modification enzymes 
also show a preferential interaction with a particular Had 
heterodimer and accordingly a specific FAS-II elongation 
complex. For example, while MmaA3 which incorporates a 
methoxy group to the distal part of the merochain interacts 
preferentially with HadA/C, both CmaA2 and PcaA involved 
in introducing modifications to the proximal part, interact 
preferentially with HadB/C [50-52]. 

Step (iv): The Claisen condensation mediated by 

polyketide synthase (Pks13) 

 After the release of the two MAs segments from FAS-I 
and FAS-II, they become activated prior to the final assem-
bly step catalysed by Pks13 [12, 56, 57]. In M.tb, Pks13 is a 
member of the type I Pks family, displaying the following 
distinct domains involved in condensation: (i) two non-
equivalent phosphopantetheine binding acyl carrier protein 
(ACP), (ii) ketoacyl synthase (KS), (iii) acyl transferase 

(AT) and (iv) thioesterase (TE) domains [12, 58-60]. The 
ACP domains are naturally activated by a phosphopan-
tetheinyl arm (P-pant) that carries that growing acyl chains 
[58-60]. There are also other enzymes implicated in the final 
condensation reaction apart from Pks13 and they are particu-
larly responsible for the activation of the two condensate 
substrates. This activation involves both an acyl-AMP ligase 
(FAAL32 or also named FadD32) which adenylates and 
ligates the meromycolate chain onto Pks13, and acetyl-CoA 
carboxylases (ACCases), AccD4 and AccD5, which are re-
sponsible for the carboxylation of the -branch [56, 58-63]. 
Interestingly, the fadD32 gene (Rv3801c), pks13 (Rv3800), 
and accD4 (Rv3799c) are adjacent on the same operon and 
this genetic organisation suggests the necessity of fadD32 
and accD4 encoded proteins in the condensation process 
through acting in concert with Pks13 [57, 63]. FadD32 acti-
vates the FAS-II derived meroacyl-S-AcpM via its conver-
sion into meroacyl-AMP and subsequently transfer it onto 
Pks13 [57-60]. On the other hand, the C24:C26-S-CoA re-
leased from FAS-I system is activated via carboxylation by 
the ACCases, AccD4 and AccD5, to yield 2-carboxyl-
C24:C26-S-CoA. The first step is loading both activated acyl 
segments onto Pks13 in which they covalently attach as 
thioester [12] (Fig. 1). FAAL32 loads the C50:C60-meroacyl 
group onto the amino terminus of the ACP domain (N-ACP) 
of Pks13, while the AT domain loads the carboxylated alpha 
acyl chain onto the adjacent carboxy terminus of ACP do-
main (C-ACP) of Pks13 [12, 58]. The subsequent step entails 
the meroacyl group transfer from the N-terminus ACP do-
main to the KS domain catalyzed by AT enzyme at the AT 
domain. The third step corresponds to Claisen-type conden-
sation of the two fatty acyl groups, catalysed by KS domain 
in which a nucleophilic attack on the carbonyl group of the 
meroacyl-S-KS by the acidic -carbon of the 2-carboxyl-
acyl-S-ACP occurs forming 3-oxo-mycolyl-S-ACP and re-
leasing CO2 and KS [12]. Upon reaching its full length, the 
TE domain of Pks13 cleaves the formed thioester bond link-
ing the newly synthesised acyl chain to the P-pant arm of C-
ACP domain and most likely forms a transient covalent ester 
bond between the condensation product and the catalytic 
Ser1533 in its active site [58]. Then, the TEPks13 domain 
cleaves again this transient ester bond and act as an acyl-
transferase, transferring the -alkyl -ketoacyl chain onto 
trehalose to synthesise TMM keto form (TMMk). The final 
step is the reduction of the TMMk precursor into secondary 
alcohol (TMM) catalysed by Corynebacterineae mycolate 
reductase A (Rv2509, CmrA) [58, 64, 65]. Although a full 
length crystal structure of Pks13 is yet to be determined, the 
structure of several domains of Pks13 has been reported [66-
68]. In particular, the TE domain has been shown to be tar-
geted by several highly potent small molecule inhibitors [66, 
69, 70]. It is also reported that disruption of fadD32 or pks13 
genes in Corynebacterium glutamicum leads to severe im-
pairment in MAs synthesis with the accumulation of large 
amounts of fatty acid precursors [61, 63]. The formed TMM 
is then shuttled from the cytoplasm to periplasm by MmpL3 
membrane transporter.  

Step (v): Mycobacterial membrane protein large 3 

(MmpL3) transporter 

 The M.tb H37Rv genome encodes for membrane proteins 
that belong to the resistance, nodulation, and cell division 
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(RND) family of membrane transporters, termed mycobacte-
rial membrane proteins large (MmpL) [11, 71]. Located in 
close proximity to the cell wall-associated glycolipids bio-
synthesis domains, some of the M.tb MmpL encoded pro-
teins have been shown to play a crucial rule in transporting 
the cognate lipids such as TMM [72-75]. Of particular inter-
est, MmpL3 (Rv0206c), a fundamental inner membrane pro-
tein, is hypothesised to be the MAs flippase at the inner 
membrane (IM) [76]. In other words, MmpL3 is implicated 
in the flipping and release of MAs precursor, TMM, after 
being synthesised in cytoplasm across the IM into periplasm 
(Fig. 2).

 
Thereafter, TMM serves as both a carrier for the 

MAs and a substrate to the Ag85ABC mycolyl transferase 
complex which is tightly associated with the mycomembrane 
(MM). The Ag85 enzymes then transfer the MA portion 
from TMM donor onto a polyol core acceptor, mainly arabi-
nogalactan or another TMM and also to glucose and proba-
bly glycerol forming mAGP complex, TDM, GMM, and 
GroMM, respectively [58, 76]. Additionally, MmpL3 was 
recently proposed in a heme-iron acquisition system and 
accordingly iron homeostasis along with another family 
member MmpL11, suggesting their implicated multiple roles 
in M.tb [77, 78]. The role of MmpL3 in TMM translocation 
across the cytoplasmic membrane was proven in M. smegma-
tis when the conditional depletion of MmpL3 led to the loss 
of cell wall mycolation and TDM as well as an intracellular 
accumulation of TMM validating MmpL3 as a promising 
target for anti-TB drugs [79-81]. In addition, the Ag85-
mediated cord factor (TDM) synthesis was found to be 
blocked with an Ag85C-binding molecule which displays an 
anti-TB activity both in vitro and within macrophages [82].  

3. PROTEIN KINASE AND PHOSPHATASE SIGNAL 

TRANSDUCTION IN M.tb 

 Protein phosphorylation/dephosphorylation is a central 
regulatory mechanism for bacterial signal transduction [83]. 
It is mediated by protein kinases that transfer a phosphate 
group from a donor to an acceptor amino acid in a substrate 
protein, and protein phosphatases mediating protein dephos-
phorylation. M.tb uses several signal transduction mecha-
nisms to modulate the production of cell wall components in 
response to variable environmental conditions, including 
growth, differentiation, mobility and expression of virulence 
factors in pathogenic bacteria during the infection course 
[84]. Signal transduction is generally achieved via sensing of 
a signal or input typically by a protein that ultimately acti-
vates the transducer or the response regulator (RR) [85]. 
Many of these extracellular stimuli are transduced via a sen-
sory kinase protein across the mycobacterial membrane and 
converted into an intracellular response that alters cell physi-
ology [85].  

 An extensive intracellular signaling network has been 
evolved in M.tb in which five families of kinases and phos-
phatases co-mediate signal transduction: (i) twelve paired 
“prokaryotic” histidine/aspartate two-component system, (ii) 
eleven “eukaryotic like” serine/threonine protein kinases 
(STPKs), (iii) a sole protein tyrosine kinase (PtkA), (iv) two 
protein tyrosine phosphatases (MPtps), and (v) a single ser-
ine/threonine phosphatase (PstP) [85, 86]. Many excellent 
reviews on the description of the M.tb kinases and phospha-
tases and their roles in regulating some of the mycobacterial 

substrate proteins are available [14, 84, 86-89]. However, the 
mechanism by which the MAs biosynthesis is regulated 
through phosphorylation /dephosphorylation has not been 
fully addressed. 

3.1. The Histidine/Aspartate Two Component System 

 The two-component signaling systems are the most 
widely distributed and intensively studied transmembrane 
signaling systems in bacteria. These systems play an impor-
tant role in M.tb pathogenesis and their adaptation to the 
hostile host environment and dormancy [85, 90]. The two 
component systems comprise a sensor histidine kinase (HK) 
and a transducer (RR) as two separate proteins which are 
highly selective for each other via protein-protein interaction 
[85]. HKs are usually membrane proteins, composed of two 
domains: (i) the receiver domain which senses the signal 
denoting changes in external environment, and (ii) the 
transmitter or kinase domain which contains both the sites of 
autophosphorylation and interaction with RR. On the other 
hand, RRs are cytoplasmic proteins comprising also two 
different domains: (i) a receiver domain containing a con-
served aspartate residue on which a phosphate group is trans-
ferred from the cognate phosphorylated HK partner, and (ii) 
an effector domain with DNA binding site in which tran-
scription of set of genes is subsequently promoted in re-
sponse to this phosphorylation event, eliciting a specific re-
sponse. 

3.2. The Eukaryotic-Like STPKs 

 It was assumed that signaling in prokaryotes is generally 
mediated through the classical two-component system 
(His/Asp phosphorylation). However, the “eukaryotic-like” 
serine/threonine and tyrosine kinases and their associated 
phosphatases have recently emerged from the genome se-
quencing as critical regulatory mechanisms in bacteria [87-
89]. M.tb genome encodes for eleven STPKs named PknA, 
PknB and PknD-PknL described as “eukaryotic-like” protein 
kinases based on their structural similarity to the eleven sub-
domains of Hank’s superfamily of kinases [11, 87]. Nine of 
the M.tb STPKs are classified as receptor type kinases as 
they are transmembrane proteins with an extracytoplasmic 
sensor domain and intracellular kinase domain (KD) [84]. 
The extracellular sensor domain detects the extracytoplasmic 
signals and transduces the message to the intracellular KD 
which in turn becomes activated and phosphorylates a spe-
cific serine, or threonine on substrate proteins including en-
zymes, structural proteins and transcription factors [84]. This 
phosphorylation activates these proteins to perform a special 
function and/or initiate a signal-response cascade via trans-
ferring the phosphate group into a downstream effector, es-
tablishing interactions between multiple proteins and broadly 
altering the physiological system in the cell [91]. The other 
two STPKs, PknG and PknK, are cytoplasmic proteins with 
regulatory domains that sense intracellular changes [84]. The 
M.tb phosphoproteome includes hundreds of Ser- and Thr-
phosphorylated proteins suggesting the crucial influence of 
these STPKs on a wide range of biological functions in M.tb 
such as cell envelope biosynthesis, cell shape/division, and 
survival in macrophage which in turn account for its patho-
genicity [92, 93]. Yet not all STPKs have been identified in 
M.tb due to the use of the eukaryotic-like biased paradigm 
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[86]. These kinases and phosphatases act as on/off switch, 
translating extracellular signals into cellular responses, 
changing protein expression and/or activity in both eukaryo-
tes and prokaryotes [14, 94]. Generally, at neutral pH, the 
hydrolytic halftime of phosphoryl-Asp is few hours, whereas 
Ser/Thr/Tyr phospho-esters are stable for weeks [95]. This, 
in turn, suggests that the two-component signaling system 
may be switched on in M.tb if rapid, short-term adaptation is 
needed, while Ser/Thr/Tyr phosphorylation is used in long-
term responses that may require phosphatases to be reversed. 
STPKs and Tyr kinases are ubiquitous in eukaryotes in 
which more than 500 of protein kinases are encoded in the 
human genome regulating human substrate proteins by phos-
phorylation [96, 97]. Hence, these Ser/Thr/Tyr host residues 
can potentially be targeted by M.tb kinases leading to regula-
tion of host signaling pathways. Importantly, M.tb kinases 
show low sequence identity (<30%) to human homologs 
[89]. Taken together, these observations suggest that inhibi-
tion of the mycobacterial kinases or phosphatases may serve 
as a useful starting point for novel anti-TB drugs. 

3.3. Mycobacterial Protein Tyrosine Kinases and Phos-

phatases 

 Bach et al. determined the protein-encoding for PtkA and 
the autophosphorylation on Tyr residues; however, the exact 
mode of action of PtkA has not yet been identified [98]. 
They found that MPtpA, which is located immediately 
downstream to PtkA in the same operon, is the cognate sub-
strate of PtkA; nevertheless, the role of phosphorylation in 
regulating the phosphatase activity of MPtpA remains ob-
scure [98, 99]. Additionally, M.tb deleted mutant of PtkA 
( ptkA) was found to exhibit impaired intracellular survival 
in macrophage due to its inability to inhibit phagosome 
acidification [100]. 

 Phosphorylation of Ser, Thr, or Tyr is a relatively stable 
modification whose reversal requires phosphatase enzymes 
that can bind to and dephosphorylate specific phosphorylated 
residues on proteins, returning them to the unmodified state 
[101]. In M.tb there is one Ser/Thr phosphatase, PstP, en-
coded by the first gene in the operon that includes pknA and 
pknB genes. There are also two Tyr phosphatases, MPtpA 
and MPtpB [11]. Hence mycobacterial protein kinases sig-
nificantly outnumber the phosphatases, suggesting possible 
lack of specificity and selectivity of protein phosphatases. 
Since PstP is the only Ser/Thr phosphatase, this suggests its 
critical role in M.tb pathophysiology by dephosphorylating 
all of the STPKs and their substrates. Such idea was further 
confirmed in many studies in which PstP dephosphorylated 
PknA and PknB, thereby deactivating them [102, 103]. Im-
portantly, PstP also dephosphorylated Thr residues that had 
been phosphorylated by STPKs, for instance, the phosphory-
lated FadD32 (FadD32-P and FadD32_myco) and the in vivo 
phosphorylated KasA (Kas_myco) [102, 104]. In addition, 
PstP was found to play an important role in the cell division 
and survival of M.tb. In other words, depletion of PstP re-
sulted in: (i) elongated multiseptated cells suggesting the 
occurrence of cell division defects in the absence of PstP 
mediated-dephosphorylation, and (ii) a detrimental effect on 
cell survival, leading to cell death in M. smegmatis [105]. On 
the other hand, PstP overexpression led to cell elongation 
and partially compromised survival, suggesting that fine-

tuning of PstP levels is crucial for the mycobacterial sur-
vival. Moreover, depletion of PstP in M.tb negatively im-
pacted the pathogen’s survival in mice in addition to decreas-
ing the bacillary load even in established infections which 
emphasizes the critical role of PstP in both establishing and 
maintaining infection. PstP was also found to be absolutely 
essential for the in vitro mycobacterial growth [105].  

 MPtpA and MPtpB have attracted a great deal of interest 
based on data regarding their involvement in virulence fac-
tors responsible for hijacking the host signaling pathways. 
These Tyr phosphatases are secreted cytosol proteins re-
leased by M.tb of infected macrophage targeting host pro-
teins and disrupting the host signaling machinery [106-108]. 
This ultimately promotes the mycobacterial intracellular sur-
vival via attenuating the host immune system, for example, 
by inhibiting phagosomes maturation and their fusion with 
lysosomes and accordingly preventing bacterial destruction 
[106-120]. The importance of tyrosine phosphatases for in-
tracellular bacterial persistence was supported by the dele-
tion strains of MptpA or MptpB which were found to exhibit 
impaired M.tb growth and survival in human ( MptpA) and 
murine ( MptpB) macrophages in addition to decreased ba-
cillary load in guinea pig infection model ( MptpB) [110, 
116]. 

4. PHOSPHORYLATION CONTROL OF THE EN-

ZYMES INVOLVED IN THE MYCOLIC ACID BIO-

SYNTHESIS IN M.TB 

 M.tb can exist in two distinct states within the infected 
host: (i) non-replicating dormant form causing asymptomatic 
latent infection, or (ii) actively replicating organisms produc-
ing active TB infection [121]. These pathophysiological 
stages suggest the existence of special cross-talk signals be-
tween the host and the tubercle bacilli in which the bacte-
rium senses a wide range of environmental signals and adjust 
to new conditions by transcriptomic regulation [122]. The 
remarkable capacity of this pathogen to evade the host im-
mune system and subsequently survive and persist for sev-
eral decades stems from its unusual cell wall [22]. The 
change in the cell wall composition of M.tb in response to 
various environmental stimuli is a critical mechanism of ad-
aptation and survival during disease progression and combat-
ing host defenses [22]. Despite the extensive literature, there 
is still a gap in fully comprehending the mechanisms adopted 
by the M.tb to modulate the expression of its cell wall com-
ponents in response to environmental changes. MAs are the 
key virulence factors and the hallmark of the mycobacterial 
waxy coat playing a crucial role in its intracellular survival 
and contributing to its physiopathology [55, 123]. Hence, a 
better understanding of the phosphorylation/dephosphory- 
lation mechanisms in M.tb’s MAs biosynthetic pathways 
could open avenues for novel strategies. STPKs phosphory-
lation-mediated signaling constitutes a key regulatory 
mechanism in pathogenic mycobacteria in which introducing 
negative charges on Ser or Thr residues changes their 
physiochemical properties and ultimately affect the overall 
protein activity [14, 89]. Therefore, discerning kinase-
substrate cognate pairs in M.tb, as well as the phosphoryla-
tion effect on each protein substrate in vivo is crucial. During 
the last two decades, a few mycobacterial kinase substrates 
were identified whose phosphorylation was found to regulate 
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cell shape/division and cell envelop components biosynthesis 
[104, 124-145]. Given the critical importance of MAs in 
M.tb, we focus on the enzymes involved in MAs biosynthe-
sis whose regulation rely largely on STPK-dependent 
mechanisms (Table 1). 

4.1. mtFabD or MCAT 

 Several studies were conducted to investigate the role of 
phosphorylation of mtFabD (or MCAT) which is responsible 
for malonyl group transacylation to AcpM forming malonyl-
AcpM, the precursor of FAS-II system [42]. Phosphorylation 
of mtFabD was detected only in growing cultures of Myco-
bacterium bovis Bacille Calmette-Guérin (BCG) and upon 
cessation of growth, the protein appears to be dephosphory-
lated [137]. This growth phase dependent phosphorylation 
pattern suggested that MCAT may be a substrate for M.tb 
kinases and phosphatases [137]. Another study revealed the 
phosphorylation of mtFabD together with KasA and KasB 
by different M.tb STPKs on threonine residue [129]. It is 
also noteworthy that all STPKs failed to phosphorylate the 
crucial FAS-II component, holo-AcpM, which indicates the 
substrate specificity of these kinases towards mtFabD, KasA, 
and KasB [129]. Another recent study reported the phos-
phorylation of mtFabD by PknK both in vitro and in vivo 
[128]. In pknK silenced cultures, phosphorylation and sur-
prisingly expression levels of mtFabD were low. The effect 
on MAs synthesis was assessed using a drug susceptibility 
assay in which both the wild-type and the pknK deficient 
strains of M. bovis BCG were subjected to INH. INH showed 
higher growth inhibitory activity on the pknK knockdown 
mycobacterial culture than the wild-type [128]. This suggests 
the direct effect of PknK on mtFabD in which MAs biosyn-
thesis was downregulated in PknK silenced cultures due to 
the low level of mtFabD and/or its decreased phosphoryla-
tion level. However, the effect of phosphorylation on 
mtFabD was not fully investigated. These findings were con-
sistent with the previously confirmed role of PknK in regu-
lating the mycobacterial growth and conferring survival dur-
ing early persistent infection through affecting the cell size 
and cell wall composition of M.tb [146, 147]. 

4.2. mtFabH 

 The mtFabH links FAS-I and FAS-II and represents a 
potential regulatory key point in MAs biosynthesis. MtFabH 
was phosphorylated in vitro by several mycobacterial 
STPKs, most efficiently by PknA and PknF, as well as in 
vivo in M. bovis BCG [135]. The phosphorylation occurred 
exclusively on threonine residues, with Thr

45
 being the 

unique phosphoacceptor both in vitro and in vivo. Adding a 
phosphate group on Thr

45 
which is located at the entrance of 

the substrate channel suggests an alteration of the substrate 
accessibility and consequently affecting mtFabH enzymatic 
activity [135]. Importantly, the phosphomimetic mutant of 
mtFabH (T45D), designed to mimic constitutive phosphory-
lation, exhibited significantly decreased malonyl-AcpM de-
carboxylation, transacylation, and condensing activities 
compared with the wild-type protein or the phosphoablative 
(T45A) variant. These findings indicate that phosphorylation 
of mtFabH inhibits its enzymatic activity which in turn may 
influence MAs biosynthesis [135]. 

4.3. MabA 

 MabA was efficiently phosphorylated in vitro by several 
M.tb STPKs as well as in vivo in M. bovis BCG. Phosphory-
lation occurred on three threonine residues, with Thr

191
 being 

the predominant phospho-acceptor [136]. The ketoacyl re-
ductase (KAR) activity was markedly decreased in MabA-
T191D mutant, designed to mimic constitutive phosphoryla-
tion, compared with the wild-type protein (MabA-WT). This 
is probably related to its impaired binding to the NADPH 
cofactor necessary for catalysis. In addition, the effect of 
phosphorylation was further assessed in vivo in M. bovis 
BCG strain following conditional expression of the phos-
phomimetic MabA-T191D. The results demonstrated 
strongly impaired mycobacterial growth and a significant 
inhibition of MAs biosynthesis [136].  

4.4. HadAb and HadBC 

 The (3R)-hydroxyacyl-AcpM dehydratases (HadAB and 
HadBC) are crucial for mycobacterial growth and were 
found to be downregulated upon phosphorylation by M.tb 
STPKs in vitro and in vivo in M. smegmatis [54, 134, 148]. 
In addition, phosphorylation of HadAB/BC was increased in 
the stationary cells growth phase suggesting that mycobacte-
ria might shut down MAs biosynthesis through HadAB and 
HadBC phosphorylation under non-replicating condition 
[134]. 

4.5. InhA 

 InhA is the primary target of INH, the front-line hallmark 
anti-TB drug, and a key enzyme in MAs biosynthesis and 
survival of M.tb. Inactivation of InhA severely affect the 
mycobacteria causing accumulation of saturated FAs, inhibi-
tion of MAs biosynthesis and ultimately cell death by lysis 
[149]. INH is a prodrug that must be activated to the reactive 
free radical form by the catalase/peroxidase KatG, which 
then covalently binds to NAD

+
 forming the isonicotinyl-

NAD complex which is a potent inhibitor of InhA [150]. 
Mutations in InhA are the dominant phenotype of INH resis-
tance, while other mechanisms of resistance including the 
activating enzyme KatG are recessive [151]. Since the genes 
encoding for both MabA and InhA are in the same operon 
and that the KAR activity of MabA is regulated by STPKs, it 
was hypothesised that InhA activity may be controlled by 
post-translational modification (PTM) as well [11, 136, 152]. 
Two studies in the same year supported this theory by prov-
ing that the enzymatic activity of InhA is decreased upon 
phosphorylation [126, 130]. The two studies showed similar 
results in which, Thr-266 is the key site of phosphorylation 
both in vitro and in vivo, and that the phosphomimetic 
(InhA-T266E) mutant failed to functionally complement and 
rescue the M. smegmatis conditional inhA gene replacement 
mutant. The first study indicated that the growth dynamics of 
M. smegmatis was severely compromised upon the co-
expression of PknA and InhA in vivo compared with the cul-
tures expressing PknA alone [126]. This was reminiscent of 
PknA overexpression cultures which were found to be detri-
mental to growth, most likely due to hyperphosphorylation 
of InhA and other substrates [141, 153, 154]. In addition, 
InhA-T266E phosphomimetic strain exhibited a delayed 
growth phenotype compared with the wild-type strain [126]. 
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In line with these results, the second study revealed that the 
in vitro enoyl reductase activity (ENR) was severely im-
paired in the InhA phosphomimetic mutants (T266D/E) due 
to their less pronounced binding affinity to NADH compared 
with the phosphoablative (inhA-T266A) allele and wild-type 
(InhA-WT) strain [130]. In addition, overexpression of 
(InhA-T266D/E) markedly impaired the growth of both fast 
and slow growing M. smegmatis and M. bovis BCG com-
pared with the strains overexpressing InhA-T266A or InhA-
WT, presumably due to the impaired ENR activity in both 
phosphomimetic strains due to inhibition of the activity of 
FAS-II. Also, the transfer of a single T266D or T266E point 
mutation within InhA was lethal to M.tb [130]. While InhA-
T266A or InhA-WT were able to restore both MAs produc-
tion and growth at 42°C, both InhA-T266D and InhA-T266E 
exhibited almost complete abrogation of MAs biosynthesis 
and growth arrest [130]. This MAs biosynthesis cessation 
profile was analogous to what is observed after INH treat-
ment [149].  

4.6. KasA and KasB 

 KasA and KasB were efficiently phosphorylated in vitro 
by different STPKs with PknA being the most active kinase 
and both were preferentially phosphorylated at threonine 
residue in vitro and in vivo [129]. Of particular note, KasA 
phosphorylation remained constant regardless of the growth 
phase, contrasting other reported findings for example in 
which mtFabD phosphorylation was detected only in grow-
ing M. bovis BCG cultures [129, 137]. The significance of 
this finding remains unclear. It was also found that M.tb 
Ser/Thr phosphatase (PstP) dephosphorylate STPK-

phosphorylated KasA (KasA_myco) suggesting KasA re-
versible phosphorylation in vivo through the regulatory role 
of PstP. Interestingly, KasA and KasB condensing activities 
were differentially modulated by phosphorylation [129]. In 
the presence of either malonyl-AcpM or C16-AcpM, the con-
densation activity of KasA was reduced, while KasB in-
creased, upon phosphorylation. This was surprising given 
that kasA and kasB genes are adjacent on the same operon 
sharing the identical enzymatic activity, strong overall ho-
mology, and threonine residues phosphorylation profile in 
vivo [129]. In contrast, more recent findings from the same 
group have reported an opposite regulation behavior in M.tb 
strains whereby the phosphorylation of KasB at Thr334 and 
Thr336 located in the vicinity of catalytic triad profoundly 
decreases its condensing in vitro and in vivo [138]. This was 
further supported by observations from isogenic strains of 
M.tb with kasB phosphomimetic allele (T334D/T336D), 
kasB phosphoablative allele (T334A/T336A) and deleted 
kasB gene allele ( kasB). Both the phosphomimetic and 

kasB mutant strains produced shorter MAs by 4-6 carbons 
and lacked trans-cyclopropanation compared to the parental 
strains. Moreover, both the phosphomimetic and deletion 
alleles displayed a complete loss of acid-fastness in contrast 
to the phosphoablative counterparts and parent strains. Im-
portantly, considering the pathogenicity of these strains, 
KasB phosphomimetic mutant was less virulent and exhib-
ited higher susceptibility to first line anti-TB drugs (INH, 
ETH and RIF) than the other KasB variants. KasB phos-
phomimetic mutant also showed severely attenuated growth 
in both immunodeficient and immunocompetent mice, and 
failed to affect latent infection, pathophysiological symptoms 
and mortality in the mice [138]. In line with this observation, 

Table 1. MAs biosynthesis enzymes biochemically verified as substrates of M.tb STPKs. 

Protein Substrate Cognate Kinase Candidate  Effect of Phosphorylation References 

mtFabD PknA (Rv0015c), PknB (Rv0014c), PknD (Rv0931c), PknE (Rv1743), PknF 

(Rv1746), PknK (Rv3080c) and PknH (Rv1266c) 

N/A [128, 129, 137] 

mtFabH PknA (Rv0015c), PknD (Rv0931c), PknE (Rv1743), PknF (Rv1746), and 

PknH (Rv1266c) 

Reduced activity [135] 

MabA PknA (Rv0015c), PknB (Rv0014c), PknD (Rv0931c), PknE (Rv1743), and 

PknL (Rv2176) 

Reduced activity [136] 

HadAB/BC PknA (Rv0015c), PknB (Rv0014c), PknD (Rv0931c), PknE (Rv1743), PknF 

(Rv1746), and PknH (Rv1266c) 

Reduced activity [134] 

InhA PknA (Rv0015c), PknB (Rv0014c), PknF (Rv1746), PknH (Rv1266c), PknE 

(Rv1743), and PknL (Rv2176) 

Reduced activity [126, 130] 

KasA PknA (Rv0015c), PknB (Rv0014c), PknE (Rv1743), PknF (Rv1746), and 

PknH (Rv1266c)  

Reduced activity [129] 

KasB PknA (Rv0015c), PknB (Rv0014c), PknE (Rv1743), PknF (Rv1746), and 

PknH (Rv1266c) 

Reduced activity [129, 138] 

PcA PknD (Rv0931c), PknE (Rv1743), PknF (Rv1746), and PknH (Rv1266c) Reduced activity [124] 

MmaA4 PknJ (Rv2088) N/A [125] 

FadD32 PknA (Rv0015c), PknB (Rv0014c), PknD (Rv0931c), and PknF (Rv1746), Reduced activity [104] 

VirS PknK (Rv3080c) Increased activity [127] 
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previous work reported that the deletion of kasB in M.tb 
( kasB) has led to the loss of acid fastness and longtime per-
sistence in a non-replicating state while failing to produce 
active infection in immunocompetent mice, the two charac-
teristic features of the Tubercle bacillus [45]. Therefore, 
phosphorylation of KasB represents an interesting mecha-
nism by which M.tb regulates these two phenotypes. The 
long-term persistence of both phosphorylated-KasB and 

kasB M.tb strains without causing active disease or mortal-
ity might help to understand the mechanism by which M.tb 
enter dormancy and the triggering factors for TB 
reactivation. In addition, phosphorylation of KasB in M. bo-
vis BCG occurred in higher levels in non-replicating bacteria 
(stationary culture) than in replicating cultures, suggesting a 
mechanism by which mycobacteria switches on/off MA bio-
synthesis to assist its survival in human host [138].  

4.7. PcaA and MmaA4 

 Cyclopropane synthase A (PcaA) and MmaA4 are 
amongst the enzymes involved in the functional modifica-
tions of MAs. PcaA, encoded by pcaA gene, was identified 
by previous studies to be required for MAs cyclopropanation 
in M.tb which, in turn, regulates mycobacterial pathogenesis 
[155]. The inactivated pcaA mutants displayed less viru-
lence, less severe granulomatous pathology in mice, and the 
inability to intertwist into serpentine rope-like struc-
ture/cording morphology that is a distinctive feature of 
pathogenic mycobacteria [155]. Several STPKs were re-
ported to phosphorylate PcaA, but not MmaA2, at Thr-168 
and Thr-183 both in vitro and in mycobacteria [124]. Consis-
tent with the strategic structural localisation of these two 
phosphoacceptors, PcaA phosphorylation was associated 
with a significant decrease in the methyltransferase activity 
[124]. In contrast to the wild-type M. bovis BCG strain and 
phosphoablative pcaA (T168A/T183A), both the phos-
phomimetic pcaA (T168D/T183D) alleles and pcaA mutant 
featured the following: (i) a significant alteration in MAs 
profile due to the lack of di-cyclopropanated -MA, (ii) in-
ability to form serpentine cords and altered colony morphol-
ogy, (iii) growth defects, (iv) reduced intramacrophage repli-
cation and survival, (v) inability to prevent phagosome matu-
ration and fusion with lysosome [124]. These studies con-
firmed the crucial role of PcaA and its phosphorylation in the 
physiology and virulence of mycobacteria through modulat-
ing the composition of MAs and phagosome maturation 
block (PMB) [124, 155]. This, in turn, allows the bacilli to 
reside in a non-matured phagosome that no longer fuse with 
lysosomes, underpinning the mycobacterial survival from the 
cytolytic environment, thus establishing a chronic and lethal 
infection [156, 157]. On the other hand, mycolic acid methyl 
transferase (MmaA4/Hma) was found to be phosphorylated 
in vitro by PknJ, yet the effect of this phosphorylation on 
mycobacterial survival and virulence have not been investi-
gated [125].  

4.8. FadD32 

 FadD32, an adenylating enzyme, belongs to a specific 
subclass of the FadD (fatty acid degradation) enzymes fam-
ily establishing the connection between FASs and PKSs 
[56]. The Fatty acyl-AMP ligase 32 (FAAL32 or FadD32) 
displays two functions: activating the meromycolate chain 

through the formation of fatty acyl-adenylate and channeling 
this acyl chain onto N-ACP domain of its partner Pks13 [58-
60]. A recent study revealed the phosphorylation of 
MtbFadD32 by multiple mycobacterial STPKs in vitro on 
Thr-552 as a phosphosite. Native, phosphoablative and 
phosphomimetic FadD32 confirmed the position and the 
necessity of this residue in negatively regulating FadD32 
activity [104]. The co-expression of FadD32 and PknB 
(FadD32-P) significantly decreased FAAL activity compared 
to solely expressing FadD32 in E-coli. This impaired activity 
of FadD32 was recovered when FadD32-P was dephos-
phorylated by incubation with PstP. Moreover, the native 
M.tb FadD32 protein was phosphorylated when expressed in 
M. smegmatis surrogate host (FadD32_myco) and showed 
also a significant and reproducible loss of FAAL activity 
similar to FadD32-P [104]. This attenuation of activity was 
again reversed by PstP. Importantly, a decrease in both 
FadD32 acyl-AMP loading activity on Pks13 and formation 
of the condensation products were observed in the presence 
of phosphorylated FadD32_myco isoform. These results 
emphasise that both FadD32 acyl-AMP ligase and trans-
ferase of meromycolic acid onto Pks13 enzymatic activities 
are impaired by phosphorylation, leading to a reduction in 
the entire MAs condensation activity of Pks13 [104]. 

4.9. VirS 

 VirS is a transcriptional activator encoded by virS gene 
located divergently from the mymA (mycobacterial 
monooxygenase) operon that regulates its expression [133]. 
The seven cistrons encoded by the mymA operon produce 
proteins that are involved in the MAs biosynthesis, thus 
maintaining cell wall integrity [133]. This was further sup-
ported when the induction of the wild-type M.tb’s mymA 
operon was found to be upregulated in acidic pH, suggesting 
the significance of the encoded proteins in the pathogen’s 
survival in severely acidic mediums of activated macro-
phages [133]. Since the transcription of mymA operon was 
shown to be dependent on VirS, disruption of virS and mymA 
genes was found to impair the ability of M.tb to survive in 
activated macrophages, but not resting macrophages, imply-
ing the role of mymA operon in protecting the bacilli against 
harsher conditions [133, 158]. Interestingly, pknk gene en-
coding for PknK is located in the vicinity of virS gene re-
vealing that VirS is the bona fide substrate of PknK in vivo 
[127]. Co-expression of VirS and PknK increased its affinity 
for mym promoter DNA, thereby the transcription from mym 
operon under physiological conditions. In addition to VirS, 
PknK also mediated the phosphorylation of four mymA op-
eron-encoded proteins (Mym, LipR, Rv3085, and Rv3088). 
This indeed further demonstrates the multifaceted complex-
ity of STPKs through phosphorylation of transcriptional 
regulator and its target genes [127]. 

5. SMALL-MOLECULE INHIBITORS OF THE 

KINASES/PHOSPHATASES IN MYCOLIC ACID 

BIOSYNTHESIS 

 Because of the critical role of human kinases and phos-
phatases in cell signaling that is dysregulated in diseases 
such as cancer, many small molecule inhibitors of these en-
zymes have been developed as potential novel therapeutics 
[159-165]. The M.tb survival and pathogenesis rely largely 
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upon the critical role of mycobacterial kinases and phospha-
tases in regulating both their own signaling pathways as well 
as host signaling networks via modulating key processes for 
M.tb viability and virulence as well as cell division and cell 
wall formation [84, 166]. Hence, there have been literature 
reports towards the design and development of small mole-
cule inhibitors of STPKs and protein phosphatases that may 
pave the way to the discovery of new anti-tubercular drugs. 
This is further supported by the wealth of expertise in target-
ing human Ser/Thr and Tyr kinases [159-165]. Although a 
total 11 STPKs have been identified in M.tb by genome se-
quencing, only PknA, PknB and PknG are required for 
growth in vitro and in vivo [141, 154, 167-172]. In contrast, 
none of the other STPKs and PstP appears to be essential for 
growth in vitro; they have more regulatory roles in control-
ling infection and disease progression via, for instance, sub-
verting the host immune response and enabling the bacteria 
to create permissive niches for their survival [166, 167]. 
However, MPtpA and MPtpB have been shown to play a 
crucial role in M.tb growth, virulence and survival within 
animal models of infection and/or in host macrophage cell 
cultures [110, 116, 171].  

 PknH; however, is involved in phosphorylating and regu-
lating the activity of the EmbR protein which is a putative 
transcriptional regulator of the EmbCAB arabinoyltrans-
ferases [131]. Activation of EmbR with PknH mediated 
phosphorylation induces the transcription of embCAB operon 
which encodes for proteins required for arabinosylation of 
lipoarabinomannan and arabinogalactan [173]. This ulti-
mately leads to a higher lipoarabinomannan/lipomannan ra-
tio, the major cell wall associated lipoglycans, which are 
important modulators of the immune system [132, 174]. In 
addition, PknH regulates the synthesis of arabinan, a crucial 
component of arabinogalactan which is essential for the 
structural integrity of the cell wall [175]. PknF shows effects 
on cell division, morphology, glucose transport, and growth 
rate [176]. PknI is involved in retarding the multiplication of 
bacteria inside the macrophages [177]. PknJ is responsible 
for phosphorylating the glycolytic enzyme pyruvate kinase A 
of M.tb; hence regulating the basic fundamental glycolysis 
pathway [178]. PknK is implicated in mycobacterial growth 
regulation, immune system modulation (phagocytosis) and 
the intracellular survival of avirulent mycobacteria [146, 
147]. These critical roles of kinases spurred great interest in 
exploiting the indispensable kinases and phosphatases cun-
ningly used by M.tb for its survival as novel drug targets to 
promote the mycobacterial clearance.  

5.1. STPKs Inhibitors 

 Since MAs are essential lipids in M.tb virulence and sur-
vival, modulating the activity of kinases and phosphatases 
involved in the regulation of MAs biosynthesis with small 
molecules might open new perspectives for future anti-TB 
drug development. Among the mycobacterial STPKs, at least 
PknA, PknB, and PknG were found to be essential for the 
mycobacterial growth in vitro and survival in the host [141, 
154, 167-172]. Both PknA and PknB participate in maintain-
ing cell wall integrity via controlling cell morphology, cell 
wall synthesis, and cell division [141, 154, 167, 169]. The 
two STPKs PknA and PknB are encoded by adjacent genes 

on the same operon together with pstP gene and two other 
proteins implicated in cell wall synthesis and cell shape con-
trol [141]. PknB expression predominantly takes place dur-
ing exponential growth and was found to regulate an oxygen-
dependent replication switch [179]. PknG gained much in-
terest as its structure contains an inhibitor-binding pocket 
which is totally divergent from any human kinase [180]. Ad-
ditionally, both PknB and PknG are implicated in phos-
phorylating a protein involved in the regulation of glutamate 
metabolism, suggesting that inhibition of one or both of them 
would impact the ability of M.tb to regulate this crucial 
metabolic process [143, 168, 181, 182]. Hence, there has 
been much interest over the last few years in developing 
novel kinase inhibitors, especially focused on PknA, PknB, 
and PknG, as anti-TB drugs. Magnet et al. screened a kinase 
inhibitor library using both whole cell-based assay and tar-
get-based assay in which four compounds were identified as 
inhibitors of PknA with compound 1 (Fig. 3) being the most 
potent inhibitor exhibiting 86% inhibition against PknA at 
100 M [183]. Several inhibitors targeting PknB or PknG 
have IC50 values in the micromolar or even in the nanomolar 
range [171, 184-188]. For instance, Kéri group identified 
several potent hit compounds in which the pyridopyrimidine 
derivative (VI-17494, 2, Fig. 3) was the most interesting 
compound, showing good inhibitory activity on PknB and 
PknG with IC50 values of 0.129 and 3 M, respectively [186, 
189, 190]. The same group have identified VI-16315 (3) as a 
promising compound since it inhibits both PknG (IC50 = 0.01 
μM) and M.tb NAD synthetase (IC50 = 55 μM) and exhibits 
no significant cellular toxicity in human cells [186, 189, 
190]. Moreover, compound 4 (Fig. 3) showed the most po-
tent inhibitory activity against PknB in vitro with IC50 value 
of 0.023 M in two studies conducted by another group who 
investigated the PknB inhibitory activity using several 
aminopyrimidine derivatives [184, 185]. In addition, the tet-
rahydrobenzothiophenes, which is an ATP-competitive in-
hibitor (AX20017, 5, Fig. 3), was identified as a potent PknG 
hit compound displaying an IC50 value of 0.39 M [171, 
180]. Compound 5 also inhibited the growth of M. bovis 
BCG and M.tb in macrophages in a dose dependent manner 
phenocopying the deletion of pknG gene [171]. In addition, 
Anand et al. investigated the activity of several tria-
zolylmethoxy derivatives in which the most potent PknG 
inhibitor is a triazolylmethoxy aminopyrimidine 6 (Fig. 3), 
exhibiting 53% inhibition against PknG at 100 M concen-
tration [188].  

 Interestingly, a common finding in these studies is the 
poor minimum inhibitory concentration (MIC) exhibited by 
the tested compounds against the whole M.tb cells in cul-
tures, indicating their lack of bactericidal activity [171, 183-
188]. The reasons for low whole cell activities (MICs) and in 
vivo inhibition of PknB (IC50s) against the intact pathogen 
include: (i) poor cell permeability; (ii) possible functional 
redundancy among kinases; (iii) cross-reactivity of the in-
hibitors against other proteins or kinases; (iv) the role of ef-
flux pumps [184, 185]. Although PknG may not be essential 
for M.tb growth in vitro [171], this still needs to be con-
firmed as the PknG knockout strain of M.tb displayed at-
tenuated in vitro growth and reduced virulence, implying that 
PknG plays an important role in the growing M.tb strains in 
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Fig. (3). Structures of some selected kinase and phosphatase inhibitors with their reported activity towards their target, in addition to the ap-

proved drugs that target MAs biosynthesis machinery, isoniazid (INH), ethionamide (ETH) and thioacetazone (TAC). 

 
culture in the absence of eukaryotic host cells [168]. Chen  
et al. found that sclerotiorin (7, Fig. 3) which is derived from 
marine fungi, exhibited an inhibitory effect on PknG. Scle-
rotiorin also inhibited the growth of M. bovis BCG in murine 

macrophages in a dose-dependent manner without affecting 
the macrophage viability in which the bacterial load is re-
duced by 81% at 80 μM concentration [187]. Moreover, they 
found that a combination of 0.03 μM rifampicin with 40 μM 

74



Kinase Targets for Mycolic Acid Biosynthesis in Mycobacterium tuberculosis Current Molecular Pharmacology, 2019, Vol. 12, No. 1    39 

sclerotiorin decreased the bacterial burden within macro-
phages by 84%, similar to the effect of 0.06 μM rifampicin 
alone [187].  

 Recently, Xu et al. investigated the role of PknB in sus-
taining the M.tb growth by targeting it with IMB-YH-8 (8, 
Fig. 3), a compound which showed an inhibitory activity 
against PknB in vitro [191]. Surprisingly, this compound 
suppressed the growth of drug-sensitive and drug-resistant 
M.tb strains in vitro (MIC = 0.25 to 1 μg/mL) and inhibited 
the growth of M.tb in human THP-1 macrophages in a dose 
dependent manner compared to the untreated control cells. 
Importantly, due to PknB inhibition, IMB-YH-8 deformed 
the cell wall of M.tb after five days incubation at 1 μg/mL as 
compared to untreated cells which showed rod-like shape 
and a smooth cell surface [191]. Similar observations were 
reported for pknB gene depletion or overexpression which 
resulted in gross morphological changes and also when M.tb 
treated with compounds targeting MAs, such as INH [13, 
169]. Despite the promising activities of both sclerotiorin 
and IMB-YH-8, and their moderate inhibitory activity to-
wards PknG (IC50 = 76.5 μM) and PknB (IC50=20.2 μM), 
respectively, the efficacies of these compounds may still be 
due to off-target effects on other M.tb enzymes [187, 191]. In 
a recent study, Wang et al. screened several compounds as 
dual PknA and PknB inhibitors with compound 9 (PknA Ki = 
11 nM and PknB Ki < 2 nM) being the most potent inhibitor 
displaying MIC value of 4.7 μM against M.tb [192]. 

5.2. MPtps Inhibitors 

 While MPtpA specifically dephosphorylates tyrosine 
residues, MPtpB has triple specificity dephosphorylating 
Ser/Thr and Tyr residues as well as phosphoinositides, sug-
gesting wider signaling network [111, 114, 193]. MPtpA 
blocks phagosome-lysosome fusion, whereas MPtpB sub-
verts host immune response to infection [109, 110, 116, 
120]. Since both MPtpA and MPtpB knockout strains of 
M.tb exhibited severely reduced growth and survival in 
tested macrophages, inhibition of MPtpA and MPtpB 
emerges as a highly promising new approach for TB therapy 
[109, 110, 116, 162]. Importantly, MPtpA structure pos-
sesses 37% sequence identity with its human ortholog and a 
high structural similarity with other mammalian phospha-
tases, so targeting MPtpA with highly selective inhibitors 
might be difficult [166]. By contrast, while the phosphatase 
active site signature sequence is still conserved in MPtpB, it 
does not have a human ortholog with only 6% similarity with 
human PTP1B and a distinct structural fold, making it an 
attractive target for inhibitors because of the minimal side 
effects on the host [166]. Several groups have identified in-
hibitors against MPtpA and/or MPtpB having IC50 values in 
the low micromolar range; however, some of these com-
pounds exhibited significant activity against one or more 
human phosphatases [194-205].  

 Manger et al. were the pioneers in identifying MPtpA 
inhibitors in which the most potent natural compound (10, 
Fig. 3) tested exhibited IC50 value of 8.8 μM [198]. In addi-
tion, they identified several pyrrol benzoic acid derivatives 
as potent MPtpA inhibitors with compound 11 (Fig. 3) being 
the most potent inhibitor with Ki value of 1.6 μM; however, 
these compounds inhibited the human phosphatase PTP1B as 

well [198]. Compound 12 (Fig. 3) was identified as the most 
potent MPtpA inhibitor (Ki = 1.4 μM) in a group of aryl 
difluoromethylphosphonic acid (DFMP) [201]. This com-
pound showed high selectivity against MPtpA compared to 
the human phosphatases tested [201]. Several chalcones 
were characterised as MPtpA inhibitors with IC50 values of 
8.4-53.7 μM and the activities of these compounds were 
elaborated on in another study correlating in vitro inhibition 
of MPtpA and in vivo inhibition of mycobacterial survival in 
human macrophages [195, 206]. The most promising MPtpA 
inhibitor (13, Fig. 3) exhibited an IC50 value of 50.2 μM with 
no toxicity against THP-1 human macrophage and impor-
tantly it reduced the bacillary load by 77% at 96 hours post-
infection [206]. In a recent study, two chalcones (14 and 15, 
Fig. 3) showed both promising high inhibitory activity 
against MPtpA (IC50 = 15 μM) and MPtpB (IC50 = 12 μM), 
respectively, as well as selectivity against human PTP1B 
[194].  

 Several indole derivatives were developed as MPtpB 
inhibitors over four studies with compound 16 (Fig. 3) being 
the most potent inhibitor (IC50 = 0.079 μM) [196, 199, 200, 
205]. Grunder et al. identified compound 17 (Fig. 3) as po-
tent MPtpB inhibitor (IC50 = 0.44 μM) with >60 fold speci-
ficity towards MPtpB compared to the tested human phos-
phatases [197]. F1S-6C-W11 (18, Fig. 3) was reported to be 
the most potent MPtpB isooxazole inhibitor (Ki = 150 nM) 
exhibiting as well a good selectivity against a panel of hu-
man phosphatases [202, 203]. Vintonyak et al. developed 
several indolin-2-on-3-spirothiazolidinones with compound 
19 being the most promising compound in terms of MPtpB 
inhibition (IC50 = 1.2 μM) and showing no activity against 
other human phosphatases [204]. Chen et al. identified two 
potent MPtpB inhibitors, namely compound 20 (Fig. 3) 
which is a benzoindole derivative (IC50 = 1.3 μM), and com-
pound 21 (Fig. 3) which is a piperazinyl-thiophenyl-ethyl-
oxalamide derivative (IC50 = 5.6 μM) [207]. Additionally, 
compounds 20 and 21 exhibited almost complete blockage of 
the intracellular M.tb growth in mouse macrophage cell lines 
[207]. These promising results recapitulated the phenotype 
of MptpB gene deletion which is presumably due to revers-
ing the perturbation of host immune responses induced by 
MPtpB [116]. Beresford et al. developed another potent 
MPtpB inhibitor which is an isoxazole-salicylate derivative 
(22, Fig. 3) showing an IC50 value of 7 μM [208]. In addi-
tion, compound 22 also decreased the bacterial burden of M. 
bovis BCG in macrophages in a dose-dependent manner 
causing >90% reduction at 160 μM [208]. Recently, Mas-
carello et al. investigated the activity of some natural prod-
ucts against MPtpB with Kuwanon G (23, Fig. 3), as the 
most effective inhibitor having an IC50 value of 0.83 μM, 
MIC value of 32 μg/ml and 61% M.tb growth inhibition in 
THP-1 human macrophage [209]. Dutta et al. developed an 

-sulfophenylacetic amide (L335M34, 24) and a benzofuran-
salicylate derivative (L01Z08, 25) as two highly potent 
MPtpA (L335M34) and MPtpB (L01Z08) selective inhibi-
tors, respectively (Fig. 3) [210]. Compounds 24 and 25 dis-
played IC50 values of 160 and 38 nM against MPtpA and 
MPtpB, respectively. Both compounds significantly de-
creased the bacterial load in M.tb infected mouse macro-
phage and exhibited favorable pharmacokinetics and high 
selectivity against a panel of human phosphatases [210]. It is 

75



40    Current Molecular Pharmacology, 2019, Vol. 12, No. 1 Alsayed et al. 

also noteworthy that the potency of compound 25 (L01Z08) 
far exceeded the potency of the previously reported benzo-
furan-salicylate derivative with IC50 value at 1.26 μM [109]. 
Interestingly, since each MPtp modulates distinct M.tb clear-
ance mechanisms, they found that upon combining either 
L335M34 or L01Z08 with the standard anti-TB regimen, 
INH, RIF, and PZA (HRZ), no significant enhancement of 
bactericidal activity against drug susceptible TB in guinea 
pigs was observed. In contrast, a combination of HRZ, 
L335M34, and L01Z08 showed modest synergy with mark-
edly reduced guinea pig lung bacillary burden and improved 
lung histopathology relative to HRZ alone [210]. Impor-
tantly, none of the tested MPtps inhibitors in these studies 
affected the growth of M.tb in vitro; they were devoid of 
activity in the standard MIC assay [109, 206-208, 210]. This 
suggests the importance of targeting secreted virulence fac-
tors such as MPtps in TB treatment rather than in vitro 
growth readout [106-108].  

 Classical antibiotics possess bactericidal activity against 
M.tb in vitro via targeting the intra-bacterial functions such 
as proteins involved in MAs biosynthetic machinery which 
are the target of INH (26), Ethionamide (ETH, 27) and thio-
acetazone (TAC, 28) (Fig. 3) [150]. By contrast, both MPtps 
are dispensable for in vitro growth as they are secretory pro-
teins in the host macrophage’s cytosol [106-108]. Hence, 
several advantages would arise from inhibiting these phos-
phatases: (i) potentially offsetting the major impediment in 
developing anti-TB drugs which target proteins in M.tb cyto-
plasm as MPtps inhibitors do not need to be delivered across 
the poorly permeable mycobacterial cell envelope, (ii) resto-
ration of the host macrophage signaling networks and re-
booting host defense mechanisms; therefore enhancing the 
ability of innate immune response to eradicate the infection. 
Importantly, using a combination of current anti-TB drugs 
and MPtps inhibitors may speed up the treatment via com-
bating both active and latent TB infection by subduing M.tb 
survival in macrophages’ intracellular reservoirs; a hypothe-
sis which was partially supported by Dutta et al’s study 
[210]. 

6. FORMULATION OF ANTI-TUBERCULAR 

AGENTS TARGETING MYCOLIC ACID BIOSYN-

THESIS – A BRIEF SURVEY 

 Several existing anti-tubercular drugs have been demon-
strated to inhibit the mycolic acid biosynthesis of M.tb, 
namely isoniazid, ethambutol, ethionamide, and thiaceta-
zone. Formulations encapsulating these anti-TB drugs in 
polymeric or similar micro/nano-particles have been under 
research to control the dissolution rate of drugs, particularly 
for orally administered drugs. The main objectives of incor-
porating the drugs in various drug carriers and excipients are: 
(1) to effectively deliver the drugs to the targeted site, and 
(2) to prolong the duration of drug efficacy in the body by 
increasing the circulation time of the drug carriers with drug 
concentration above the MIC. It is essential to have a high 
local concentration of these drugs to eliminate M.tb, while 
having a low systemic exposure to decrease the occurrence 
of drug resistance and toxicity. Formulations generally in-
volve various drug carriers and excipients as controlled-
release systems for targeted drug delivery. Drug formula-
tions ensure precise dosage of the drugs used by incorporat-

ing the necessary amount of drugs that are to be released at 
the targeted site. Therefore, incorrect use of drug dosage 
intake can be avoided, as well as the adverse effects such as 
gastrointestinal intolerance that results in hepatotoxicity, 
vomiting, anorexia, and nausea. The therapeutic effect of the 
drugs can be enhanced at the targeted site by controlled-
released drug delivery systems.  

 The key elements to produce stable and efficient formula-
tions for the treatment of tuberculosis include the use of ex-
cipients to control the adhesion forces between the particles; 
a considerable drug amount to be loaded and delivered to the 
lung for local efficacy; and the minimal use of adjuvants to 
prevent overloading of foreign materials to the lungs [211]. 
The formulations that have been used in targeting the my-
colic acid biosynthesis inhibition in recent years have been 
summarised in Table 2. The survey was conducted based on 
their availability for in vivo studies. The information of the 
drug encapsulating carrier materials, encapsulation efficien-
cies, cell types, and mice efficacy in mice have been tabu-
lated. Thus far, there has not been any in vivo study con-
ducted for a formulation of encapsulated thiacetazone. 

CONCLUDING REMARKS AND FUTURE DIREC-

TIONS 

 (i) The ability of M.tb to modulate the activity of MAs 
biosynthetic enzymes is one of most intriguing and challeng-
ing facets of M.tb in which the regulation occurs at a tran-
scriptional level and/or by PTM leading to cell envelope 
structure/composition modulation [104, 124-130, 134-138].  

 Therefore, it is hoped that future studies can identify (i) 
the extracellular cues sensed by the different kinases which 
result in protein phosphorylation, and (ii) define each sub-
strate/kinase/phosphatase-mediated signaling events which 
orchestrate adaptive responses to ensure mycobacterial sur-
vival. For example, an interesting study reported that in re-
sponse to glucose inside mammalian host cells, GMM is 
upregulated in Mycobacterium avium on the expense of 
TDM [227]. This reciprocal regulation and switch from 
TDM to GMM result from glucose and trehalose substrates 
competitive selection by AG85A enzyme [227]. These inter-
esting findings represent a significant milestone in under-
standing the type of environmental stimuli used by M.tb for 
dynamic alteration of cell wall composition. This would also 
suggest that Ag85A enzyme is a substrate itself to mycobac-
terial kinases; hence, its phosphorylation may control both 
the rate and type of glycolipids (glycolipid remodelling) that 
would possibly constitute the OM. This hypothesis remains 
to be tested. 

 (ii) After being released from Pks13, the -alkyl -
ketoacyl chain is transferred onto trehalose before being re-
duced by CmrA to form TMM [58]. M.tb was reported to pos-
sess three pathways for the synthesis of trehalose [228]. Of 
particular interest, one of these pathways incorporates treha-
lose-6-phosphate synthase (OtsA) which catalyses the conden-
sation of glucose 6-phosphate with UDP-glucose to yield tre-
halose 6-phosphate which is further dephosphorylated by tre-
halose-6-phosphate phosphatase (OtsB) affording free treha-
lose [229]. Hence, whether OtsA activity is regulated by M.tb 
kinases and/ or phosphatases is yet to be identified.  
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Table 2. Selected formulations of drugs that inhibit mycolic acid biosynthesis (2011-2018). 

Drug 
Carrier  

Materials 

Drug  

Encapsulation % 
Cell Study In vivo Efficacy Note Refs. 

Chitosan; Sodium 

alginate; Ally-

lamine; Mannose 

95.58 
THP-1, A549, 

VERO, HeLa 
 - 

INH-loaded micelles had higher 

inhibitory effect on the bacterial 

growth than free INH alone 

[212] 

Lipoid S-75 with 

70% phosphatidyl 

choline; Tween 80; 

Poloxamer-188; 

Squalene (SQL) 

71-74 THP-1  - 

Lipid nano-formulations were easily 

engulfed by the human macrophages 

(for targeted delivery to the  

intracellular parasite M. tuberculosis) 

[213] 

Chitosan (50-190 

kDa) 
>89 

J-774.1, AMJ2-

C11 
 - 

Significant toxicity reduction against 

peritoneal macrophages; no toxic 

effect on alveolar macrophages 

[214] 

Titanium; Algi-

nate; Polydopa-

mine; PEG; PLGA 

43.8  - 

(Rabbit) INH’s level 

remained above its effec-

tive MIC (10 g/mL) @ 

week 8. 

Continuous release of INH from the 

Ti rods for 1 week in vitro 
[215] 

Soy Lecithin; 

DSPE-PEG 2000; 

Mannitol 

64 J774A.1  

Male mice (6- 8 weeks old) 

INH-loaded liposomes are 

detectable after 24 hr in the 

plasma, as compared to 

free INH (12 hr) 

Uptake efficiency of INH-loaded 

LPN was significantly higher than 

free INH 

[216] 

Sodium alginate; 

mannitol; l-leucine 
76 J774.A1 

Female BALB/c mice (6-8 

weeks age) Spray-dried 

particles showed lower 

cytotoxicity and good lung 

uptake up to 8 h. 

- [217] 

Locust bean gum 

(polysaccharide 

with galactose and 

mannose residues) 

89 A549; THP-1  - 

INH-loaded microparticles were 

devoid of cytotoxicity towards A549 

cells and THP-1 cells at doses up to 1 

mg/mL and 24 h exposure time 

[218] 

CMC8; LAB; 

Cremophor® EL 
94-97 

M. smegmatis 

cultures (MS-942 

and MS-995); M.tb  

Sprague-Dawley rats: 

Improved oral absorption 

MIC values were 18.4 and 30.4 g/ml 

for CMC8 and LAB against the  

M. tuberculosis H37 Rv,  

respectively. 

[219] 

Isoniazid 

(INH) 

Chitosan; guar 

gum; mannan; 

mannitol; leucine 

 Not Reported J-774 

 Female BALB/c mice 

infected with H37Rv 

strain:  

ING-loaded microparticles 

had a prolonged residence 

time in the lung for at least 

8 h 

 - [220] 

Ethambutol 
Iron oxide magnet-

ite; graphene oxide 
33.8 (drug loading) 

M. smegmatis 

using Resazurin 

Microtiter Assay 

(REMA) and 

modified SPOTi 

assay 

- Effective MIC 2.1 g/mL [221] 

Table (2) contd…. 
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Drug 
Carrier  

Materials 

Drug  

Encapsulation % 
Cell Study In vivo Efficacy Note Refs. 

Span 60; Span 85; 

Cholesterol; DCP; 

SA 

26  - 

Swiss Albino mice of 

average weight 20 g; 

guinea pigs weighing 300–

400 g 

 

The drug level in mice lungs was 

higher than that in the group receiv-

ing free ethambutol hydrochloride 

solution by 2.26 (negatively charged 

niosomes) and 4.47 times (neutral 

niosomes). These two formulations 

resulted in targeted, controlled drug 

release to mice lungs for a prolonged 

duration over the free ethambutol 

alone. 

[222] 

Ethambutol 

Chitosan; L-  

phosphatidylcho-

line; cholesterol 

Not Reported 
A549, Calu-3; 

NR8383 
- 

Ethambutol dihydrochloride (EDH ) 

formulations showed enhanced MIC 

values (< 1 μg/mL) compared to the 

free drug alone(MIC of 2 μg/mL) 

[223] 

PLGA; PLA; pCD; 

PVA (surfactant) 
77 ± 5 

H37Rv (H37Rv-

GFP); RAW 267.4 

macrophages 

6-week old Balb/C female 

mice 

The administration of ETH: Booster 3 

times/week for 2 weeks via the en-

dotracheal route resulted in a similar 

therapeutic response to the daily, 6 

days/week oral administration of 

ETH for 3 weeks. 

[224] 

PLGA; PVA 89.0 ± 0.4  - 

Wistar rats (4–6 months 

old & average weight 200–

250gm) either sex;  

A single dose administra-

tion of ETH by dry powder 

inhalation maintained ETH 

concentration above its 

MIC value for at least 12 h  

- [225] Ethiona-

mide 

(ETH) 

PLGA; PVA 35.2 ± 3.1  - 

Swiss albino mice, 18–22 g 

and both sexes: 

ETH-loaded PLGA 

nanoparticles up to 130 

mg/kg produced sustained 

release in vivo with mini-

mally observed toxicity 

profile  

- [226] 

Acronyms:  

CMC8: Glyceryl monocaprylate / Lipid Capmul MCM C8;  

DCP: Dihexadecyl hydrogen-Phosphate (Dicetyl Phosphate, free acid crystalline);  

DSPE-PEG 2000: 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy (Polyethylene-glycol)-2000];  

LAB: Labrasol/Caprylocaproyl polyoxyl-8 glyceride;  

Lipoid S-75: Fat-free soyabean phospholipid;  

LPN: lipid-polymer hybrid nanoparticles;  

pCD: Polymeric -cyclodextrins;  

PEG: Poly(ethylene glycol);  

PLA: Poly lactic acid;  

PLGA: Poly(lactic-co-glycolic acid);  

PVA: Polyvinyl alcohol;  

SA: Octadecylamine (Stearylamine);  

Span 60: Sorbitan monostearate;  

Span 85: Sorbitan trioleate. 

 

 (iii) MmpL7, an endogenous substrate of PknD, was 
found to play a crucial rule in M.tb virulence, presumably by 
transporting virulence factors, such as phthiocerol dimycoc-
erosate (PDIM) [230]. These findings suggest that the depo-
sition of cell wall associated virulence factors could be regu-

lated by phosphorylating MmpL7. Of particular interest, 
MmpL3, the MAs transporter, whose mutations did not 
cause any cross resistance with current anti-TB drugs, might 
be a substrate of mycobacterial STPKs [231]. It is therefore 
tempting to speculate whether M.tb is regulating the activity 
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of MmpL3 via phosphorylation and dephosphorylation, and 
accordingly the rate by which TMM is transported into the 
mycobacterial cell wall. In addition, whether the other en-
zymes involved in MAs synthesis, namely, ACCases, 
CmaA1, CmaA2, UmaA1, MmaA1, MmaA2, MmaA3, 
CmrA and most importantly Pks13, are STPKs substrates 
and the effect of phosphorylation on their activities, are yet 
to be addressed. 

 (iv) The enzymatic activity of most MAs biosynthetic 
enzymes was found to be downregulated via phosphoryla-
tion, negatively impacting MAs biosynthesis and/or myco-
bacterial growth [104, 124, 126, 129, 130, 134-136, 138]. 
This may suggest that STPKs activators, such as bryostatin 
[232] may inhibit the mycobacterial growth. This is further 
supported by the inactivity of the reported SPTKs inhibitors 
against intact TB despite their high inhibitory activity against 
the respective kinases in vitro [184-188]. Their deleted 
strains, however, pknA and pknB exhibited gross altera-
tions in cell morphology with eventual cell death, while 

pknG strains exhibited poor in vitro growth [154, 168, 
169]. Moreover, the apparent lack of substrate specificity of 
the different kinases due to their overlapping activity in vi-
tro, suggests that the activity of one protein could be regu-
lated by multiple extracellular signals. While it remains un-
clear whether small molecule inhibition, or activation, of 
mycobacterial STPKs is a validated anti-TB therapeutic 
strategy, there has been a considerable body of evidence in 
the literature to support the intricate roles of STPKs in main-
taining the bacteria survival and virulence. 
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Conclusions  

M. tb is an extraordinarily resilient microbe that has evolved means to defeat the host’s 

immune system. Several virulence factors secreted by M. tb play a crucial role in 

targeting host signalling pathways. Following the compartmentalisation of the bacteria 

in macrophages, M. tb counteracts the microbicidal mechanisms carried out by the 

host, taking shelter in intracellular vacuoles. M. tb-mediated protein phosphorylation 

and dephosphorylation were found to be largely implicated in defining the infection 

status of the macrophages. The M. tb manipulating strategies to resist phagosome 

maturation and lysosomal transfer culminates in evading the host’s immune 

surveillance and successful mycobacterial pathogenesis. Equally important, 

numerous protein kinases and phosphatases were shown to contribute to the adaptive 

responses generated by M. tb inside the host. Indeed, protein 

phosphorylation/dephosphorylation represents the main mechanism, whereby M. tb 

regulates the synthesis of its cell wall components, including MAs, which are the 

primary mediators of the impermeability of the M. tb’s outer membrane. Accordingly, 

exploring the potential of targeting M. tb-encoded protein kinases and phosphatases 

that were proved to be involved in the survival strategies evoked by the pathogen, 

represents a promising approach in the TB drug discovery that could provide patients 

with better prognosis. For instance, several PknG, MPtpA, MPtpB, and SapM inhibitors 

were remarkably efficacious in extricating the macrophages from the M. tb subduing 

tactics, wherefore the intracellular bacteria were trafficked to lysosomes and 

subsequently eliminated. However, targeting the mycobacterial kinases and 

phosphatases usually comes at a price owing to the potential off-target effects on the 

homologous human kinase and phosphatase counterparts, raising multiple concerns 

about selectivity. Due to the critical role of MAs in many aspects of M. tb 

pathophysiology, including growth, virulence, and survival, a plethora of research 

efforts have been dedicated to targeting crucial enzymes/proteins that are involved in 

MAs biosynthesis. In this respect, small molecules that inhibit biological targets in this 

synthetic machinery compromise the integrity of the mycobacterial outer membrane in 

view of the defective formation/accumulation of MAs, thereby inhibiting the 

mycobacterial growth/survival. Ideally, these targets should be different from the ones 

targeted by the currently used antibiotics with resistance issues in order to ensure that 

the newly developed compounds are effective against drug-resistant (DR) TB.  
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Bioisosteric Modification of Indole-2-Carboxamides as a Means to 

Develop Novel Antitubercular Agents 
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Background 

During the laborious process of drug development, medicinal chemists often find 

themselves faced with the major debacle of converting a biologically active compound 

in vitro into a successful drug. While lead compounds may possess sufficient 

affinity/potency against certain biological target, most of these candidates fail due to 

issues related to metabolic stability, pharmacokinetics (PK), toxicity, and/or selectivity. 

This is well exemplified by the indole-2-carboxamides (I2Cs) which were previously 

shown to have an outstanding anti-tuberculosis (anti-TB) activity against drug-

sensitive (DS) and drug-resistant (DR) Mycobacterium tuberculosis (M. tb) strains. 

Indeed, the high lipophilicity of several I2Cs accounted for their reduced bioavailability 

and accordingly their inactivity in vivo (1, 2). Therefore, the I2C chemotype is still in 

the lead optimisation stage in the TB drug discovery pipeline (3). To overcome the 

aforementioned issues, a key strategy is usually employed which is based on tactically 

replacing a specific chemical group in the lead compound with other bioisosteres. In 

the research article that we published in 2020, the N-adamantyl indoleamide 

framework was used as a template to design several arylcarboxamide analogues. In 

this respect, several scaffolds were incorporated in place of the indole ring, whilst 

maintaining the amide linkage and the bulky cycloaliphatic ring. Additionally, a different 

approach was adopted, in which extra spacers were added to the amide linker while 

retaining the indole and adamantane motifs. The I2Cs were shown to elicit their anti-

TB activities via inhibiting a crucial membrane transporter in M. tb, denominated 

mycobacterial membrane protein large 3 (MmpL3, Chapter 1: section 1.5.2.6). 

Therefore, molecular docking analysis was performed on the top potent compounds 

in the MmpL3 active site, utilizing the reported X-ray crystal structure co-crystallised 

with an I2C derivative.  
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3.1. Introduction to Bioisosterism 

The optimisation process of lead compounds into small molecule therapeutics entails 

several fundamental design principles. The mechanism of action of any identified lead 

molecule should be well known, ideally at the level of its exact interactions with the 

target protein and the knowledge of its pharmacophoric groups (4). After correlating a 

certain lead compound with a desired bioactivity profile, it is usually incumbent upon 

the medicinal chemistry team to determine potential substituents that would maintain 

and/or modulate specific desirable and undesirable features. Bioisosterism and 

scaffold hopping are well-established twin concepts in the drug discovery process 

which are particularly employed in the lead development stages (5). They are broadly 

defined as replacing parts of biologically active molecules with other fragments to 

obtain a new compound with similar biological effects (6). In fact, these strategies are 

widely employed in the pharmaceutical industry and academia to discover novel 

analogues while retaining the efficacy/potency of the initial lead compound. The follow-

on pharmacologically active molecule is termed ʺme-too" when it is structurally related 

to the prototype compound in the same therapeutic class (7). The merits of these me-

too molecules may include enhanced drug-like properties, reduced risk of drug-drug 

interactions and off-target side effects, and improved target specificity.    

The first contemplation of the concept of isosterism is dated back to 1909 and was 

further refined in 1919, when the word "isostere", derived from the Greek words isos 

(same) and stereos (solid shape), was first coined by Irving Langmuir (5, 8). Indeed, 

the idea of isosterism was effectively captured in the experimental observations of 

Langmuir when he envisaged that the then unknown ketene would possess physical 

properties similar to diazomethane (8). Later, this term was expanded and given the 

label bioisosterism instead by Harris Friedman in 1950 (8). Adding the prefix bio- 

therein clearly indicates the necessity of mimicking the crucial pharmacophoric 

elements of the original molecule to ensure the new compounds are similarly 

recognised by the desired biological system. Upon planning a bioisosteric 

modification, the new substituent should maintain similar shape, size, pharmacophoric 

characteristics, electronic properties, and chemical reactivity (9). However, since it is 

nearly impractical to find two groups matching all these properties, assiduously 

weighing and balancing these parameters is crucial for a successful replacement. 

Therefore, the strict definition of bioisosterism has transformed into a more 
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contemporary interpretation that does not obey the electronic and steric requirements 

necessitated early on (10, 11). The new liberal definition accommodates a broader 

diversity of bioisosteric structural subunits that are markedly varied in shape and size 

from the moiety being emulated (10-12). In this context, bioisosteres were divided into 

classical and nonclassical bioisosteres (8). Classical bioisosteres embody the early 

definition of bioisosteres, in which structurally equivalent and simple groups, rings, or 

atoms are used. On the contrary, nonclassical bioisosteres encompass functionalities 

that are substantially different in steric, electronic, topological and physicochemical 

properties, extending the concept of bioisosterism to a more sophisticated and subtle 

manifestation of biochemical emulation (8).   

It is important to notice that isosteric compounds may not necessarily be bioisosteric 

which means that the application of bioisosterism is contextual. In other words, 

isosteric substitutions can be effective in one biochemical setting and not another, 

suggesting that isosteres should be tailored to conform with different circumstances 

(8). To achieve this objective, a detailed insight into the physicochemical 

characteristics of the exchangeable functional groups, elements or heterocycles 

complemented by a sufficient level of understanding of the binding pocket of the 

compound is required (12). For example, the substituted part in the lead molecule 

could be an insignificant fragment that does not critically interact with the 

protein/receptor (11). Another scenario is that if the exchangeable motifs are relatively 

small, the resemblance of the corresponding molecules will amount to similar 

biological activities (11).  

On the other hand, scaffold hopping is regarded as a subclass of the bioisosteric 

modifications, in which a significantly large part of the lead compound, namely the core 

scaffold, is exchanged (5, 6). The new core structure is usually preferable to the old 

one in terms of its improved direct interactions with the target protein and/or providing 

an optimal scaffolding that would enable the functional groups to be spatially arranged 

in the apt geometric configuration to engage with the protein (5, 6). The utility of 

bioisosteres and scaffold hopping is broad, such as improving selected characteristics 

in the original compound, including potency, selectivity, metabolic stability, and PK as 

well as modifying or eliminating toxicophores to enhance the compound’s safety (8). 

Other reasons behind generating novel ligands may be correlated to simplifying the 

synthetic routes or generating new intellectual property to avoid patent related issues 
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(6, 12). Overall, although the relationship between isosteric replacements and 

biological activity can be oblique, bioisosterism and scaffold hopping remain the key 

tactical elements widely utilised during the optimisation process of drug candidates. 

3.2. Discovery of The I2Cs as Potent Anti-TB Agents with Exceptional Activity 

Against DR-TB      

Over the past decade, multiple research groups have identified numerous I2C 

analogues as potent anti-TB agents (1, 13, 14). Our team were among the pioneers 

who uncovered the potential of the I2C framework for developing lead molecules 

effective against DS and DR M. tb strains (1). Indeed, these efforts led to the 

identification of N-cyclooctyl-4,6-dimethyl-indole-2-carboxamide 1 in 2013 [minimum 

inhibitory concentration (MIC) = 0.0067 – 0.026 µM (DS and DR M. tb strains)] (Figure 

3.1). The toxicity profiling of this compound revealed its low cytotoxicity against Vero 

cells (IC50 = 54 µM), thereby displaying high selectivity index value [SI (Vero cells 

IC50/H37Rv MIC) = 4100]. In the serum inhibition titration (SIT) assay, compound 1 

was found to be orally active, albeit with considerably less potency than the first-line 

anti-TB agent isoniazid (INH) (1). Later in the same year, our group demonstrated that 

this compound also kills M. tb in vitro with minimum bactericidal concentration (MBC) 

value of 0.026 µM against H37Rv strain (15). In addition, in the in vivo murine infection 

models, compound 1 significantly lowered the colony forming unit (CFU) counts in the 

lungs of treated mice in comparison to the untreated ones, causing the mycobacterial 

burden to decline in a dose-dependent manner. In the same report, MmpL3 was 

identified as the target of the I2C analogues when a single mutation in the mmpl3 gene 

was found to confer resistance to this class of compounds. Importantly, this mutant 

strain remained susceptible to various first and second-line TB antibiotics, indicating 

the lack of cross-resistance (15).  

Around the same time, Rao et al, a Novartis research team, accentuated the promising 

in vitro and in vivo anti-TB activities, PK properties, and safety margin of the I2Cs (16). 

They documented that NITD-304 and NITD-349 (Figure 3.1) are possible preclinical 

drug candidates. Both compounds demonstrated bactericidal activity against 

replicating M. tb in vitro and intramacrophage. However, in the non-replicating 

persistent M. tb model, the activity of I2Cs diminished (NITD-304 > 27 µM), suggesting 

that these compounds block a key step in the active metabolism of M. tb, similar to 
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INH (16). Importantly, the minimum inhibitory concentrations of NITD-304 and NITD-

349, required to inhibit 99% of bacterial growth of diverse DR M. tb clinical isolates 

(MIC99 range from < 0.04 to 0.08 µM), were found to be comparable to the wild-type 

H37Rv counterparts (MIC99 = 0.02 – 0.04 µM). These results in turn corroborated the 

new mode of action of these analogues. In the acute murine infection models, the 

minimum effective doses (MED) of NITD-304 and NITD-349, determined as the lowest 

dose that significantly prevented the M. tb multiplication in the lungs compared to the 

initial pre-treatment bacterial load, were 37.5 and 25 mg/kg, respectively (16). Both 

compounds showed acceptable oral bioavailability in preclinical species, namely 

rodents and dogs, with effective partitioning at the site of M. tb infections in the lungs. 

In addition, in these preclinical species, NITD-304 and NITD-349 displayed favourable 

PK properties, wherein they showed moderate systemic clearance, large volume of 

distribution, and long elimination half-lives (16).  

 

 

Figure 3.1. I2Cs 1 – 9 reported in the literature as potent antimycobacterial agents. 

  

Similar to our group’s approach, the Novartis team then conducted a whole-genome 

sequencing on several M. tb mutant strains resistant to the I2Cs which led to the 

identification of a single nucleotide polymorphism in the mmpl3 gene. In accordance 

with our group’s findings, Rao and colleagues found that the I2Cs resistance mutations 

are mapped onto the transmembrane domain of MmpL3 (15, 16). In order to eliminate 

the possibility that these mutations are ascribed to the ability of MmpL3 to act as a 

drug efflux pump, they tested the activity of NITD-304 and NITD-349 in the presence 
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of two broadly active efflux pump inhibitors (16). In this respect, they found that the 

sensitivity of M. tb to these I2Cs was unaltered, indicating that the mmpl3 mutations-

correlated resistance are not derived from drug efflux (i.e. direct inhibition of MmpL3, 

Chapter 1: section 1.5.2.6). 

MmpL3 is an essential membrane protein transporter that is responsible for exporting 

trehalose monomycolate (TMM), the macromolecule lipid that serves as mycolic acids 

(MAs) precursor, across the plasma membrane from cytoplasm to periplasm (17). The 

formed mycolates then gradually accumulate in the mycobacterial outer membrane, 

thereby contriving a lipid rich matrix that plays a key role in the mycobacterial virulence, 

growth, and survival. In fact, Rao et al performed a lipid profiling analysis on one of 

the M. tb mutants resistant to the I2Cs revealing no discernible changes in the cell 

wall-anchored mycolates as well as extractable TMM and trehalose dimycolate (TDM) 

in the presence of the 4  MIC of one I2C (16). On the contrary, when the wild-type 

H37Rv was treated with the same I2C analogue, a rapid depletion of cell wall-attached 

mycolates and accumulation of TMM were observed. The preceding data suggest that 

the I2Cs inhibition of MmpL3 results in a dearth of the TMM transportation, causing a 

downward spiral of the MAs’ attachment to the mycobacterial cell wall and the 

subsequent weakening thereof, leading to cell lysis (16).          

As a continuation of the work undertaken in 2013, our team reported more I2C 

derivatives as anti-TB agents in 2016, highlighting compound 4 (Figure 3.1) as a 

potential candidate for advancement to human clinical studies (2). Indeed, using 

compound 1 and NITD-304 (2) as lead compounds, compound 4 was identified as a 

potent anti-TB agent, displaying excellent activity against DS and DR M. tb strains 

(MIC = 0.006 – 0.047 µM). Compound 4 was also devoid of cytotoxicity against Vero 

cells (IC50 > 192 µM, SI > 16000), indicating its improved safety margin compared to 

lead compound 1 (2). In addition, the in vivo bioavailability of compound 4 was found 

to be superior to that of compound 1 and comparable to INH in the SIT assay. On the 

contrary, in the same report, the indoleamides 5 – 7 (Figure 3.1), which showed high 

in vitro anti-TB activities (MIC = 0.003 – 0.011 µM), turned out to be inactive in the SIT 

analysis and were dropped from further studies (2). Additionally, compound 4 showed 

acceptable in vivo mouse efficacy and ADME (absorption, distribution, metabolism, 

and excretion) parameters. However, the observed in vivo activity of compounds 2 

and 4 in the mouse infection model was significantly less than ethambutol (EMB) (2), 
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which is already considered a weak anti-TB drug relative to the other front-line TB 

antibiotics.  

However, in a more recent study, when compound 4 was prepared in an optimised 

formulation [propylene glycol (PG):Tween80], Instead of the carboxymethyl cellulose 

(CMC) formulation used in the previous report, a significant improvement in the in vivo 

efficacy was observed (18). In fact, in a mouse infection model (4 weeks of treatment), 

50 mg/kg of compound 4 in the PG:Tween80 formulation showed lower lung CFU 

counts compared to EMB (100 mg/kg) and the CMC formulation with 100 mg/kg of 

compound 4. Interestingly, in a high-dose aerosol infection model in mice, compound 

4 (10 mg/kg) showed superior in vivo potency compared to NITD-304 (2). In the same 

study, effects on M. tb cell morphology were studied using electron microscopy. In this 

respect, a significantly high number of the M. tb H37Rv cells showed deformations 

(dimples and wrinkles) when treated with compound 1 at 0.04 µg/mL (10  its MIC 

value) (18). Importantly, our group also generated a putative homology model of 

MmpL3, depicting the main interactions stabilising compound 1 within the MmpL3 

binding pocket. This homology model was deemed approximate at the time and 

suggested the presence of three subpockets; the indole ring and adamantane moiety 

occupied the first and third hydrophobic subpockets, respectively, whilst the amide 

linker was stabilised in the central hydrophilic subpocket via H-bonding (2). A few 

years later, the crystal structure of MmpL3 came to light (19) and the findings therein 

were in general agreement with the homology model constructed earlier. 

3.3. Targeting Non-Tuberculous Mycobacteria (NTM) by I2Cs 

Mycobacteria are vastly diverse species that can be divided into three categories, 

tuberculosis-causing mycobacteria, Mycobacterium leprae (M. leprae; causing 

leprosy), and NTM (20). To date, around 200 NTM species were identified, with the 

majority of them being non-pathogenic to animals or humans. Nonetheless, infections 

with opportunistic pathogenic NTM are correlated with an underappreciated burden of 

disease worldwide, especially in industrialised countries where these infections are 

more common than TB (20). More alarmingly, treating NTM infections is notoriously 

difficult owing to their intrinsic resistance to numerous key antibiotics. The pathogenic 

NTM strains can cause infections similar to those caused by M. tb (both pulmonary 

and extrapulmonary). Indeed, Mycobacterium abscessus (M. abscessus), 
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Mycobacterium avium (M. avium) complex (MAC), Mycobacterium kansasii (M. 

kansasii), Mycobacterium malmonese (M. malmonese), and Mycobacterium xenopi 

(M. xenopi) account for most cases of pulmonary infections among the NTM species 

(20). M. abscessus and M. avium complex also cause disseminated and/or systemic 

infections. One of the most commonly found NTM is M. abscessus, a rapidly growing 

mycobacterium that is responsible for severe mucosal, skin, and pulmonary infections. 

In addition, M. abscessus is mostly resistant to antibiotics, leaving patients with very 

limited options (20). 

In 2017, our group evaluated the activity of numerous I2Cs against M. abscessus (21). 

The potent activities of compounds 8 and 9 (Figure 3.1) were highlighted in vitro 

against a wide panel of M. abscessus isolates, with an MIC value of 0.125 µg/mL in 

most strains. Likewise, the earlier reported lead compound 1 (Figure 3.1) displayed 

an MIC value of 0.125 µg/mL against one tested M. abscessus strain. The intracellular 

killing efficacy of compound 9 was also evaluated in infected macrophages, wherein it 

displayed a significant reduction in the M. abscessus load (21). Of note, both 

compounds 8 and 9 also showed potent anti-TB activity when tested against H37Rv 

strain (MIC = 0.0313 and 0.0039 µg/mL, respectively). They also displayed minimal 

cytotoxicities against Vero cells (IC50 ≥ 64 and 8-16 µg/mL, respectively), resulting in 

high selectivity indices towards both M. tb and M. abscessus (21). Similar to M. tb, the 

activity of the I2Cs towards M. abscessus was correlated to targeting the MAs 

transporter MmpL3. Indeed, a single point mutation in mmpL3, in a spontaneously 

resistant M. abscessus mutant, was found to be implicated in the high resistance levels 

observed for the indoleamides 1, 8 and 9. In addition, the foregoing I2Cs strongly 

inhibited the TMM transport from cytoplasm to periplasm, resulting in the abolition of 

TDM production and abrogation of arabinogalactan mycolation (21). It is important to 

note that although some parallels were noticed in the structure-activity relationship 

(SAR) of I2Cs against M. tb and M. abscessus, this was not the case for many tested 

analogues. In fact, the N-linked cyclooctyl group is superior for activity against M. 

abscessus, whilst the N-linked adamantane or isopinocampheyl moieties were 

preferred for activity against M. tb (21). Of note, I2Cs showed no activity against 

several tested Gram-positive and Gram-negative bacteria, indicating their narrow 

spectrum of antibacterial activity (13, 16). Conversely, in addition to M. tb and M. 

abscessus, I2Cs showed potent activity against Mycobacterium bovis (M. bovis), M. 
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xenopi, and Mycobacterium smegmatis (M. smegmatis). These findings in turn 

substantiate the notion that the molecular target of this class is restricted to 

mycobacteria (13, 16, 21). Overall, the I2Cs appear to be multifaceted biologically 

active molecules that possess strong potencies against different mycobacterial 

species via targeting MmpL3.  

3.4. Rational Design of Novel Aryl- and Heteroaryl-Carboxamide Derivatives as 

Novel Antimycobacterial Agents Predicated on The I2C Architecture      

The aforementioned favourable activity profiles of the I2Cs indicate that this framework 

provides a fertile ground for the potential development of novel analogues with 

promising antimycobacterial activity, including DR-TB. However, in many I2C 

analogues, the potent in vitro anti-TB activity was not mirrored in vivo presumably due 

to their highly lipophilic nature and the low water solubility associated thereupon. As a 

result, the I2Cs are currently in the lead development stage, wherein extensive 

modifications are being performed thereon to improve their biological activities, PK 

properties, and/or toxicity profiles. In congruence with these ongoing efforts, in this 

Chapter, several structural changes were introduced to the N-adamantyl-indole-2-

carboxamide architecture. The main body of this work was aimed at steering away 

from the high lipophilicity correlated with the indole ring, while trying to maintain activity 

against the primary target MmpL3. Accordingly, the 4-quinolone ring was chosen as a 

bioisosteric replacement to the indole ring due to its significantly reduced lipophilicity 

compared to the indole moiety [estimated ClogP (ChemDraw) = 0.28 (quinolone), 2.13 

(indole)]. Although high lipophilicity is generally a prerequisite for potent anti-TB 

activity, this is not a clear-cut phenomenon because of the high efficacy of the first-

line anti-TB drugs that have low lipophilicity (22). Therefore, our presumption was that 

despite the decreased lipophilicity of the designed N-cycloaliphatic quinoloneamide 

derivatives, we may attain improved physicochemical properties in these compounds 

while retaining anti-TB potency similar to the parent indoleamides. The scaffold 

hopping approach was also employed by replacing the indole moiety with naphthalene 

and 4-arylthiazole. Importantly, the quinoloneamide, naphthamide, and 4-arylthiazole-

2-amide structural subunits were previously integrated in compounds that showed 

appreciable anti-TB activities (23, 24). Additionally, we looked into modifying the amide 

linker connecting the indole moiety and the bulky cycloaliphatic group. Our findings 

were published in 2020 and the research article is incorporated herein. 
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Alan D. Payne,d Neil Foster,c William R. Bishai*be and Hendra Gunosewoyo *a

Our group has previously reported several indolecarboxamides exhibiting potent antitubercular activity.

Herein, we rationally designed several arylcarboxamides based on our previously reported homology

model and the recently published crystal structure of the mycobacterial membrane protein large 3

(MmpL3). Many analogues showed considerable anti-TB activity against drug-sensitive (DS)

Mycobacterium tuberculosis (M. tb) strain. Naphthamide derivatives 13c and 13d were the most active

compounds in our study (MIC: 6.55, 7.11 mM, respectively), showing comparable potency to the first line

anti-tuberculosis (anti-TB) drug ethambutol (MIC: 4.89 mM). In addition to the naphthamide derivatives,

we also identified the quinolone-2-carboxamides and 4-arylthiazole-2-carboxamides as potential

MmpL3 inhibitors in which compounds 8i and 18b had MIC values of 9.97 and 9.82 mM, respectively. All

four compounds retained their high activity against multidrug-resistant (MDR) and extensively drug-

resistant (XDR) M. tb strains. It is worth noting that the two most active compounds 13c and 13d also

exhibited the highest selective activity towards DS, MDR and XDR M. tb strains over mammalian cells

[IC50 (Vero cells) $ 227 mM], indicating their potential lack of cytotoxicity. The four compounds were

docked into the MmpL3 active site and were studied for their drug-likeness using Lipinski's rule of five.
1. Introduction

Tuberculosis (TB) is an infectious disease with a ubiquitous
mortality worldwide caused by Mycobacterium tuberculosis (M.
tb), which predominantly affects the lungs.1 The 2019 World
Health Organisation (WHO) report revealed that approximately
one-quarter of the global population are latently infected with
M. tb. According to the report, 10.0 million people fell ill with TB
in 2018, a number that has become relatively stable over the
past years. Globally, 1.2 million HIV-negative patients died from
TB in 2018 in addition to 0.25 million deaths among HIV-
positive people. This inexorable global burden of TB makes it
one of the top ten leading causes of death worldwide and
number one infectious disease killer, surpassing HIV/AIDS.1

The onerous current treatment regimen requires 6 months
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minimum administration of a cocktail of the rst-line anti-TB
drugs: isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA)
and ethambutol (EMB) for the treatment of drug-sensitive (DS)
TB.1,2 This drawn-out duration of therapy and high pill count in
addition to their accompanied side effects, resulted in an
incomplete eradication of TB due to the poor patient compli-
ance and ultimately led to the emergence of drug-resistant TB.3

Notably, the treatment period of the second-line anti-TB drugs
used for multi- and extensively-drug resistant TB strains (MDR-
and XDR-TB, respectively) may be extended up to two years
accompanied with their limited efficacy, drug toxicity and
higher price compared to the rst line regimen.4 Accordingly,
anti-TB drugs with a novel mode of action to overcome the
existing resistance to the current drugs, and shorter course of
treatment, are urgently required.

The mycobacterial membrane protein large 3 (MmpL3)
which is currently considered as one of the most druggable
M. tb targets, is responsible for the translocation of mycolic
acids (MAs) across the plasma membrane.5,6 The MAs
biosynthesis and incorporation on the mycobacterial cell
wall was previously illustrated in our review article.7 Sum-
marised into ve distinct steps, the rst four steps of the
process entail the biosynthesis of the MAs precursor, treha-
lose monomycolate (TMM), in the cytoplasm.7 The last step
involves ipping and release of the formed TMM across the
inner membrane into the periplasm by the membrane
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transporter MmpL3.6 Thereaer, these MAs accumulate in
the M. tb cell envelope constituting the major lipid compo-
nent of the outer coating of mycobacteria, rendering an
extremely hydrophobic and impermeable bilayer.8,9 This
formidable protective layer insulates the mycobacteria
against exogenous compounds, including many antibiotics,
and the host's immune system, underpinning its funda-
mental role in mycobacterial growth and survival in the
host.8–10 Hence, lipophilicity of the anti-TB derivatives
(Clog P) has been proposed to have positive correlation with
their anti-TB activity.11–16 In other words, anti-TB derivatives
with increased lipophilicity (high Clog P) are endowed with
facilitated diffusion through the lipid-rich cell wall of M. tb
and thereby enhanced efficacy.8 The role of MmpL3 in shut-
tling TMM across the cytoplasmic membrane was proven in
M. smegmatis when the conditional depletion of MmpL3 led
to an intracellular accumulation of TMM and loss of cell wall
mycolation.17–19 In addition, downregulation of MmpL3
expression led to an abolition of cell division and conse-
quently rapid cell death.20,21 Therefore, inactivation of
MmpL3 prohibits this pivotal step in the MAs biosynthesis
machinery, collapsing the permeability barrier and vali-
dating MmpL3 as a promising target for anti-TB drugs.22,23

Several MmpL3 inhibitors have been developed, including
indolecarboxamides,14,24–27 benzimidazoles,28 adamantyl
ureas,17 diamines,18,29 diphenyl pyrroles,30 benzothia-
zoles,31,32 spirocycles,33,34 and tetrahydropyrazolopyr-
imidines.33,35 Recent literature revealed that some of the well-
known MmpL3 inhibitors indeed directly interact with
MmpL3, whereas others impact the proton motive force inM.
tb.36,37 Our group has previously identied several indole-
carboxamides as potent antimycobacterial agents targeting
MmpL3.14,25,27 The preliminary phenotypic screening identi-
ed the indole-2-carboxamide 1 (Fig. 1) as a highly potent
anti-TB scaffold (MIC ¼ 0.93 mM).27,38 Further modications
on the indolecarboxamide core were then initiated in which
a conspicuous increase in the activity was obtained when the
cyclohexyl group was replaced by a cyclooctyl 2, or an ada-
mantyl ring.25 More recently, the utmost potency was ach-
ieved when the 4,6-dimethyl group on the indole core was
replaced with 4,6-dihalo-substituents (compounds 3 and 4,
Fig. 1). The methyl groups present a potential metabolic
susceptibility (liable to metabolic oxidation), whereas the
Fig. 1 Hit compound 1, lead compounds 2, 3 and 4.

7524 | RSC Adv., 2020, 10, 7523–7540
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dihalo groups are more resistant while conferring similar
lipophilicity.14

A putative homology model for the MmpL3 transporter has
also been generated to gain an approximate interpretation of
the way the indole-2-carboxamides may interact with MmpL3.14

This homology model proposed the existence of three putative
binding subpockets in which our lead compound 3 is stabilised.
Despite the high activity of compounds 3 and 4 in vitro, unfor-
tunately they turned out to be inactive in the in vivo studies.14

Very recently, the crystal structure of MmpL3 in M. smegmatis
was reported by two different groups which serves as an excel-
lent paradigm for the M. tb counterpart.39,40 This crystal struc-
ture revealed that the MmpL3 inhibitor binding pocket is
divided into ve subsites (S1–S5) with the S4 subsite being the
only hydrophilic one. The indole-2-carboxamides accommo-
dated the S3–S5 subsites, resonating with our previously re-
ported homology model.14,40

In this study, we describe the synthesis, in vitro biological
evaluation and structure–activity relationship (SAR) of
a number of arylamides rationally designed as potential anti-
tubercular agents using the indole-2-carboxamides 3 and 4 as
lead compounds. All the nal compounds were screened in vitro
against M. tb H37Rv strain. The top four potent compounds in
our study were further evaluated for their antimycobacterial
activity againstMycobacterium abscessus (M. abs),Mycobacterium
avium (M. avium), MDR and XDR M. tb strains. In parallel, the
cytotoxicity of these four compounds was also tested in Vero
cells. Due to the analogy between the indole-2-carboxamides
identied as MmpL3 inhibitors and our designed compounds,
a docking analysis was performed on the most active
compounds using the MmpL3 crystal structure40 in complex
with ICA38 4. Their drug-likeness was also assessed to predict
their oral bioavailability.

2. Results and discussion
2.1. Compound design

The general strategy for the chemical modications of the lead
compound 3 is illustrated in Fig. 2 and aimed at enhancing the
drug-like properties, particularly the lipophilicity and solubility,
while retaining the anti-TB activity. The rst approach was to
investigate the activity of several heterocyclic and hydrocarbon
scaffolds as a replacement of the indole ring, while keeping the
important amide linkage that is capable of hydrogen bonding
with the side chain of Asp645.40 It is noteworthy that Asp645 is
a crucial component of the two Asp–Tyr pairs which are impli-
cated in the proton relay process.40 This is consistent with the
abrogation of the growth of mycobacteria in culture upon
mutation of these two pairs in MmpL3.41 Therefore, disrupting
the two Asp–Tyr pairs blocks the proton motive force for
substrate translocation. Towards this, bioisosteric replace-
ments of the indole core by other aromatic moieties42 have been
employed. Hence, several quinolines 8a–k, 11a–g and 13a,b as
well as naphthalene derivatives 13c–g were chosen (Fig. 2). In
addition, o-hydroxy- and o-aminobenzamides 15a–d were
investigated due to their potential in mimicking the NH group
of the indole-2-carboxamides. We also scrutinised the activity of
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 A diagram indicating the main subpockets of MmpL3 in which
the indole-2-carboxamide scaffold is stabilised through hydrophobic
interactions and hydrogen bonding, and the strategies adopted for the
replacement of the indole ring in lead compound 3.
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the 4-arylthiazole scaffold 18a,b in which the substituted
benzene ring is oriented in an extended way that could maxi-
mise its hydrophobic contacts with the S3 hydrophobic subsite.
Throughout the indole replacement investigations, the N-linked
hydrophobic moiety containing a lipophilic bulky adamantane
or cyclooctane ring was maintained, as they are known to be
essential for occupying the S5 hydrophobic subsite.40

The second approach was to introduce an extra one, two or
three atom spacers to the amide linker while retaining both the
4,6-dihalosubstituted indole ring and the bulky hydrophobic
adamantane ring. The reason behind this strategy was to
investigate whether these extra atom spacers will participate in
forming H-bonds with the hydrophilic residues in the S4
hydrophilic subsite, leading to an improved binding. These
Scheme 1 General synthetic procedure for compounds 8a–k.

This journal is © The Royal Society of Chemistry 2020
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extra spacer/s may also push the N-linked lipophilic moiety
deeper to the S5 hydrophobic subsite maximising the hydro-
phobic interactions with the surrounding residues.
2.2. Chemistry

The synthetic routes to obtain the target arylamides 8a–k, 11a–
g, 13a–g, 15a–d, 18a,b, 21, 23, 24 and 27 are depicted in
Schemes 1–4. The methyl 4-oxo-1,4-dihydroquinoline-2-
carboxylates 6a–h were obtained through a one-pot solvent-
free hydroamination reaction43 between commercially avail-
able anilines 5a–g and dimethyl acetylenedicarboxylate fol-
lowed by an intramolecular Friedel–Cras reaction catalysed by
polyphosphoric acid (PPA) (Scheme 1). Subsequent basic
hydrolysis afforded the carboxylic acids 7a–h, which were then
coupled with the corresponding amines in the presence of
hydroxybenzotriazole hydrate (HOBt) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC$HCl)
as coupling agents and N,N-diisopropylethylamine (DIPEA) as
a base to form nal compounds 8a–k. Anilines 5a–g were also
reacted with 2-(ethoxymethylene)malonic acid diethyl ester
(EMME) and the intermediate malonates obtained were cyclised
under relatively extreme conditions by heating at 250 �C in
diphenyl ether in a one pot reaction according to Gould–Jacobs
procedure (Scheme 2). Subsequent basic hydrolysis of the ethyl
4-oxo-1,4-dihydroquinoline-3-carboxylates 9a–g resulted in the
carboxylic acids 10a–g. These were then coupled with 1-ada-
mantyl amine in the presence of O-(benzotriazol-1-yl)-N,N,N0,N0-
tetramethyluronium hexauorophosphate (HBTU) as
a coupling agent and DIPEA as a base to give the desired
compounds 11a–g. It is noteworthy that as observed by 1H NMR
and 13C NMR, the 4-hydroxy-quinoline tautomeric form was
predominantly manifested in the quinoline-2-carboxamide
series (8a–k) with only compounds 8a,h–j appeared in the 4-
quinolone form. In the 1H NMR spectra of the quinoline-2-
carboxamides, the signals of the proton at position 3 of the 4-
quinolone tautomers appeared at an upper magnetic eld than
RSC Adv., 2020, 10, 7523–7540 | 75253
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Scheme 2 General synthetic procedure for compounds 11a–g.
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the 4-hydroxyquinoline counterparts. While in the 13C NMR
spectra, the signals of the carbon at position 4 of the 4-quino-
lones were more deshielded than those of the corresponding 4-
hydroxyquinolines. The preponderance of one of these
Scheme 3 General synthetic procedure for compounds 13a–g, 15a–d a

7526 | RSC Adv., 2020, 10, 7523–7540
10
tautomers was found to be dependent on the NMR solvent used,
in which in DMSO, the 4-hydroxy form is predominantly
observed for the 2-substituted-quinolines.44 On the contrary,
also in line with another literature report,45 only the 4-
nd 18a,b.

This journal is © The Royal Society of Chemistry 2020
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quinolone tautomer was detected in the quinolone-3-
carboxamide series 11a–g.

For the preparation of analogues 13a–g and 15a–d commer-
cially available carboxylic acids 12a–e and 14a,b, respectively,
were reacted with their corresponding amines under standard
amide coupling conditions (Scheme 3). On the other hand, the
aminothiazoles 17a,b were prepared from the commercially
available acetophenone derivatives 16a,b using iodine and
thiourea. Compounds 18a,b were in turn obtained via amide
coupling of the aminothiazoles 17a,b with 1-ada-
mantanecarboxylic acid.

The synthetic route of the novel indole derivatives is outlined
in Scheme 4. The synthesis started with 4,6-diuoroindole-2-
carboxylic acid (19) which was reacted with 1,10-carbon-
yldiimidazole (CDI) and either ammonia or hydrazine hydrate
to yield the corresponding carboxamide 20 and acetohydrazide
22, respectively. The corresponding amide 20 was reacted in
pyridine with 1-adamantanecarbonyl chloride, which was
freshly prepared by treating 1-adamantanecarboxylic acid with
oxalyl chloride, to yield the corresponding imide 21. On the
Scheme 4 General synthetic procedure for compounds 21, 23, 24 and

This journal is © The Royal Society of Chemistry 2020
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other hand, the corresponding acetohydrazide 22 underwent
two reactions. Firstly, it was reacted with 1-ada-
mantanecarboxylic acid in a standard amide coupling condition
forming compound 23. Secondly, the reaction of 22 with 1-
adamantyl isocyanate afforded the corresponding compound
24. Finally, the 4-(1-adamantyl)-2-aminothiazole 26, which was
prepared by heating 1-acetyladamantane 25 with iodine and
thiourea, was subjected to amide coupling conditions with the
carboxylic acid derivative 19 to yield compound 27, incorpo-
rating a thiazole ring next to the amide linker.

2.3. Biological evaluation and SAR analysis

Target compounds 8a–k, 11a–g, 13a–g, 15a–d, 18a,b, 21, 23, 24
and 27 were screened in vitro against M. tb H37Rv strain to
obtain the minimum inhibitory concentration (MIC) values
using the Microplate Alamar Blue Assay (MABA)46 as shown in
Tables 1 and 2. The calculated Clog P values of the designed
compounds were estimated using ChemDraw 16.0 to correlate
their lipophilicity with the activity displayed. The rst round of
SAR investigation was focused on the role of the replacement of
27.

RSC Adv., 2020, 10, 7523–7540 | 75275
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the indole core with other scaffolds. First, we probed the bio-
logical activity of 4-oxoquinoline heterocyclic scaffold as
a replacement to the indole core (Table 1). Nevertheless, in the
quinoline-2-carboxamide series 8a–k, the 4-hydroxy-quinoline
form was the main tautomer in which compounds 8b–g,k
showed a drastic drop in the activity (MIC $ 81.78 mM)
compared to the lead compound 3 (MIC ¼ 0.011 mM). It is
noteworthy that the 8-hydroxy-quinoline derivative 8k was
equally potent to the 8-chloro counterpart 8c although its Clog P
is less than half that of 8c. A similar trend in activity was
observed in the 4-quinolone tautomers 8a,h exhibiting
a dramatic attenuation of activity (MIC > 89.67 and 40.89 mM,
Table 1 In vitro anti-TB activity of compounds 8a–k, 11a–g, 13a–g, 15a

Analogue R R1 X

8a 6-Cl 1-Adamantane —
8b 8-Cl 1-Adamantane —
8c 8-Cl Cyclooctane —
8d 7,8-Dichloro 1-Adamantane —
8e 7,8-Dichloro Cyclooctane —
8f 6,8-Dichloro Cyclooctane —
8g 5,8-Dichloro 1-Adamantane —
8h 5,7-Dichloro 1-Adamantane —
8i 5-Br 1-Adamantane —
8j 7-Br 1-Adamantane —
8k 8-OH 1-Adamantane —
11a 6-Cl 1-Adamantane —
11b 8-Cl 1-Adamantane —
11c 7,8-Dichloro 1-Adamantane —
11d 6,8-Dichloro 1-Adamantane —
11e 5,8-Dichloro 1-Adamantane —
11f 5,7-Dichloro 1-Adamantane —
11g 7-Br 1-Adamantane —
13a H Cyclooctane N
13b H 1-Adamantane N
13c H Cyclooctane C
13d H 1-Adamantane C
13e 5-Br 1-Adamantane C
13f 6-Br 1-Adamantane C
13g 6-OCH3 1-Adamantane C
13h H Cycloheptane N
15a NH2 1-Adamantane —
15b NH2 Cyclooctane —
15c OH 1-Adamantane —
15d OH Cyclooctane —
18a 4-Cl — —
18b 2,4-Dichloro — —
Isoniazid — — —
Ethambutol — — —

a The lowest concentration of drug reducing at least 90% of bacterial growt
are an average of three individual measurements. b Calculated using Che

7528 | RSC Adv., 2020, 10, 7523–7540
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respectively). However, the bromo-substituted 4-quinolone
tautomers 8i (MIC¼ 9.97 mM) and 8j (MIC¼ 19.93 mM) were the
most active compounds in this series, with two-fold and four-
fold less activity than the rst line anti-TB drug ethambutol
(MIC ¼ 4.89 mM), respectively. These data suggest that the 4-
quinolone tautomer is likely preferred over the 4-hydroxy-
quinoline form for antimycobacterial activity. In addition, the
most favourable sites of substitution on the quinolone ring are
positions 5 and 7 which resembles the data previously obtained
from the indole-2-carboxamides.14,25 In line with our pursuit of
determining the activity of the quinolone scaffold, we scruti-
nised on shiing the carboxamide moiety to position 3 on the
–d, 18a,b

MICa (mg mL�1) MIC (mM) Clog Pb

>32 >89.67 2.94
$32 $89.67 2.94
>32 >96.14 3.43
$32 $81.78 3.55
$32 $87.13 4.04
$32 $87.13 4.16
$32 $81.78 3.67
16 40.89 3.67
4 9.97 3.09
8 19.93 3.09
>32 >94.56 1.60
$32 $89.67 3.20
>32 >89.67 3.20
>32 >81.78 3.81
$32 $81.78 3.93
$32 $81.78 3.93
>32 >81.78 3.93
$32 $79.74 3.09
16 56.66 4.99
16 52.22 4.50

H 2 7.11 5.18
H 2 6.55 4.69
H $32 $83.26 5.70
H $32 $83.26 5.70
H $32 $95.40 4.82

— 111 (ref. 47) 4.62
>32 >94.32 4.85
>32 >101 5.34
32 94.05 5.46
32 101 5.95
32 85.81 5.87
4 9.82 6.34
0.04 0.29 �0.66
1 4.89 0.11

h by the Microplate Alamar Blue Assay (MABA). The reported MIC values
mDraw 16.0.

This journal is © The Royal Society of Chemistry 2020
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quinolone ring as shown in compounds 11a–g (Table 1). Despite
the sole formation of the 4-quinolone tautomer in this series, all
the tested compounds 11a–g did not show any improved anti-TB
activity (MIC $ 79.74 mM). The attenuation in the activity of
compounds 11f,g (MIC $ 81.78, $ 79.74 mM, respectively)
compared to its 2-carboxamide analogues 8h,j (MIC ¼ 40.89,
19.93 mM, respectively) is also consistent with our previous
ndings on the indole ring in which positioning the carbox-
amide group at position 2 was superior to position 3.14,25 It is
noteworthy that all the substituted quinoline derivatives 8a–k
and 11a–g have lower lipophilicity than the lead indoleamides
(compound 3 and 4) which typically possess Clog P values of
greater than 5. However, the wide gap in the activity between the
quinolones and the previously reported indoles suggests that
expanding the indole ring with an extra carbonyl group in case
of the 4-quinolone ring is not favourable for their anti-TB
activities.

Aiming to improve the water solubility by introducing an
ionisable nitrogen atom and to extend our investigation on the
effect of replacing the indole ring with a quinoline nucleus, we
synthesised two quinoline-2-carboxamide derivatives 13a,b. The
N-cyclooctylquinoline-2-carboxamide 13a was equipotent to the
adamantane counterpart (MIC ¼ 56.66 and 52.22 mM, respec-
tively). Gonec et al. have previously investigated the anti-TB
activity of similar quinoline derivatives.47 Their cycloheptyl
derivative 13h, which showed the highest activity in their series
of compounds, is two-fold less potent than our cyclooctyl
counterpart 13a (MIC ¼ 111 and 56.66 mM, respectively). The
authors hypothesised that increasing the bulkiness of the
substituent on the amide nitrogen is directly related to the
increase of the anti-TB activity, consistent with our previous
Table 2 In vitro anti-TB activity of the linker analogues, compounds 2 a

Analogue MICa (mg mL�1)

21 8
23 >32
24 32
27 >32
2 0.004
3 0.004
Isoniazid 0.04
Ethambutol 1

a The lowest concentration of drug reducing at least 90% of bacterial grow
are an average of three individual measurements. b Calculated using Che

This journal is © The Royal Society of Chemistry 2020
10
ndings on the indole ring.25,47 Surprisingly, however, they
encountered a solubility issue when increasing the bulkiness of
the amide N-cycloaliphatic ring in which they reported the
cyclooctyl derivative to be devoid of anti-TB activity. The authors
linked its lack of activity to its precipitation in the test media.47

They also reported several unsubstituted-naphthalene-2-
carboxamides in which the derivatives bearing a cycloheptyl
or cyclooctyl ring were bere of anti-TB activity. Contrary to
their report, re-evaluation of the N-cyclooctyl-2-naphthamide
13c led us to the identication of the most active compounds
in the current series, together with its adamantyl derivative 13d,
with MIC values of 7.11 and 6.55 mM, respectively (Table 1),
which are very similar to the activity of ethambutol. The higher
anti-TB activity of the naphthalene-2-carboxamide derivatives
13c,d compared to the quinoline-2-carboxamide counterparts
13a,b contradicts the previous ndings reported by Gonec et al.
The activity of several substituted naphthamides was further
investigated in which the increase in lipophilicity in the various
tested naphthamides was not accompanied by a rise of activity
(13a,b vs. 13e–g).

Further attempts to replace the indole core included the
evaluation of the 2-substituted-3,5-dichlorobenzene ring in
which we preserved the dichloro substitution besides intro-
ducing either a hydroxyl group or an amino group oriented in
a way similar to the NH group of the indole-2-carboxamide 3.
Unfortunately, these modications resulted in a drastic
decrease in activity in compounds 15a–d, with MIC value of
$94.05 mM, despite their high lipophilicity (Clog P¼ 4.85–5.95).
These data further highlight the necessity of the 4,6-
disubstituted-indole ring in its entirety to elicit a strong anti-TB
activity. Moreover, we probed the activity of two 4-arylthiazole
nd 3, isoniazid and ethambutol

MIC (mM) Clog Pb

22.32 4.34
>85.70 3.98
82.38 3.13
>77.39 7.13
0.013 5.59
0.011 5.67
0.29 �0.66
4.89 0.11

th by the microplate alamarBlue assay (MABA). The reported MIC values
mDraw 16.0.
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Table 3 Activity [MIC (mM)] of the top four active compounds on selected clinical isolates of M. tb and toxicity on Vero cells [IC50 (mM)]

M. abs
(mM)

M. avium
(mM)

M. tb MIC (mM) IC50 (mM)

V4207/DS V2475/MDRa KZN494/MDRa R506/XDRb TF274/XDRb Vero cells SIc

8i >159 >159 9.97 9.97 9.97 4.98 4.98 39.87 4
13c >227 >227 7.11 7.11 7.11 3.55 3.55 $227 $32
13d >209 >209 6.55–13.10 6.55 6.55–13.10 3.27 3.27 $419 $64
18b >157 >157 9.82 19.64 9.82 4.91–9.82 4.91 9.82 1

a Resistant to isoniazid and rifampin. b Resistant to isoniazid, rifampin, levooxacin, ooxacin, and kanamycin. c Selectivity index (SI)¼ IC50(Vero)/
MIC.
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derivatives 18a,b in which the aryl group is oriented in an
extended way that might maximise its hydrophobic interactions
with the S3 hydrophobic subsite. The 4-(2,4-dichlorophenyl)
thiazole 18b derivative was two-fold less active than etham-
butol, while the 4-chloro counterpart 18a showed a dramatic
loss of activity (MIC ¼ 9.82, 85.81 mM, respectively). Of note is
the fact that compound 18b is more lipophilic than 18a.

The second round of SAR investigation was focused on
keeping the dihalosubstituted-indole nucleus intact as it was
proven to be superior in terms of anti-TB activity. We examined
the effect of varying the chain length connecting the indole core
and the adamantane ring as shown in compounds 21, 23, 24
and 27. The biological activities of these analogues were found
to be independent of their lipophilicity (Table 2). The imide
derivative 21 showed the highest activity (MIC ¼ 22.32 mM) in
this series compared to the 4 and 5 atom linker derivatives 23
and 24 which exhibited MIC values of >85.70 and 82.38,
respectively. Additionally, introducing a thiazole ring next to the
amide linker in compound 27 resulted in an inferior activity
(MIC > 77.39 mM) compared to the imide derivative 21, although
its Clog P is higher than that of 21.

Overall, although lipophilicity (high Clog P) of some of the
designed compounds was correlated with high anti-TB activity,
other lipophilic analogues did not display such a positive trend.
Accordingly, it seems that lipophilicity is not the sole parameter
inuencing the anti-TB activity in our series of compounds. The
four most active derivatives 8i, 13c, 13d and 18b (MIC # 4 mg
mL�1) were chosen for further anti-mycobacterial studies,
cytotoxicity evaluation and docking analysis.
Table 4 Docking score and H-bond interactions of lead compound 3, I
binding pocket

Compounds Docking score (kcal mol�1) No. of H-bon

8i �14.05 2

13c �11.97 1
13d �12.01 1
18b �13.99 1
3 �13.16 2

ICA38 �22.71 1

7530 | RSC Adv., 2020, 10, 7523–7540
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2.4. In vitro activity of the most active compounds against
M. abs, M. avium and clinical isolates of M. tb as well as their
cytotoxicity evaluation

The most active compounds in our study, namely 8i, 13c, 13d
and 18b were further evaluated for their in vitro activity against
M. abs, M. avium and a panel of clinical isolates of M. tb (Table
3). All four compounds were inactive against M. abs and M.
avium strains (MIC > 157 mM), suggesting their selective activity
against M. tb. On the other hand, within the tested panel of M.
tb strains, originally obtained from pulmonary TB patients, one
was drug sensitive (DS) (V4207), two were MDR M. tb (V2475,
KZN494), and two were XDRM. tb (R506, TF274). To our delight,
all four compounds maintained their high activity against the
susceptible M. tb strain H37Rv in all the tested drug resistant
strains. Of note is the fact that all four compounds showed
a two-fold increase in activity against the XDR M. tb strains
(R506, TF274) (Table 3). These high activities against the MDR
and XDR TB highlight the potential use of these compounds to
treat drug-resistant M. tb and the likelihood that they will not
exhibit cross resistance with currently used medications. In
addition, Vero cells were used to assess the cytotoxicity of the
most active compounds against mammalian cells, and a selec-
tivity index (SI) was subsequently calculated (Table 3).
Compounds 13c and 13d exhibited higher IC50 values (IC50 $

227 mM, respectively) against Vero cells than compounds 8i and
18b (IC50 ¼ 9.82–39.87 mM, respectively), resulting in high SI
index values (Table 3). The aforementioned results accordingly
indicate the potent antitubercular activity of compounds 13c
CA38 and synthesized compounds 8i, 13c, 13d and 18b in the MmpL3

ds Distance Amino acids Ligand atom

2.48 Asp645 NH of amide
2.68 Asp645 NH of quinolone
2.49 Asp645 NH of amide
2.39 Asp645 NH of amide
2.39 Asp645 NH of amide
2.39 Asp645 NH of amide
2.75 Asp645 NH of indole
2.54 Asp645 NH of amide

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Lead compound 3 and compound 8i adopt a similar binding mode, overlaid onto the active site of MmpL3 together with ICA38. (A)
Superposition of lead compound 3 (dark cyan), and ICA38 (light brown) in the MmpL3 binding pocket. (B) Superposition of 8i (dark cyan) onto
ICA38 (light brown) in the MmpL3 binding pocket.
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and 13d towards M. tb DS, MDR and XDR strains and their
potential lack of toxicity toward mammalian cells.
2.5. Molecular docking of the most active compounds into
MmpL3

In order to gain insight into whether the top-ranked active
compounds (MIC # 4 mg mL�1) have the potential to t in the
MmpL3 binding site and compare their binding mode to the
indoleamides binding prole, a molecular modeling study was
performed using the crystal structure of MmpL3 in complex
with ICA38 4 (6AJJ).40 Docking of compounds 8i, 13c, 13d and
18b as well as lead compound 3 and ICA38 4 as reference
ligands into the crystal structure of MmpL3 was carried out
using MOE 2008.10 modeling soware (Molecular Operating
Environment).48 The evaluation of each docking simulation was
based on the London dG scores of the generated poses aer
molecular mechanics renement indicating the interaction
energy between the ligand and the MmpL3 binding site. The
Fig. 4 Superposition of 13c (A), 13d (B) (dark cyan), and ICA38 (light brow
binding positions.

This journal is © The Royal Society of Chemistry 2020
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docking scores for the top ranked poses of the aforementioned
compounds are presented in Table 4. In order to validate the
docking protocol, the co-crystallised ICA38 ligand 4 was
redocked into MmpL3 active site and the docking pose was
compared with the initial pose using root mean square devia-
tion (RMSD). ICA38 docked almost at the same position (RMSD
¼ 0.477 Å) with docking score of ¼ �22.71 kcal mol�1 (Table 4).
The 4,6-dichloroindole nucleus is positioned in the S3 hydro-
phobic subsite, forming hydrophobic interactions with the
surrounding residues. The amide linker is inserted in the S4
hydrophilic subsite in which the amide nitrogen hydrogen
bonds to the side chain of Asp645 (distance ¼ 2.54 Å). The S5
hydrophobic subsite accommodates the spirocarbocyclic group,
forming hydrophobic contacts with the surrounding residues.
In addition, lead compound 3 adopted a similar binding mode
to ICA38 in the MmpL3 active site (Fig. 3A). An additional H-
bond between the indole NH of lead compound 3 and Asp645
is formed (distance ¼ 2.75 Å), Fig. 3A. Consequently, both
n) in the MmpL3 binding pocket, showing the inhibitors all have similar

RSC Adv., 2020, 10, 7523–7540 | 75319
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Fig. 5 18b binding mode and overlay of 8i, 13d and 18b in the MmpL3 binding pocket. (A) Superimposition of 18b (dark cyan), and ICA38 (light
brown) in the MmpL3 active site, oriented in a similar way and having a similar binding mode as ICA38. (B) Superimposition of new classes of
inhibitors in the MmpL3 active site with similar binding positions as ICA38. ICA38 (light brown), 8i (dark red), 13d (dark grey), and 18b (magenta).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
0 

8:
28

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compound 3 and ICA38 inhibit the MmpL3 by occupying the
proton translocation channel and blocking the proton motive
force for substrate translocation by disrupting the two Asp–Tyr
pairs for proton relay.40 Docking of the 4-quinolone derivative 8i
pictured the MmpL3 active site overlaid with both 8i and ICA38
(Fig. 3B). In addition to the H-bond formed between the amide
NH and Asp645, the quinolone NH in compound 8i H-bonds to
Asp645 (distance ¼ 2.48, 2.68 Å, respectively), in a similar
manner to lead compound 3.

Interestingly, the orientation of the most active compounds
in our study 13c and 13d inside the active site resembled the
ICA38 one. They also exhibited a docking score of �11.97 and
�12.01 kcal mol�1, respectively. The naphthalene moiety
occupies the S3 hydrophobic subsite, overlapping with the
indole moiety of ICA38. Meanwhile, the amide NH H-bonds
with Asp645 in the S4 hydrophilic subsite (distance ¼ 2.49
and 2.39 Å, respectively), Fig. 4. Hence, similar to ICA38, these
compounds likely disrupt the two Asp–Tyr pairs that play pivotal
roles in proton transportation.

Surprisingly, the thiazole derivative 18b recognised and
showed high binding affinity to the same binding pocket of
ICA38 (docking score ¼ �13.99 kcal mol�1). In addition, it is
oriented in an extended conformation in the active site,
adopting a nearly superimposed orientation with ICA38
Table 5 Bioavailability of ICA38 and synthesized compounds 8i, 13c, 13d
molecular weight, HBD: H-bond donors, HBA: H-bond acceptors, log P:
TPSA: topological polar surface area, PPB: plasma protein binding

Analogues MW HBD HBA
Clog P
(Chemdraw) log P

8i 401.3 2 4 3.09 4.66
13c 281.4 1 2 5.18 5.13
13d 305.4 1 2 4.69 4.91
18b 407.4 1 3 6.34 5.99
3 363.3 2 3 5.67 5.49
ICA38 346.4 2 3 5.89 5.17

7532 | RSC Adv., 2020, 10, 7523–7540
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(Fig. 5A). The 2,4-dichlorophenyl moiety of 18b is embedded in
the S3 hydrophobic subsite occupied by the indole ring of ICA38
and the amide NH H-bonds to Asp645 (distance ¼ 2.39 Å).
Again, this might explain its in vitro anti-TB activity due to
occupying the proton translocation channel similar to ICA38. It
is also noteworthy that the eight-fold improvement of the
activity of the dichlorophenyl derivative 18b compared with the
monochlorophenyl counterpart 18a might be attributed to the
increase in the electron-withdrawing substituents. Accordingly,
the phenyl p-electron density in the former one is less than the
latter and the electronic repulsion is reduced, possibly favoring
the hydrophobic interactions with the surrounding residues.

Overall, the tested novel classes of compounds show
a similar binding mode and orientation as lead compound 3
and ICA38 in the same binding pocket (Fig. 5B). In addition, the
N-linked hydrophobic moiety in these four compounds, is
lodged in the S5 hydrophobic subsite overlapping with the
spirocarbocyclic group of ICA38 (Fig. 3–5).

2.6. ADME proling

The bioavailability of the most active compounds 8i, 13c, 13d
and 18b as well as lead compound 3 and ICA38 4 was predicted
using ACD/Labs Percepta 2016 Build 2911 (13 Jul 2016) (Table
5). We particularly evaluated the drug-likeness of the
and 18b using ACD/Labs Percepta 2016 Build 2911 (13 Jul 2016). MW:
octanol–water partition coefficient, NRB: number of rotatable bonds,

NRB TPSA
Solubility
(mg mL�1)

Caco-2
(�10�6 cm s�1) PPB (%)

2 58.20 0.007 186 98
2 29.10 0.002 190 95
2 29.10 0.007 207 97
3 70.23 0.008 77 99
2 44.89 0.001 91 96
2 44.89 0.0007 132 96

This journal is © The Royal Society of Chemistry 2020
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compounds via assessing their compliance to Lipinski's “rule of
ve”.49,50 It is important to note, however, that although both
lead compounds 3 and ICA38 4 fullled all these rules, these
compounds were reported to have poor in vivo bioavailability
and therefore were not pursued for further studies.14,51

The four compounds that showed the highest in vitro anti-TB
activity in our study 8i, 13c, 13d and 18b are lipophilic, exhib-
iting high Clog P values (Clog P ¼ 4.66–5.99 in ACD Percepta).
In addition, their Caco-2 permeability values ranged from 77–
207 cm s�1, so they all are expected to permeate the cell
membrane. Hence, the in vitro anti-TB activity of these
compounds might be related to their high lipophilicity, and
therefore their ability to cross the notoriously known hydro-
phobic outer membrane. In addition, all the compounds are
predicted to have higher solubility than the lead compounds 3
and ICA38 (Table 5). Further studies are needed to ensure the in
vivo bioavailability and anti-TB activity of these compounds.
3. Conclusion

In the present work we rationally designed and evaluated the
anti-TB activity of a set of arylcarboxamide derivatives 8a–k,
11a–g, 13a–g, 15a–d and 18a,b. Firstly, we replaced the indole
ring in lead compound 3 with quinoline, naphthalene, 3,5-
dichlorophenyl and 4-arylthiazole. The SAR of these analogues
led us to infer that: (a) the 4,6-disubstituted-indole ring is the
most benecial moiety for potent anti-TB activity in which
replacing it with 4-quinolone ring 8a–k and 11a–g, or o-hydroxy-
and o-aminobenzamides 15a–d led to a remarkable decrease of
activity; (b) the 4-quinolone tautomers exhibited higher anti-TB
activities compared to their 4-hydroxy-quinoline counterparts,
with compound 8i showing the highest activity in this series; (c)
the carboxamide substitution at position 2 of the 4-quinolone
ring is superior to position 3; (d) replacing the indole nucleus in
lead compound 3 with naphthalene 13c,d or 4-arylthiazole 18b
scaffolds was tolerated. Four compounds 8i, 13c, 13d and 18b
exhibited decent in vitro anti-TB activities against DS M. tb
strains, comparable to the activity of ethambutol. The anti-
mycobacterial activity of these four compounds remained the
same or two-fold increased when tested against MDR and XDR
M. tb strains, respectively. However, none of these four
compounds was active against M. abs or M. avium strains,
corroborating their distinct activity against M. tb. In addition,
compounds 13c and 13d showed higher IC50 values against Vero
cells than 8i and 18b and thus exhibiting high selectivity indices
(SI), suggesting their potential lack of cytotoxicity. Taking into
account that MmpL3 is the most relevant potential enzymatic
target of our compounds, molecular docking simulations were
conducted. Compounds 8i, 13c, 13d and 18b accommodated
the MmpL3 active site that was previously reported to harbour
the indoleamides, displaying a binding mode similar to ICA38
and lead compound 3. In addition, we investigated the effect of
extending the length of the linker connecting the 4,6-
dihalosubstituted-indole and the adamantane ring. The three-
atom linker derivative 21 was the most tolerated extension in
this set of compounds (21, 23, 24 and 27).
This journal is © The Royal Society of Chemistry 2020
11
Overall, the superimposed orientation of the quinolone-2-
carboxamides, naphthamides, and 4-arylthiazole-2-
carboxamides with ICA38 4 in the same MmpL3 binding
pocket supported their good in vitro potency against testedM. tb
strains. These ndings establish the quinolone, naphthalene,
and 4-arylthiazole derivatives as promising novel classes of anti-
TB compounds that potentially target MmpL3 and can be
further evaluated in vivo.

4. Experimental section
4.1. Chemistry

4.1.1. General information. The following carboxylic acids,
xanthurenic acid (7i), quinoline-2-carboxylic acid (12a), and 2-
naphthoic acid (12b) were purchased from Sigma-Aldrich, while
5-bromo-2-naphthoic acid (12c), 6-bromo-2-naphthoic acid
(12d), 6-methoxy-2-naphthoic acid (12e), 2-amino-3,5-
dichlorobenzoic acid (14a), 3,5-dichloro-2-hydroxybenzoic acid
(14b), 4,6-diuoroindole-2-carboxylic acid (19), and 1-acetyla-
damantane (25) were purchased from FluoroChem. 1H NMR
and 13C NMR spectra were recorded on a Bruker Avance III
spectrometer at 400 and 100 MHz, respectively, with TMS as an
internal standard. Standard abbreviations indicating multi-
plicity were as follows: s ¼ singlet, d ¼ doublet, dd ¼ doublet of
doublets, t ¼ triplet, q ¼ quadruplet, m ¼ multiplet and br ¼
broad. HRMS experiments were performed on a Thermo
Scientic Q-Exactive Orbitrap mass spectrometer. TLC was
performed with Analtech silica gel F TLC plates (200microns, 20
� 20 cm). Flash chromatography was performed using a Tele-
dyne Isco CombiFlash Rf system with RediSep columns or
manually using SiliCycle UltraPure Silica Gels [40–63 mm (230–
400 mesh)]. Final compounds were puried by preparative
HPLC unless otherwise stated. The preparative HPLC employed
an Omega 5 mm Polar C18 (21.2 mm � 150 mm) column, with
detection at 254 and 280 nm on a Shimadzu SPD-20A detector,
ow rate ¼ 25.0 mL min�1. Method 1: 40–100% acetonitrile/
H2O in 10 min; 100% acetonitrile in 10 min; 100–40% aceto-
nitrile/H2O in 10 min. Method 2: 50–100% acetonitrile/H2O in
10 min; 100% acetonitrile in 10 min; 100–50% acetonitrile/H2O
in 10 min. Method 3: 60–100% acetonitrile/H2O in 10 min;
100% acetonitrile in 10 min; 100–60% acetonitrile/H2O in
10 min. Both solvents contained 0.05 vol% of triuoroacetic
acid (TFA). Purities of nal compounds were established by
analytical HPLC, which was carried out using the Waters 1525
HPLC system with a Phenomenex 5m C18 (2) (150� 4.6 mm), on
a Waters 2487 dual wavelength detector. Analytical HPLC
method: ow rate ¼ 1 mL min; gradient elution over 30 min,
from 100% H2O to 100% acetonitrile with 0.05% TFA. The
purity of all tested compounds was >95% as determined by the
method described above.

4.1.2. General procedure for the synthesis of 6a–h. A
mixture of the appropriate aromatic amine 5a–g (1 mmol) and
diethylacetylenedicarboxylate (1.5 mmol) was stirred at room
temperature until completion of the reaction as monitored by
TLC (usually 24–48 h). PPA (2 mL) was then added to the reac-
tion mixture and heated at 90 �C for 12 h. The reaction mixture
was cooled, and 10mL of water was added to it with stirring and
RSC Adv., 2020, 10, 7523–7540 | 75331
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the resulting precipitate was collected by ltration, washed with
water (3 � 20 mL) and dried. The crude product was puried by
ash column chromatography on SiO2 with CH2Cl2/MeOH
gradient as the eluent to obtain the quinoline-2-carboxylic acid
methyl ester derivatives 6a–h in yields ranging from 30% to
92%. 1H NMR data of compounds 6a–cmatched those reported
previously in the literature.52,53 A mixture of the 5-bromo and 7-
bromo isomers 6g,h were obtained in 1 : 1 ratio from 3-bro-
moaniline as a starting material and they were separated via
recrystallization from dichloromethane (DCM).

Methyl 6-chloro-4-oxo-1,4-dihydroquinoline-2-carboxylate
(6a).52 Buff solid, yield: 76%. 1H NMR (DMSO-d6) d 3.97 (s,
3H), 6.65 (s, 1H), 7.76 (dd, J ¼ 9.0, 2.4 Hz, 1H), 7.97–8.00 (m,
2H), 12.26 (s, 1H).

Methyl 8-chloro-4-hydroxyquinoline-2-carboxylate (6b).53 Buff
solid, yield: 70%. 1H NMR (DMSO-d6) d 3.95 (s, 3H), 7.19–7.78
(m, 2H), 7.98 (dd, J ¼ 7.5, 1.3 Hz, 1H), 8.14 (d, J ¼ 8.1 Hz, 1H),
12.25 (br s, 1H).

Methyl 7,8-dichloro-4-hydroxyquinoline-2-carboxylate (6c).53

Buff solid, yield: 50%. 1H NMR (DMSO-d6) d 3.94 (s, 3H), 7.48 (s,
1H), 7.70 (d, J ¼ 8.3 Hz, 1H), 8.07 (d, J ¼ 8.9 Hz, 1H), 12.35 (br s,
1H).

Methyl 6,8-dichloro-4-hydroxyquinoline-2-carboxylate (6d). Buff
solid, yield: 73%. 1H NMR (DMSO-d6) d 3.94 (s, 3H), 7.47 (br s,
1H), 8.12 (s, 2H), 12.36 (br s, 1H); 13C NMR (DMSO-d6) d 53.4,
106.5, 121.2, 124.1, 131.1, 131.5, 134.9, 143.5, 149.9, 162.9,
165.3.

Methyl 5,8-dichloro-4-hydroxy quinoline-2-carboxylate (6e).
Buff solid, yield: 85%. 1H NMR (DMSO-d6) d 3.95 (s, 3H), 7.54
(br s, 2H), 7.86 (d, J ¼ 8.2 Hz, 1H), 12.32 (br s, 1H); 13C NMR
(DMSO-d6) d 53.4, 107.7, 120.7, 128.3, 129.6, 130.6, 133.1, 146.7,
149.5, 164.2, 165.4.

Methyl 5,7-dichloro-4-oxo-1,4-dihydroquinoline-2-carboxylate
(6f). Buff solid, yield: 92%. 1H NMR (DMSO-d6) d 3.95 (s, 3H),
6.54 (s, 1H), 7.37 (s, 1H), 7.93 (d, J ¼ 1.2 Hz, 1H), 12.00 (s, 1H);
13C NMR (DMSO-d6) d 54.1, 113.4, 118.4, 121.0, 126.2, 134.0,
136.5, 137.2, 143.4, 162.6, 176.7.

Methyl 5-bromo-4-oxo-1,4-dihydroquinoline-2-carboxylate (6g).
The title compound was obtained by following the general
procedure using 3-bromoaniline as a starting material. The
crude product was puried by ash column chromatography
with CH2Cl2/MeOH gradient as the eluent to obtain a mixture of
compounds 6g and 6h, followed by crystallisation from DCM to
give 6g as an off white solid; yield: 30%. 1H NMR (DMSO-d6)
d 3.96 (s, 3H), 6.59 (s, 1H), 7.41–7.61 (m, 2H), 7.95 (dd, J ¼ 8.2,
1.3 Hz, 1H), 12.02 (s, 1H); 13C NMR (DMSO-d6) d 54.0, 112.4,
119.7, 120.1, 122.9, 130.8, 133.0, 137.2, 143.1, 162.6, 177.1.

Methyl 7-bromo-4-oxo-1,4-dihydroquinoline-2-carboxylate (6h).
As previously mentioned, aer obtaining amixture of 6g and 6h,
they were separated via crystallisation from DCM, affording 6h
as a light brown solid; yield: 30%. It was difficult to characterise
its chemical structure by 13C NMR due its very poor solubility
even in DMSO-d6.

1H NMR (DMSO-d6) d 3.97 (s, 3H), 6.64 (s, 1H),
7.52 (dd, J¼ 8.6, 1.6 Hz, 1H), 7.99 (d, J¼ 8.6 Hz, 1H), 8.17 (d, J¼
1.4 Hz, 1H), 12.10 (s, 1H).

4.1.3. General procedure for the synthesis of 7a–h. The
appropriate ester 6a–h (1 mmol) was reuxed for 4 h in
7534 | RSC Adv., 2020, 10, 7523–7540
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a mixture of 10% sodium hydroxide (5 mL) and methanol (5
mL). Aer cooling, the mixture was acidied by adding 2 M HCl
and the solid obtained was collected by ltration, excessively
washed with water and dried to obtain the quinoline-2-
carboxylic acid derivatives in yields ranging from 90% to 99%.
The crude product was used for next reaction without further
purication.

4.1.4. General procedure for the synthesis of 8a–k. To
a solution of the appropriate carboxylic acid 7a–i (1 mmol) in
anhydrous dichloromethane (DCM) or dimethylformamide
(DMF, 10 mL), hydroxybenzotriazole hydrate (HOBt, 1.2 mmol)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC$HCl, 1.2 mmol) were added at room temperature
(rt) under an argon atmosphere. Aer stirring for 10 min, the
corresponding amine (1.2 mmol) and N,N-diisopropylethyl-
amine (DIPEA, 1.5 equiv.) were added, and the reaction mixture
was stirred at room temperature until disappearance of the
starting material (usually 60–72 h). Aer this time water (10 mL)
was added, and the mixture was extracted with EtOAc (3 � 25
mL). The organic layers were separated, washed with water (5 �
25 mL), brine (1 � 25 mL), dried over anhydrous Na2SO4,
ltered, and concentrated under reduced pressure. The crude
product was puried by ash chromatography using CH2Cl2/
MeOH gradient to obtain the quinoline-2-carboxamides 8a–k in
yields ranging from 25% to 76%, which were further puried by
preparative HPLC.

N-(1-Adamantanyl)-6-chloro-4-oxo-1,4-dihydroquinoline-2-
carboxamide (8a). White solid, yield: 56%. 1H NMR (DMSO-d6)
d 1.66 (s, 6H), 2.08 (s, 9H), 6.91 (s, 1H), 7.72 (dd, J ¼ 8.9, 2.4 Hz,
1H), 7.95 (d, J¼ 9.0 Hz, 1H), 8.01 (d, J¼ 2.1 Hz, 1H), 8.18 (s, 1H);
13C NMR (DMSO-d6) d 29.3, 36.4, 41.0, 52.7, 107.0, 123.5, 126.0,
129.3, 132.6, 140.1, 145.1, 158.4, 161.7, 174.7; HRMS (ESI) m/z
calcd for C20H21ClN2O2 ([M + H]+) m/z 357.1364; found
357.1356.

N-(1-Adamantanyl)-8-chloro-4-hydroxyquinoline-2-carboxamide
(8b). White solid, yield: 70%. 1H NMR (DMSO-d6) d 1.69 (s, 6H),
2.10 (s, 9H), 7.54 (s, 2H), 7.97 (d, J ¼ 7.5 Hz, 1H), 8.14 (d, J ¼
8.3 Hz, 1H), 8.20 (s, 1H), 12.20 (s, 1H); 13C NMR (DMSO-d6)
d 29.3, 36.3, 41.3, 51.2, 102.3, 122.1, 123.3, 126.8, 131.1, 132.5,
143.8, 152.2, 162.5, 163.8; HRMS (ESI) m/z calcd for
C20H21ClN2O2 ([M + H]+) m/z 357.1364; found 357.1357.

8-Chloro-N-cyclooctyl-4-hydroxyquinoline-2-carboxamide (8c).
White solid, yield: 66%. 1H NMR (DMSO-d6) d 1.44–1.91 (m,
14H), 3.93–4.14 (m, 1H), 7.52 (br s, 2H), 7.95 (d, J ¼ 7.3 Hz, 1H),
8.12 (d, J¼ 7.2 Hz, 1H), 8.38 (br s, 1H), 12.21 (br s, 1H); 13C NMR
(DMSO-d6) d 23.7, 25.5, 27.2, 32.0, 49.5, 102.8, 122.1, 123.4,
126.8, 131.2, 132.7, 144.1, 152.0, 162.7, 163.7; HRMS (ESI) m/z
calcd for C18H21ClN2O2 ([M + H]+) m/z 333.1364; found
333.1364.

N-(1-Adamantanyl)-7,8-dichloro-4-hydroxyquinoline-2-
carboxamide (8d). White solid, yield: 74%. 1H NMR (DMSO-d6)
d 1.68 (s, 6H), 2.09 (s, 9H), 7.56 (br s, 1H), 7.70 (d, J ¼ 8.9 Hz,
1H), 8.10 (d, J¼ 9.0 Hz, 1H), 8.15 (s, 1H), 12.40 (s, 1H); 13C NMR
(DMSO-d6) d 29.3, 36.3, 41.3, 51.3, 102.7, 121.7, 122.8, 127.6,
130.4, 134.5, 144.8, 153.2, 162.2, 164.1; HRMS (ESI)m/z calcd for
C20H20Cl2N2O2 ([M + H]+) m/z 391.0975; found 391.0964.
This journal is © The Royal Society of Chemistry 2020
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7,8-Dichloro-N-cyclooctyl-4-hydroxyquinoline-2-carboxamide
(8e).White solid, yield: 76%. 1H NMR (DMSO-d6) d 1.39–1.92 (m,
14H), 3.90–4.15 (m, 1H), 7.55 (br s, 1H), 7.70 (d, J ¼ 7.8 Hz, 1H),
8.10 (d, J¼ 8.8 Hz, 1H), 8.36 (br s, 1H), 12.25 (br s, 1H); 13C NMR
(DMSO-d6) d 23.8, 25.5, 27.2, 32.1, 49.6, 103.2, 121.7, 122.9,
127.6, 130.4, 134.6, 145.0, 153.0, 162.5, 163.9; HRMS (ESI) m/z
calcd for C18H20Cl2N2O2 ([M + H]+) m/z 367.0975; found
367.0967.

6,8-Dichloro-N-cyclooctyl-4-hydroxyquinoline-2-carboxamide
(8f).White solid, yield: 50%. 1H NMR (DMSO-d6) d 1.36–1.91 (m,
14H), 3.94–4.12 (m, 1H), 7.55 (br s, 1H), 8.08 (s, 2H), 8.36 (br s,
1H), 12.44 (br s, 1H); 13C NMR (DMSO-d6) d 23.7, 25.5, 27.2, 32.0,
49.5, 103.6, 121.1, 123.6, 130.5, 131.2, 134.3, 142.7, 152.3, 162.4,
163.0; HRMS (ESI) m/z calcd for C18H20Cl2N2O2 ([M + H]+) m/z
367.0975; found 367.0966.

N-(1-Adamantanyl)-5,8-dichloro-4-hydroxyquinoline-2-
carboxamide (8g). White solid, yield: 38%. 1H NMR (DMSO-d6)
d 1.69 (s, 6H), 2.09 (s, 9H), 7.47–7.74 (m, 2H), 7.91 (d, J¼ 7.8 Hz,
1H), 8.13 (s, 1H), 12.40 (s, 1H); 13C NMR (DMSO-d6) d 29.3, 36.4,
41.4, 51.2, 104.5, 120.3, 128.6, 128.9, 130.2, 132.1, 145.5, 152.0,
162.1, 164.9; HRMS (ESI)m/z calcd for C20H20Cl2N2O2 ([M + H]+)
m/z 391.0975; found 391.0971.

N-(1-Adamantanyl)-5,7-dichloro-4-oxo-1,4-dihydroquinoline-2-
carboxamide (8h). White solid, yield: 32%. 1H NMR (DMSO-d6)
d 1.65 (s, 6H), 2.07 (s, 9H), 6.77 (s, 1H), 7.37 (s, 1H), 7.96 (s, 1H),
8.18 (s, 1H), 11.73 (s, 1H); 13C NMR (DMSO-d6) d 29.3, 36.4, 41.0,
53.0, 110.5, 118.4, 120.4, 125.9, 134.0, 136.1, 141.7, 143.5, 161.1,
177.1; HRMS (ESI) m/z calcd for C20H20Cl2N2O2 ([M + H]+) m/z
391.0975; found 391.0965.

N-(1-Adamantanyl)-5-bromo-4-oxo-1,4-dihydroquinoline-2-
carboxamide (8i). White solid, yield: 25%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.09 (s, 9H), 6.74 (br s, 1H), 7.45–7.52 (m, 2H), 7.93
(dd, J ¼ 8.4, 1.0 Hz, 1H), 8.18 (s, 1H), 11.69 (s, 1H); 13C NMR
(DMSO-d6) d 29.3, 36.4, 41.0, 52.8, 109.3, 119.4, 120.1, 122.2,
130.5, 132.5, 141.6, 143.0, 161.5, 177.3; HRMS (ESI)m/z calcd for
C20H21BrN2O2 ([M + H]+) m/z 401.0859; found 401.0849.

N-(1-Adamantanyl)-7-bromo-4-oxo-1,4-dihydroquinoline-2-
carboxamide (8j). White solid, yield: 32%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.09 (s, 9H), 6.81 (br s, 1H), 7.51 (s, 1H), 7.99 (d, J
¼ 8.4 Hz, 1H), 8.11–8.25 (m, 2H), 11.80 (br s, 1H); 13C NMR
(DMSO-d6) d 29.3, 36.4, 41.0, 52.8, 108.3, 122.1, 124.6, 126.0,
127.2, 127.3, 141.4, 143.0, 161.6, 177.9; HRMS (ESI)m/z calcd for
C20H21BrN2O2 ([M + H]+) m/z 401.0859; found 401.0848.

N-(1-Adamantanyl)-4,8-dihydroxyquinoline-2-carboxamide (8k).
White solid, yield: 42%. 1H NMR (DMSO-d6) d 1.68 (s, 6H), 2.08
(s, 3H), 2.14 (s, 6H), 7.09 (dd, J ¼ 7.6, 0.9 Hz, 1H), 7.37 (s, 1H),
7.45–7.68 (m, 2H), 8.68 (br s, 1H), 10.10 (br s, 1H); 13C NMR
(DMSO-d6) d 29.4, 36.5, 41.4, 51.9, 102.4, 112.3, 122.6, 127.5,
138.4, 138.8, 150.3, 153.9, 162.8, 163.4; HRMS (ESI)m/z calcd for
C20H21BrN2O2 ([M + H]+) m/z 339.1703; found 339.1693.

4.1.5. General procedure for the synthesis of 9a–g. A
mixture of the appropriate aromatic amine 5a–g (1 mmol) and
2-ethoxymethylene-malonic acid diethyl ester (2 mmol) was
heated at 100 �C until completion of the reaction as monitored
by TLC (usually 12–18 h). Diphenyl ether (3 mL) was then added
to the reaction mixture and heated at 250 �C for 4 h. Aer the
This journal is © The Royal Society of Chemistry 2020
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reaction mixture was cooled at room temperature, 10 mL of
hexane was added to it with stirring and the formed precipitate
was collected by ltration, washed with hexane (3 � 10 mL),
recrystallized from DMF to provide the quinoline-3-carboxylic
acid ethyl ester derivatives in yields ranging from 37% to
90%. 1H NMR data of compounds 9a–f matched those which
were reported in the literature.54–56 The 7-bromo derivative 9g
was the only isomer that could be isolated as a product from the
starting material 3-bromoaniline and it was difficult to charac-
terise its chemical structure by 1H NMR due its poor solubility
even in DMSO-d6 as previously reported.57

6-Chloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9a).56 Buff solid, yield: 64%. 1H NMR (DMSO-d6) d 1.28 (t, J
¼ 7.1 Hz, 3H), 4.22 (q, J ¼ 7.1 Hz, 2H), 7.66 (d, J ¼ 8.8 Hz, 1H),
7.74 (dd, J ¼ 8.8, 2.5 Hz, 1H), 8.08 (d, J ¼ 2.2 Hz, 1H), 8.58 (s,
1H), 12.39 (br s, 1H).

8-Chloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9b).56 Buff solid, yield: 60%. 1H NMR (DMSO-d6) d 1.28 (t, J
¼ 7.1 Hz, 3H), 4.23 (q, J ¼ 7.1 Hz, 2H), 7.42 (t, J ¼ 7.9 Hz, 1H),
7.89 (dd, J ¼ 7.7, 1.3 Hz, 1H), 8.13 (dd, J ¼ 8.1, 1.3 Hz, 1H), 8.43
(s, 1H), 11.92 (br s, 1H).

7,8-Dichloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9c).55 Buff solid, yield: 86%. 1H NMR (DMSO-d6) d 1.28 (t, J
¼ 7.1 Hz, 3H), 4.23 (q, J ¼ 7.1 Hz, 2H), 7.64 (d, J ¼ 8.7 Hz, 1H),
8.11 (d, J ¼ 8.7 Hz, 1H), 8.42 (s, 1H), 11.99 (br s, 1H).

6,8-Dichloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9d).55 Buff solid, yield: 90%. 1H NMR (DMSO-d6) d 1.28 (t, J
¼ 7.1 Hz, 3H), 4.23 (q, J ¼ 7.1 Hz, 2H), 8.06 (d, J ¼ 2.4 Hz, 1H),
8.08 (d, J ¼ 2.4 Hz, 1H), 8.43 (s, 1H), 12.11 (s, 1H).

5,8-Dichloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9e).55 Buff solid, yield: 37%. 1H NMR (DMSO-d6) d 1.27 (t, J
¼ 7.0 Hz, 3H), 4.22 (q, J ¼ 7.0 Hz, 2H), 7.38 (d, J ¼ 8.4 Hz, 1H),
7.81 (d, J ¼ 8.4 Hz, 1H), 8.32 (s, 1H), 11.73 (s, 1H).

5,7-Dichloro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9f).54,55 Buff solid, yield: 37%. 1H NMR (DMSO-d6) d 1.28 (t,
J ¼ 7.1 Hz, 3H), 4.21 (q, J ¼ 7.1 Hz, 2H), 7.30 (d, J ¼ 2.0 Hz, 1H),
7.53 (d, J ¼ 2.0 Hz, 1H), 8.43 (s, 1H).

7-Bromo-4-oxo-1,4-dihydroquinoline-3-carboxylic acid ethyl
ester (9g).57 Buff solid, yield: 75%.

4.1.6. General procedure for the synthesis of 10a–g. The
quinoline-3-carboxylic acid ethyl esters 9a–g (1 mmol) were
reuxed for 4 h in a mixture of 10% sodium hydroxide (5 mL)
and ethanol (5 mL). Aer cooling, the mixture was acidied by
adding 2 M HCl and the solid obtained was collected by ltra-
tion, excessively washed with water and dried to obtain the
quinoline-3-carboxylic acid derivatives 10a–g in yields ranging
from 80% to 99%. The crude product was used for next reaction
without further purication.

4.1.7. General procedure for the synthesis of 11a–g. To
a solution of the appropriate carboxylic acid 10a–g (1 mmol) in
anhydrous DMF (10 mL), O-(benzotriazol-1-yl)-N,N,N0,N0-tetra-
methyluronium hexauorophosphate (HBTU, 2 mmol), 1-ami-
noadamantane (1.2 mmol), and DIPEA (3 mmol) were added
and the reactionmixture was stirred at rt for 72 h.Water (10mL)
was then added to the reaction mixture and extracted with
EtOAc (3 � 25 mL). The organic layers were separated, washed
with water (5� 25 mL), brine (1� 25 mL), dried over anhydrous
RSC Adv., 2020, 10, 7523–7540 | 75353
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Na2SO4, ltered, and concentrated under reduced pressure. The
crude product was puried by manual column chromatography
using CH2Cl2/MeOH gradient to obtain the quinoline-3-
carboxamides 11a–g in yields ranging from 51% to 89% and
further puried by recrystallisation from DCM.

N-(1-Adamantanyl)-6-chloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11a). White solid, yield: 84%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.06 (s, 9H), 7.72 (d, J ¼ 8.8 Hz, 1H), 7.79 (dd, J ¼
8.8, 2.4 Hz, 1H), 8.17 (d, J¼ 2.4 Hz, 1H), 8.71 (s, 1H), 9.85 (s, 1H),
12.76 (s, 1H); 13C NMR (DMSO-d6) d 29.3, 36.5, 41.9, 51.0, 112.5,
121.9, 124.8, 127.7, 129.9, 133.1, 138.2, 144.1, 163.2, 175.4;
HRMS (ESI)m/z calcd for C20H21ClN2O2 ([M + H]+)m/z 357.1364;
found 357.1362.

N-(1-Adamantanyl)-8-chloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11b). White solid, yield: 56%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.06 (s, 9H), 7.47 (t, J ¼ 7.9 Hz, 1H), 7.95 (dd, J ¼
7.7, 1.3 Hz, 1H), 8.22 (dd, J ¼ 8.2, 1.3 Hz, 1H), 8.64 (s, 1H), 9.80
(s, 1H), 12.24 (s, 1H); 13C NMR (DMSO-d6) d 29.4, 36.5, 41.9,
51.1, 112.9, 122.7, 125.3, 125.4, 128.2, 132.9, 136.1, 144.4, 162.9,
176.3; HRMS (ESI) m/z calcd for C20H21ClN2O2 ([M + H]+) m/z
357.1364; found 357.1359.

N-(1-Adamantanyl)-7,8-dichloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11c). White solid, yield: 68%. 1H NMR (DMSO-d6)
d 1.69 (s, 6H), 2.08 (s, 9H), 7.62 (d, J ¼ 8.7 Hz, 1H), 8.21 (d, J ¼
9.0 Hz, 1H), 8.66 (s, 1H), 9.72 (s, 1H), 12.29 (s, 1H); 13C NMR
(DMSO-d6) d 29.4, 36.5, 41.9, 51.1, 113.2, 121.4, 125.9, 126.0,
126.5, 136.3, 137.8, 145.1, 162.8, 175.9; HRMS (ESI)m/z calcd for
C20H20Cl2N2O2 ([M + H]+) m/z 391.0975; found 391.0971.

N-(1-Adamantanyl)-6,8-dichloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11d). White solid, yield: 89%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.06 (s, 9H), 8.05–8.22 (m, 2H), 8.63 (s, 1H), 9.70
(s, 1H), 12.41 (s, 1H); 13C NMR (DMSO-d6) d 29.4, 36.5, 41.8,
51.2, 113.2, 124.2, 124.5, 128.7, 129.6, 132.4, 135.1, 144.6, 162.6,
175.2; HRMS (ESI) m/z calcd for C20H20Cl2N2O2 ([M + H]+) m/z
391.0975; found 391.0973.

N-(1-Adamantanyl)-5,8-chloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11e). White solid, yield: 51%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.05 (s, 9H), 7.43 (d, J ¼ 8.4 Hz, 1H), 7.86 (d, J ¼
8.4 Hz, 1H), 8.58 (s, 1H), 9.67 (s, 1H), 12.07 (s, 1H); 13C NMR
(DMSO-d6) d 29.3, 36.5, 41.8, 51.1, 114.2, 121.9, 123.9, 128.0,
132.5, 132.7, 138.5, 144.1, 162.6, 176.3; HRMS (ESI)m/z calcd for
C20H20Cl2N2O2 ([M + H]+) m/z 391.0975; found 391.0976.

N-(1-Adamantanyl)-5,7-dichloro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11f). White solid, yield: 64%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.05 (s, 9H), 7.53 (d, J ¼ 2.0 Hz, 1H), 7.65 (d, J ¼
2.1 Hz, 1H), 8.66 (s, 1H), 9.74 (s, 1H), 12.66 (s, 1H); 13C NMR
(DMSO-d6) d 29.3, 36.5, 41.8, 51.0, 114.1, 118.1, 121.5, 127.4,
134.9, 136.5, 142.6, 143.9, 162.9, 176.0; HRMS (ESI)m/z calcd for
C20H20Cl2N2O2 ([M + H]+) m/z 391.0975; found 391.0974.

N-(1-Adamantanyl)-7-bromo-4-oxo-1,4-dihydroquinoline-3-
carboxamide (11g). White solid, yield: 75%. 1H NMR (DMSO-d6)
d 1.67 (s, 6H), 2.06 (s, 9H), 7.61 (dd, J¼ 8.7, 1.6 Hz, 1H), 7.88 (d, J
¼ 1.8 Hz, 1H), 8.14 (d, J ¼ 8.7 Hz, 1H), 8.70 (s, 1H), 9.86 (s, 1H),
12.59 (s, 1H); 13C NMR (DMSO-d6) d 29.3, 36.5, 41.9, 51.0, 112.7,
121.6, 125.5, 126.4, 128.2, 128.3, 140.5, 144.3, 163.2, 176.2;
HRMS (ESI)m/z calcd for C20H21BrN2O2 ([M + H]+)m/z 401.0859;
found 401.0859.
7536 | RSC Adv., 2020, 10, 7523–7540
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4.1.8. General procedure for the synthesis of 13a–g and
15a–d. Title compounds were prepared following the general
amide coupling protocol used for obtaining compounds 8a–k.
The crude product was puried by ash column chromatog-
raphy using CH2Cl2/MeOH gradient to obtain the title
compounds in yields ranging from 31% to 92%. Compounds
13a–d were further puried by recrystallisation from acetone.
Compounds 13e,f and 15a,c,d were already >95% pure aer
ash chromatography, while compounds 13g and 15b were
further puried by preparative HPLC. 1H NMR data of
compounds 13a–c matched those which were reported in the
literature.47,58

N-Cyclooctylquinoline-2-carboxamide (13a).47 White solid,
yield: 46%. 1H NMR (DMSO-d6) d 1.41–1.98 (m, 14H), 3.96–4.21
(m, 1H), 7.72 (dd, J ¼ 8.1, 7.0 Hz, 1H), 7.87 (dd, J ¼ 8.3, 7.0 Hz,
1H), 8.08 (d, J ¼ 8.1 Hz, 1H), 8.16 (dd, J ¼ 8.4, 6.1 Hz, 2H), 8.56
(d, J ¼ 8.5 Hz, 1H), 8.60 (d, J ¼ 8.3 Hz, 1H).

N-(1-Adamantanyl)-2-quinoline-2-carboxamide (13b).58 White
solid, yield: 65%. 1H NMR (DMSO-d6) d 1.69 (s, 6H), 2.10 (s, 3H),
2.13 (s, 6H), 7.71 (ddd, J ¼ 8.1, 6.9, 1.2 Hz, 1H), 7.86 (ddd, J ¼
8.4, 6.9, 1.4 Hz, 1H), 8.05–8.16 (m, 4H), 8.56 (d, J ¼ 8.4 Hz, 1H).

N-Cyclooctyl-2-naphthamide (13c).47 White solid, yield: 56%.
1H NMR (DMSO-d6) d 1.42–1.89 (m, 14H), 3.94–4.21 (m, 1H),
7.54–7.63 (m, 2H), 7.89–8.04 (m, 4H), 8.38 (d, J ¼ 7.8 Hz, 1H),
8.42 (s, 1H).

N-(1-Adamantanyl)-2-naphthamide (13d). White solid, yield:
60%. 1H NMR (DMSO-d6) d 1.68 (s, 6H), 2.07 (s, 3H), 2.12 (s, 6H),
7.62–7.53 (m, 2H), 7.76 (s, 1H), 7.85 (dd, J ¼ 8.6, 1.6 Hz, 1H),
7.93–8.01 (m, 3H), 8.36 (s, 1H); 13C NMR (DMSO-d6) d 29.4, 36.6,
41.4, 52.1, 125.1, 127.0, 127.71, 127.74, 128.0 (2C), 129.2, 132.6,
133.8, 134.4, 166.6; HRMS (ESI) m/z calcd for C21H23NO ([M +
H]+) m/z 306.1852; found 306.1844.

N-(1-Adamantanyl)-5-bromo-2-naphthamide (13e). White solid,
yield: 52%. 1H NMR (DMSO-d6) d 1.69 (s, 6H), 2.09 (s, 3H), 2.14
(s, 6H), 7.50 (dd, J ¼ 8.5, 7.5 Hz, 1H), 7.58 (dd, J ¼ 7.0, 1.0 Hz,
1H), 7.69 (dd, J ¼ 8.5, 7.1 Hz, 1H), 7.93 (dd, J ¼ 7.4, 0.9 Hz, 1H),
8.05–8.14 (m, 2H), 8.21 (d, J ¼ 8.5 Hz, 1H); 13C NMR (DMSO-d6)
d 29.4, 36.6, 41.4, 52.3, 122.5, 126.0, 126.1, 127.5, 127.7 (2C),
130.8, 131.5, 131.6, 137.6, 168.2; HRMS (ESI) m/z calcd for
C21H22BrNO ([M + H]+) m/z 384.0958; found 384.0956.

N-(1-Adamantanyl)-6-bromo-2-naphthamide (13f). White solid,
yield: 31%. 1H NMR (DMSO-d6) d 1.68 (s, 6H), 2.07 (s, 3H), 2.11
(s, 6H), 7.69 (dd, J ¼ 8.7, 1.9 Hz, 1H), 7.80 (s, 1H), 7.88–7.99 (m,
3H), 8.25 (s, 1H), 8.37 (s, 1H); 13C NMR (DMSO-d6) d 29.4, 36.6,
41.4, 52.1, 121.1, 126.2, 127.3, 127.7, 130.0, 130.1, 131.1, 131.4,
134.4, 135.5, 166.4; HRMS (ESI) m/z calcd for C21H22BrNO ([M +
H]+) m/z 384.0958; found 384.0960.

N-(1-Adamantanyl)-6-methoxy-2-naphthamide (13g). White
solid, yield: 52%. 1H NMR (DMSO-d6) d 1.67 (s, 6H), 2.07 (s, 3H),
2.11 (s, 6H), 3.89 (s, 3H), 7.21 (dd, J ¼ 9.0, 2.5 Hz, 1H), 7.35 (d, J
¼ 2.4 Hz, 1H), 7.66 (s, 1H), 7.83 (s, 2H), 7.90 (d, J ¼ 9.0 Hz, 1H),
8.30 (s, 1H); 13C NMR (DMSO-d6) d 29.4, 36.6, 41.4, 52.0, 55.7,
106.3, 119.6, 125.5, 126.8, 127.6, 127.9, 130.8, 131.5, 136.0,
158.8, 166.6; HRMS (ESI) m/z calcd for C22H25NO ([M + H]+) m/z
336.1958; found 336.1951.
This journal is © The Royal Society of Chemistry 2020
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N-(1-Adamantanyl)-2-amino-3,5-dichlorobenzamide (15a).
White solid, yield: 86%. 1H NMR (DMSO-d6) d 1.65 (s, 6H), 2.05
(s, 9H), 6.30 (s, 2H), 7.46 (s, 2H), 7.78 (s, 1H); 13C NMR (DMSO-
d6) d 29.4, 36.5, 41.1, 52.4, 118.3, 119.7, 120.0, 127.8, 130.7,
144.1, 167.2; HRMS (ESI) m/z calcd for C17H20Cl2N2O ([M + H]+)
m/z 339.1025; found 339.1022.

2-Amino-3,5-dichloro-N-cyclooctylbenzamide (15b). White
solid, yield: 92%. 1H NMR (DMSO-d6) d 1.49–1.77 (m, 14H),
3.88–4.04 (m, 1H), 6.52 (s, 2H), 7.49 (d, J ¼ 2.4 Hz, 1H), 7.55 (d, J
¼ 2.4 Hz, 1H), 8.33 (d, J ¼ 7.7 Hz, 1H); 13C NMR (DMSO-d6)
d 24.0, 25.6, 27.3, 31.9, 49.7, 118.3, 118.4, 119.9, 127.4, 131.0,
144.5, 166.2; HRMS (ESI) m/z calcd for C15H20Cl2N2O ([M + H]+)
m/z 315.1025; found 315.1020.

N-(1-Adamantanyl)-3,5-dichloro-2-hydroxybenzamide (15c).
White solid, yield: 50%. 1H NMR (DMSO-d6) d 1.66 (s, 6H), 2.08
(s, 9H), 7.67 (d, J ¼ 2.3 Hz, 1H), 8.04 (d, J ¼ 2.4 Hz, 1H), 8.51 (s,
2H), 13.59 (br s, 1H); 13C NMR (DMSO-d6) d 29.3, 36.3, 40.9, 53.5,
118.0, 121.9, 122.8, 126.8, 133.1, 156.4, 168.2; HRMS (ESI) m/z
calcd for C17H19Cl2NO2 ([M + H]+) m/z 340.0866; found
340.0864.

3,5-Dichloro-N-cyclooctyl-2-hydroxybenzamide (15d). White
solid, yield: 63%. 1H NMR (DMSO-d6) d 1.42–1.79 (m, 14H),
4.02–4.08 (m, 1H), 7.68 (d, J ¼ 1.2 Hz, 1H), 8.03 (d, J ¼ 1.6 Hz,
1H), 9.19 (s, 1H), 13.87 (br s, 1H); 13C NMR (DMSO-d6) d 23.9,
25.6, 27.1, 31.8, 50.2, 117.0, 122.1, 122.7, 126.2, 133.3, 156.5,
167.3; HRMS (ESI) m/z calcd for C15H19Cl2NO2 ([M + H]+) m/z
316.0866; found 316.0861.

4.1.9. General procedure for the synthesis of 17a,b. A
mixture of the corresponding acetophenone 16a,b (1 mmol),
thiourea (2 mmol) and iodine (1 mmol) was heated at 100 �C for
3–5 h. Then the reaction mixture was cooled, washed with
diethyl ether to remove the unreacted acetophenone and iodine.
The residue was dissolved in hot water, ltered to remove sul-
phone, and the ltrate was basied with aqueous NH4OH to
yield the corresponding 2-amino-4-(substituted-phenyl)-1,3-
thiazoles 17a,b. The crude product was puried by ash
column chromatography on SiO2 with CH2Cl2/MeOH gradient
as the eluent to obtain the title compounds 17a,b in yields 61%
and 54%, respectively. 1H NMR data of compounds 17a,b
matched the ones reported in the literature.59,60

2-Amino-4-(4-chlorophenyl)-1,3-thiazole (17a). Yellowish white
solid, yield: 61%. 1H NMR (DMSO-d6) d 7.06 (s, 1H), 7.07 (s, 2H),
7.41 (d, J ¼ 8.6 Hz, 2H), 7.80 (d, J ¼ 8.6 Hz, 2H).59

2-Amino-4-(2,4-dichlorophenyl)-1,3-thiazole (17b). Yellowish
white solid, yield: 54%. 1H NMR (DMSO-d6) d 7.09 (s, 2H), 7.10
(s, 1H), 7.45 (dd, J ¼ 8.5, 2.2 Hz, 1H), 7.64 (d, J ¼ 2.1 Hz, 1H),
7.87 (d, J ¼ 8.5 Hz, 1H).60

4.1.10. General procedure for the synthesis of 18a,b. Title
compounds were prepared following the general amide
coupling procedure used for preparing compounds 8a–k. The
crude product was puried by ash chromatography using
CH2Cl2/MeOH gradient to obtain the thiazole-2-carboxamides
18a,b in yields 41% and 30%, respectively, and were further
puried by preparative HPLC.

N-(4-(4-Chlorophenyl)thiazol-2-yl)adamantane-1-carboxamide
(18a).White solid, yield: 41%. 1H NMR (DMSO-d6) d 1.69 (s, 6H),
This journal is © The Royal Society of Chemistry 2020
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1.95 (s, 6H), 2.01 (s, 3H), 7.48 (d, J ¼ 8.6 Hz, 2H), 7.63 (s, 1H),
7.92 (d, J ¼ 8.6 Hz, 2H), 11.83 (s, 1H); 13C NMR (DMSO-d6)
d 28.0, 36.3, 38.0, 41.1, 109.2, 127.9, 129.2, 132.6, 133.8, 148.0,
159.2, 176.8; HRMS (ESI) m/z calcd for C20H21ClN2OS ([M + H]+)
m/z 373.1136; found 373.1127.

N-(4-(2,4-Dichlorophenyl)thiazol-2-yl)adamantane-1-
carboxamide (18b). White solid, yield: 30%. 1H NMR (DMSO-d6)
d 1.69 (s, 6H), 1.95 (s, 6H), 2.01 (s, 3H), 7.52 (dd, J ¼ 8.5, 2.2 Hz,
1H), 7.62 (s, 1H), 7.70 (d, J¼ 2.2 Hz, 1H), 7.89 (d, J¼ 8.5 Hz, 1H),
11.90 (s, 1H); 13C NMR (DMSO-d6) d 28.0, 36.3, 38.0, 41.1, 113.7,
128.0, 130.2, 132.3, 132.7, 132.8, 133.2, 144.7, 158.4, 176.8;
HRMS (ESI) m/z calcd for C20H20Cl2N2OS ([M + H]+) m/z
407.0746; found 407.0737.

4.1.11. General procedure for the synthesis of 20 and 22. A
mixture of 4,6-diuoro-1H-indole-2-carboxylic acid (19, 1 mmol)
and 1,10-carbonyldiimidazole (CDI) (1.5 mmol) in anhydrous
DMF (10 mL) was stirred at rt for two hours, followed by the
addition of aqueous NH4OH or hydrazine hydrate solution (5
mmol) and stirring was continued for 12–16 h at rt. Water (25
mL) was then added to the reaction mixture and extracted with
EtOAc (3 � 25 mL). The organic layers were separated, washed
with water (5� 25 mL), brine (1� 25 mL), dried over anhydrous
Na2SO4, ltered, and concentrated under reduced pressure. The
crude product was puried by ash column chromatography on
SiO2 with CH2Cl2/MeOH gradient as the eluent to obtain the
title compounds in yields 98% and 74%, respectively.

4,6-Diuoro-1H-indole-2-carboxamide (20). Buff solid, yield:
98%. 1H NMR (400 MHz, DMSO) d 6.86 (td, J¼ 10.5, 2.0 Hz, 1H),
7.01 (dd, J ¼ 9.4, 1.9 Hz, 1H), 7.22 (s, 1H), 7.44 (s, 1H), 8.03 (s,
1H), 11.97 (s, 1H); 13C NMR d 95.0 (dd, J¼ 25.8, 4.5 Hz), 95.6 (dd,
J ¼ 29.7, 23.3 Hz), 99.3, 113.6 (d, J ¼ 21.8 Hz), 133.3 (d, J ¼ 3.2
Hz), 138.1 (dd, J ¼ 15.2, 13.2 Hz), 156.2 (dd, J ¼ 248.6, 15.6 Hz),
159.6 (dd, J ¼ 238.4, 12.1 Hz), 162.5.

4,6-Diuoro-1H-indole-2-carbohydrazide (22). Buff solid, yield:
74%. 1H NMR (400 MHz, DMSO) d 4.52 (s, 2H), 6.87 (td, J¼ 10.4,
1.9 Hz, 1H), 7.02 (d, J ¼ 9.4 Hz, 1H), 7.16 (s, 1H), 9.86 (s,
1H),12.04 (s, 1H); 13C NMR d 95.0 (dd, J¼ 25.9, 4.5 Hz), 95.6 (dd,
J ¼ 29.7, 23.3 Hz), 98.0, 113.6 (d, J ¼ 22.5 Hz), 132.0 (d, J ¼ 3.3
Hz), 138.0 (dd, J ¼ 15.2, 13.2 Hz), 156.1 (dd, J ¼ 248.5, 15.5 Hz),
159.5 (dd, J ¼ 238.4, 12.3 Hz), 160.8.

N-Adamantane-1-carbonyl-4,6-diuoro-1H-indole-2-
carboxamide (21). To a solution of 1-adamantanecarboxylic acid
(1.5 mmol) in DCM (10mL), DMF (0.1 mL) and oxalyl chloride (3
mmol) were added. Aer stirring for 2 h at rt, the mixture was
concentrated under vacuum. The residue was dissolved in
pyridine (5 mL), followed by addition of compound 20 (1 mmol)
and the reaction mixture was reuxed for 16 h. Aer cooling,
2 M HCl (25 mL) was added to the reaction mixture and
extracted with EtOAc (3 � 25 mL). The organic layers were
separated, washed with brine (1� 25 mL), dried over anhydrous
Na2SO4, ltered, and concentrated under reduced pressure. The
crude product was puried by ash chromatography on SiO2

using CH2Cl2/MeOH gradient to obtain the title compound and
was further puried by preparative HPLC. White solid, yield:
42%. 1H NMR (400 MHz, DMSO) d 1.71 (s, 6H), 1.95 (s, 6H), 2.02
(s, 3H), 6.95 (t, J ¼ 10.3 Hz, 1H), 7.05 (d, J ¼ 8.6 Hz, 1H), 7.52 (s,
1H), 10.01 (s, 1H), 12.26 (s, 1H); 13C NMR d 28.0, 36.2, 37.7, 42.5,
RSC Adv., 2020, 10, 7523–7540 | 75375
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95.2 (dd, J ¼ 26.0, 4.5 Hz), 96.3 (dd, J ¼ 30.0, 23.1 Hz), 103.2,
113.3 (d, J ¼ 22.0 Hz), 131.7 (d, J ¼ 3.2 Hz), 139.0 (dd, J ¼ 15.3,
12.6 Hz), 156.7 (dd, J ¼ 250.2, 15.7 Hz), 160.0, 160.5 (dd, J ¼
240.3, 12.1 Hz), 176.4; HRMS (ESI) m/z calcd for C20H20F2N2O2

([M + H]+) m/z 359.1566; found 359.1559.
N0-Adamantane-1-carbonyl-4,6-diuoro-1H-indole-2-

carbohydrazide (23). Title compound was prepared following the
standard amide coupling procedure used for preparing
compounds 8a–k. The crude product was puried by ash
chromatography on SiO2 using CH2Cl2/MeOH gradient and was
further puried by preparative HPLC. White solid, yield: 48%.
1H NMR (400 MHz, DMSO) d 1.69 (s, 6H), 1.88 (s, 6H), 1.99 (s,
3H), 6.89 (td, J ¼ 10.4, 1.6 Hz, 1H), 7.06 (d, J ¼ 9.2 Hz, 1H), 7.29
(s, 1H), 9.50 (s, 1H), 10.28 (s, 1H), 12.05 (s, 1H); 13C NMR d 28.0,
36.5, 39.0, 40.1, 95.1 (dd, J ¼ 25.9, 4.2 Hz), 95.9 (dd, J ¼ 29.5,
23.5 Hz), 99.4, 113.6 (d, J ¼ 21.9 Hz), 131.3 (d, J ¼ 3.2 Hz), 138.2
(dd, J¼ 15.3, 13.1 Hz), 156.2 (dd, J¼ 249.0, 15.6 Hz), 159.8 (dd, J
¼ 238.7, 12.1 Hz), 160.2, 176.9; HRMS (ESI) m/z calcd for
C20H21F2N3O2 ([M + H]+) m/z 374.1675; found 374.1665.

N-(1-Adamantanyl)-2-(4,6-diuoro-1H-indole-2-carbonyl)
hydrazine-1-carboxamide (24). A mixture of compound 22 and 1-
adamantylisocyanate in ethanol was reuxed for 16 h. The
reaction mixture was then concentrated under vacuum, and
water (50 mL) was added to the residue. The formed precipitate
was ltered off, dried, puried by ash chromatography on SiO2

using CH2Cl2/MeOH gradient and was further puried by
preparative HPLC. White solid, yield: 54%. 1H NMR (400 MHz,
DMSO) d 1 1H NMR (400MHz, DMSO) d 1.61 (s, 6H), 1.91 (s, 6H),
2.00 (s, 3H), 5.96 (s, 1H), 6.89 (td, J¼ 10.4, 1.7 Hz, 1H), 7.03 (dd, J
¼ 9.3, 1.5 Hz, 1H), 7.27 (d, J ¼ 1.5 Hz, 1H), 7.72 (s, 1H), 10.18 (s,
1H), 12.09 (s, 1H); 13C NMR d 29.4, 36.5, 42.2, 50.4, 95.1 (dd, J ¼
25.9, 4.3 Hz), 95.8 (dd, J ¼ 29.8, 23.2 Hz), 99.3, 113.6 (d, J ¼ 21.8
Hz), 131.3 (d, J¼ 3.2 Hz), 138.2 (dd, J¼ 15.2, 13.2 Hz), 156.2 (dd,
J ¼ 248.8, 15.5 Hz), 157.1, 159.9 (dd, J ¼ 238.7, 11.5 Hz), 160.9;
HRMS (ESI)m/z calcd for C20H22F2N4O2 ([M + H]+)m/z 389.1784;
found 389.1772.

4-(1-Adamantanyl)-2-amino-1,3-thiazole (26). The title
compound was prepared following the general procedure used
for preparing compounds 17a,b. The crude product was puried
by ash column chromatography on SiO2 with CH2Cl2/MeOH
gradient as the eluent. 1H NMR data of compound 26 matched
the reported one in the literature.61 White solid, yield: 63%. 1H
NMR (DMSO-d6) d 1.55–1.75 (m, 6H), 1.80 (s, 6H), 1.98 (s, 3H),
5.99 (s, 1H), 6.74 (s, 2H).

N-(4-(1-Adamantanyl)thiazol-2-yl)-4,6-diuoro-1H-indole-2-
carboxamide (27). A mixture of compound 26 and 4,6-diuoro-
1H-indole-2-carboxylic acid (19) were then reacted following the
general amide coupling protocol used in preparing compounds
8a–k. The crude product was puried by ash chromatography
on SiO2 using CH2Cl2/MeOH gradient to obtain the title
compound and was further puried by recrystallization from
diethyl ether. Yellowish white solid, yield: 30%. 1H NMR (400
MHz, DMSO) d 1H NMR (400 MHz, DMSO) d 1.82–1.62 (m, 6H),
1.93 (s, 6H), 2.05 (s, 3H), 6.73 (s, 1H), 6.93 (td, J ¼ 10.3, 1.7 Hz,
1H), 7.07 (dd, J ¼ 9.3, 1.2 Hz, 1H), 7.73 (s, 1H), 12.29 (br s, 1H);
13C NMR d 28.4, 36.3, 36.8, 42.1, 95.2 (dd, J ¼ 26.1, 4.3 Hz), 96.1
(dd, J¼ 29.8, 23.1 Hz), 101.9, 105.5, 113.8 (d, J¼ 21.8 Hz), 131.0,
7538 | RSC Adv., 2020, 10, 7523–7540
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138.8 (dd, J ¼ 15.4, 12.7 Hz), 156.5 (dd, J ¼ 249.8, 15.7 Hz),
157.9, 159.0, 160.3 (dd, J¼ 239.9, 12.2 Hz), 161.2; HRMS (ESI)m/
z calcd for C22H21F2N3OS ([M + H]+) m/z 414.1446; found
414.1434.

4.2. Biology

MIC was determined using the MABA assay as previously re-
ported in the literature.38,46 MABA format was also used in the
cytotoxicity evaluation on Vero Cells.38

4.3. Molecular modeling studies

All the molecular modeling and docking simulations were done
on Molecular Operating Environment MOE soware version
2008.10.48 The structures of compounds 8i, 13c, 13d and 18b
were drawn in ChemDraw Ultra 16.0 and saved as .mol le, then
opened inside the MOE program. They were then 3D protonated
and geometrically optimised using MMFF94 � forceeld with
gradient 0.05. The X-ray crystal structure of MmpL3 bound to
the ICA38 (PDB: 6AJJ) was obtained from the protein data bank.
The target binding pocket was prepared for docking by: (1)
removing co-crystallised ligand molecules and (2) 3D proton-
ating the enzyme, in which hydrogens and partial charges were
added to the system for optimisation. In order to validate the
docking protocol, ICA38 was docked into the active site of 6AJJ.
The generated conformers were docked into the same binding
pocket of ICA38 with MOE-DOCK using Triangle Matcher
placement method and scored using London dG scoring func-
tion. A molecular mechanics force eld renement was applied
on the generated top 30 poses. For each ligand–enzyme
complex, the top-ranked pose with the best docking score (i.e.
the lowest binding free energy) was selected.
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Conclusions 

Rational modifications were performed on the I2C framework, employing bioisosterism 

and scaffold hopping strategies, to obtain novel molecules with favourable 

physicochemical properties. Two naphthamide derivatives stood out as moderately 

potent anti-TB agents, effective against DS and DR M. tb strains, while exhibiting 

negligible cytotoxicity towards Vero cells. Although the N-cyclooctyl indoleamide 

architecture showed excellent potency against M. abscessus in previous work, our 

most active N-cyclooctyl naphthamide anti-TB analogue was bereft of activity against 

M. abscessus and M. avium. Importantly, the majority of the evaluated 

quinoloneamides were inactive against M. tb, suggesting that the cut back on 

lipophilicity may have detrimentally influenced the anti-TB activity of these analogues. 

Overall, it seems like I2C is the most favourable structural core for eliciting potent anti-

TB activity. Therefore, in the subsequent Chapter, the I2C scaffold was preserved 

while subtle changes were implemented therein in order to increase the aqueous 

solubility, while maintaining optimum lipophilicity to elicit adequate anti-TB potency.  
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Chapter 4 

Design and Synthesis of Indole-2-Carboxamides with Improved  

Water Solubility as Antimycobacterial Agents 
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Background  

The indole-2-carboxamide (I2C) architecture, integrated with a cycloaliphatic group, 

has been proven to possess superior anti-TB efficacy compared to the other similar 

structural subunits. Equally important, the mode of action of the I2Cs as inhibitors of 

the mycobacterial membrane protein large 3 (MmpL3) transporter is well established 

in the literature. Indeed, the recently published crystal structure of MmpL3 provided 

much insight into the interactions that take place between the I2Cs and the MmpL3 

active site. Our group and others have attempted to enhance the aqueous solubility of 

the I2Cs in order to improve drug-likeness. However, increasing the water solubility is 

often accompanied with decreased lipophilicity and accordingly reduced compound 

permeation into the thick waxy outer membrane of Mycobacterium tuberculosis (M. 

tb). Therefore, despite the industrious efforts that were previously undertaken to 

improve the water solubility of the I2Cs, the resulting compounds generally failed to 

potently inhibit the growth of M. tb. In fact, the relationship between water solubility, 

lipophilicity, and anti-TB activity is a convoluted one. While high lipophilicity is 

generally correlated with higher anti-TB activity, the concomitant low water solubility 

often precludes the oral bioavailability of the compound in question. Accordingly, these 

two parameters should be optimised in parallel to obtain potent anti-TB agents with 

enhanced drug-like profiles. In this respect, we published a research article in 2021, 

entailing the incorporation of a hydroxy group into the adamantane moiety N-linked to 

the I2C scaffold. The resulting adamantanol analogues displayed improved kinetic 

water solubility (determined experimentally) compared to the adamantane 

counterparts. Pleasingly, this improvement in water solubility was complemented by 

potent anti-TB activity against both drug-sensitive (DS) and drug-resistant (DR) M. tb 

clinical isolates in several I2C derivatives [minimum inhibitory concentration (MIC) = 

0.66 – 5.77 µM]. Overall, fine-tuning both lipophilicity and aqueous solubility in newly 

designed anti-TB compounds is imperative to procuring drug-like molecules. 

Introducing a hydroxy group to the adamantane moiety in the N-adamantyl I2C 

framework resulted in compounds with optimum lipophilicity, enhanced water 

solubility, and potent anti-TB activities.  
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4.1. Introduction 

Apart from the in vitro potency against M. tb isolates, it is widely recognised that 

pharmacokinetics (PK) and physicochemical properties need to be taken into 

consideration before the compound could be advanced in the drug development 

pipeline. Indeed, assessment of physicochemical parameters in addition to in vitro 

toxicity assays should be integrated in the early stages of drug discovery to minimise 

the attrition rate correlated with insufficient drug exposure and safety concerns. 

Computational and experimental analyses of physicochemical properties are 

commonly used to predict/determine the oral bioavailability and the ADME (absorption, 

distribution, metabolism, and excretion) profile of compounds. Within this context, 

Lipinski’s rule of five (RO5) has been widely applied to evaluate drug-likeness and 

predict if a certain pharmacologically active compound possesses appropriate 

physicochemical properties that would qualify it to be an orally active drug candidate 

(1). This rule of thumb was formulated, more than two decades ago, by Christopher A. 

Lipinski and is still employed to date to assess the drug-like properties. 

Lipinski’s filter encompasses the following physicochemical parameters’ limits: 1) 

molecular weight (MWT) ≤ 500; 2) H-bond donors (HBD) ≤ 5, derived from the sum of 

NHs and OHs; 3) H-bond acceptors (HBA) ≤ 10, derived from the sum of Os and Ns; 

4) ClogP ≤ 5 (1, 2). Compounds conforming with these parameters are likely to be 

imparted with acceptable water solubility and intestinal permeability, which are 

prerequisites for oral bioavailability. Indeed, according to this rule, if a compound 

exhibits one violation or more of the foregoing four parameter cut-offs, it is highly likely 

that poor permeation and/or absorption (oral activity problems) will be encountered (1, 

2). In resonance with Lipinski’s rule, Gleeson’s analysis demonstrated that molecules 

with MWT < 400 and ClogP < 4 are classified as desirable, while ADME issues 

generally start to arise should either parameter or both exceed the cut-offs (3). Indeed, 

Gleeson revealed that these two parameters are often sufficient to predict the ADME 

profile of a compound, wherein a deterioration in almost all ADME properties were 

observed upon increasing MWT and ClogP values. Therefore, Gleeson’s filter can be 

regarded as a downsized or simplified version of the RO5. Importantly, passing the 

RO5 does not guarantee the procession of the compound in the drug development 

pipeline. Relatedly, many orally administered drugs in the market fall outside the 

preceding parameter cut-offs, defying the RO5 premise (1, 2). Many of these outliers 
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are natural products and they are often described as beyond rule of five (bRo5) drugs 

(4-7). However, the attrition rates of drug-like molecules, conforming to the RO5, tend 

to be low during clinical trials, increasing the compound’s chance of reaching the 

market (8). In fact, the RO5 was established based on the physicochemical profiles of 

drug candidates in Phase II clinical trials (1). 

The RO5, which was developed by a Pfizer team, has spawned some suggestions for 

adjustments, aimed at improving the prediction of drug-likeness. Veber’s rule, which 

was generated after analysing the molecular properties of more than 1000 drug 

candidates in GlaxoSmithKline and their influence on the oral bioavailability in rats, 

stands out as an important variant of the RO5 (9). Veber et al brought into question 

the importance of the MWT parameter cut-off in discriminating compounds with good 

oral bioavailability from those with poor values. They, alternatively, proposed that if a 

compound meets only two criteria, namely number of rotatable bonds (NRB) ≤ 10 and 

topological polar surface area  (TPSA) ≤ 140 Å [or hydrogen bond count (sum of HBD 

and HBA) ≤ 12], it tends to have a high chance of acceptable oral bioavailability in rats 

(≥ 20%), independent of its MWT (9). In fact, they revealed that low TPSA generally 

correlates better with enhanced permeation than does reduced lipophilicity (ClogP), 

while the increased rotatable bond count negatively affected the permeation rate. In 

resonance with Veber’s et al findings, Egan et al dismissed the MWT parameter as 

superfluous, while showing that both logP (AlogP98) and TPSA can be used as a 

predictive tool for passive intestinal absorption (referred to as the Egan egg model) 

(10, 11). Overall, while the RO5 laid the primary foundation for the design and 

development of orally bioavailable drug-like candidates, other researchers elaborated 

on Lipinski’s original framework to provide more insights into successful ADME 

predictions. This is particularly important as all these factors/parameters were carefully 

considered in the design stage of our N-adamantanol indole-2-carboxamides which 

subsequently showed superior water solubility values compared to the adamantane 

counterparts (results published in our 2021 article, vide infra). 

4.2. MmpL3: A Crucial Member of The MmpL Transporters Family in M. tb and 

The Protein Target of The I2Cs 

The M. tb cell wall has a complex structure, comprising a broad range of glycolipids 

and other distinctive lipids, some of which act as virulence determinants or immuno-
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modulators in addition to playing a key role in the M. tb pathophysiology (12). The 

unique architecture of the M. tb cell envelope consists of four sectors that define the 

border separating the M. tb cytoplasm from the extracellular environment (13). These 

regions are the following: 1) the capsule or outer layer (OL), 2) the mycomembrane or 

mycobacterial outer membrane (MOM), 3) the arabinogalactan-peptidoglycan (AGP) 

cell wall core, and 4) the plasma membrane (13). Collectively, they constitute a robust 

physical barrier that limits the ingress of therapeutic agents into the M. tb cytoplasm.  

In addition, some components of the M. tb cell envelope directly interfere with essential 

events of the host immune defences, potentiating the survival and persistence of M. 

tb (13). Therefore, targeting the enzymes involved in the M. tb cell wall biosynthetic 

machinery has long been a successful strategy to defeat TB (14). However, DR-TB is 

still incorrigible, running rampant in every corner of the globe, which mandates the 

search for new druggable targets in M. tb to circumvent this dilemma.  

The past two decades have witnessed multiple breakthroughs in the quest for viable 

novel M. tb drug targets (15). One of the recently identified promising druggable 

targets is the crucial mycolic acids (MAs) transporter MmpL3. Numerous small 

molecules that were proven to target MmpL3 were found to have exquisite anti-TB 

activities against both DS and DR M. tb clinical isolates (16-19). MmpL3 is a member 

of the mycobacterial membrane protein large (MmpL) family which is a subclass of the 

resistance-nodulation-cell division (RND) superfamily transport system. M. tb encodes 

13 MmpL transporters (MmpL1-13) which are transmembrane proteins that contribute 

to the transport of lipid components across the inner membrane (12, 13, 20) (Figure 

4.1). These transportations are mediated by the proton motive force (PMF) of the 

transmembrane electrochemical proton gradient. Besides their important role in the 

substrate transport across the cytoplasmic membrane, MmpL proteins are generally 

responsible for the efflux of antibiotics from periplasm in M. tb and NTM, culminating 

in drug resistance (12, 13, 20). 

Among the MmpL transporters, MmpL3 governs the export of trehalose monomycolate 

(TMM), synthesised in the cytoplasm, to periplasm where it gets assembled, forging 

the thick waxy mycobacterial cell wall (21). It is encoded by the mmpl3 gene which is 

the only mmpl gene that Domenech et al could not knock out in the H37Rv strain, 

inferring its involvement in important physiological processes in M. tb (22). Therefore, 

mmpl3 is known to be the sole mmpl gene that is essential for the viability and in vitro 
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growth of M. tb. No difference in the in vitro mycobacterial growth was observed in the 

rest of the generated mmpl mutants when compared to the wild-type H37Rv M. tb 

strain, corroborating other similar findings published around the same time (22, 23). 

On the contrary, in the in vivo studies, disruptions in six mmpl genes, namely mmpl4, 

mmpl5, mmpl7, mmpl8, mmpl10, and mmpl11, severely attenuated the ability of M. tb 

mutants to replicate in the lungs of infected mice (23). On the other hand, mutations 

in mmpl1, mmpl2, mmpl6, mmpl9, and mmpl12 did not correlate to any in vivo survival 

defect (23). In fact, the substrates and functions of the five MmpL transporters 

encoded by the foregoing five genes as well as MmpL13 have not been definitively 

characterised yet; they are not as critical as the remaining MmpL transporters (13) 

(Figure 4.1). 

 

 

Figure 4.1. MmpL1-13 proteins in M. tb. While a number of substrates have been identified for seven 
MmpL transporters, the functions of the remaining six MmpL proteins have not yet been conclusively 
determined. 

 

In addition to exporting MAs from cytoplasm to periplasm, MmpL3 is also responsible 

for importing heme into cytoplasm (24, 25). In fact, to date, three M. tb proteins are 

known to be implicated in the mycobacterial heme acquisition system, namely Rv0203, 

MmpL3, and MmpL11. While Rv0203 scavenges heme from the host and transports 

it across the mycobacterial periplasm, both MmpL3 and MmpL11 shuttle it to 

cytoplasm, wherein the sequestered iron can be used in promoting mycobacterial 

survival and pathogenicity (24, 25). Interestingly, mmpl3 is located in close proximity 

to mmpl11 and both transporters are homologous to each other, bearing 24% amino 
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acid sequence identity (24). Of note, the mmpl3/mmpl11 chromosomal locus, 

encoding both MmpL3 and MmpL11, is conserved across the mycobacterium genus 

(pathogenic and non-pathogenic) (26). Similar to MmpL3, MmpL11 serves as a two-

way traffic tunnel. Indeed, in addition to its role as a heme importer, MmpL11 

coordinates the conveyance of monomeromycolyl diacylglycerol (MMDAG), long-

chain triacylglycerols (LC-TAG), and mycolate wax esters (MWE) in M. tb (27). These 

lipids are crucially required for the formation of biofilms in M. tb and mycobacterial 

persistence (27). Bacterial biofilms possess the ability to tolerate host defence 

systems, antibiotics, and other environmental stressors, thereby contributing to 

chronic persistent infections (28). It was also suggested that MAs play a pivotal role in 

the development and modulation of M. tb biofilms (28). Accordingly, these findings hint 

at the implication of MmpL3 and MmpL11 in the phenotypic drug tolerance of M. tb 

which in turn prompts the administration of extensive drug treatment regimens.  

On the other hand, both MmpL4 and MmpL5 are considered unique redundant 

transporters that do not transport lipid to the cell envelope, but instead they are 

responsible for the export of siderophores (29). M. tb generates two siderophores, 

namely mycobactin (MBT) and carboxymycobactin (cMBT). The former molecule is 

hydrophobic, while the latter is its more water-soluble cousin; both chelate iron from 

the human host environment. Therefore, both transporters are critically required for 

siderophore-mediated iron uptake in M. tb (29). MmpL7 and MmpL8 coordinate the 

translocation of phthiocerol dimycocerosates (PDIM) and sulfolipid-1 (SL-1), 

respectively, from their production site in cytoplasm to periplasm (13). Both lipids 

contribute to M. tb virulence by masking/impairing the recognition of pathogen by host 

immune receptors, thereby restricting the innate immune response to M. tb. Due to the 

high lipophilicity of PDIM, it also limits the fluidity of the M. tb cell envelope, contributing 

to the intrinsic resistance against antibiotics (13). Of note, MmpL5 and MmpL7 were 

the only MmpL transporters that were shown to be involved in drug efflux. Finally, 

MmpL10 was found to be implicated in the transfer of diacyl trehaloses (DAT) from 

cytoplasm, where they are synthesised, to the periplasm (13). DAT is subsequently 

acylated to generate pentaacyl trehaloses (PAT). However, the role of DAT/PAT in M. 

tb virulence is still perplexing (13). Taken together, while MmpL3 was found to be 

indispensable to the growth and survival of M. tb, six other MmpL transporters were 

shown to be required for full mycobacterial virulence.   
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Due to the salient attributes of MmpL3 that made it critical to the M. tb virulence and 

pathogenicity (vide supra), this MAs transporter remains the principal MmpL protein 

that drug discovery research efforts have been focused on. Indeed, different groups 

have documented the necessity of the mmpl3 gene for the multiplication and viability 

of M. tb in vitro, intramacrophage, and in vivo (30, 31). Within this context, silencing 

the mmpl3 gene halted bacterial cell division and elicited a rapid bactericidal effect on 

M. tb in axenic cultures. Additionally, significant changes in the M. tb cell envelope 

were observed upon depleting the mmpl3 gene, wherein TMM accumulated in the 

cytoplasm, resulting in a shortage of cell wall bound mycolates, in comparison with the 

wild-type strain (30, 31). These findings clearly corroborate the critical role of MmpL3 

in flipping the TMMs from cytoplasm to periplasm, an indispensable step in the 

construction of a properly functioning M. tb cell wall.  MmpL3 was also demonstrated 

to be essential for the M. tb growth in macrophages (30). In addition, knocking down 

the mmpl3 gene was correlated with a significant reduction in the bacterial burden in 

the lungs of acutely and chronically infected mice, compared to the wild-type H37Rv-

infected mice (31). Additionally, MmpL3 was found to be essential for the growth and 

viability of other mycobacterial species (16, 32). I2Cs are probably the most prominent 

MmpL3 inhibitors in the literature. In 2019, two groups made a huge progress in the 

MmpL3 research area (33, 34). First, Zhang et al reported the crystal structure of 

MmpL3 and the interactions that take place between different MmpL3 inhibitors and 

the binding site therein (33). They highlighted two Asp-Tyr pairs, which are located in 

the transmembrane domain of MmpL3, as the key facilitators of proton transportation. 

They found that ICA38, AU1235, SQ109, and rimonabant bind inside the 

transmembrane region, whereupon they disrupt these critical Asp-Tyr pairs required 

for proton relay, blocking the PMF for substrate translocation. Interestingly, their 

findings suggested that MmpL3 is unlikely to act as a drug efflux pump, in contrast to 

previous reports (33).  

Shortly afterwards, the second landmark study, conducted by Li et al, entailed in vitro 

and whole-cell-based investigations to unveil whether the identified drug 

candidates/lead compounds inhibit MmpL3 via a direct mechanism or an indirect one 

(through dissipating the PMF) (34). Their results evidently pointed to a direct mode of 

inhibition displayed by all compound series analysed therein, including the I2Cs, 

regardless of their impact on the PMF, which they considered an auxiliary role that 
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augments the inhibitory activities of the compounds. The preceding two studies 

underpinned the predilection for lipophilic compounds to inhibit MmpL3 as they will be 

more predisposed to traverse the exterior hydrophobic matrix of M. tb, whereupon they 

interact with MmpL3 whose active site is mainly hydrophobic. However, this 

prerequisite lipophilicity condition renders the compound lacking sufficient water 

solubility which is mandatory for achieving adequate bioavailability. This is well typified 

by a number of I2Cs reported to date that displayed exceptional in vitro activities, yet 

they failed in the in vivo studies (18). Overall, while MmpL3 undoubtedly represents a 

promising target, a judicious modulation of the lipophilicity of its inhibitors is highly 

coveted. 

4.3. Previous and Current Endeavours to Enhance The Water Solubility of I2Cs 

Several groups, including ours, have attempted to improve the water solubility of the 

I2Cs without incurring a serious decline in the in vitro anti-TB activity (18, 35-37). 

However, most of these efforts, reported thus far, led to a substantial decrease in the 

activity due to the positive correlation between lipophilicity and anti-TB potency 

observed in MmpL3 inhibitors. Indeed, our group and Kondreddi et al have 

investigated the impact of introducing a basic nitrogen to the indole ring and the N-

linked cycloaliphatic group (18, 35, 36). While the two 5-aza-6-methoxyindoles 1 and 

2 (Figure 4.2) showed considerable in vitro anti-TB activities (MIC = 6.6 and 1.5 µM, 

respectively), the nitrogen-containing N-linked aromatic/cycloaliphatic analogues 3 – 

6 (Figure 4.2) demonstrated a massive loss in the anti-TB activity (MIC > 200 µM) (35, 

36). However, when an azabicyclo motif was used in compound 7 (Figure 4.2) instead 

of the comparably hydrophobic cycloaliphatic moieties, the resulting anti-TB activity 

was modest (MIC = 10.9 µM) (18). Similar to compounds 3 – 6, when a polar 

tetrahydropyran motif was N-tethered to the indole ring 8 (Figure 4.2), the anti-TB 

activity drastically decreased (MIC > 20 µM) (35). Nonetheless, when Kondreddi et al 

introduced a hydroxyl group to the N-attached cyclohexyl group 9 (Figure 4.2), a 

moderate activity was observed (MIC = 8.9 µM) (35). 

Accordingly, with the goal of uncovering drug-like candidates with enhanced water 

solubility, in the study that we published in 2021, a hydroxyl group was incorporated 

to the adamantane moiety linked to the I2C framework. Some of the adamantanol 

derivatives therein displayed potent anti-TB activity against DS and DR M. tb clinical 
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isolates. Compound 10 (Figure 4.2) was the most active N-adamantanol analogue in 

our study with MIC values of 0.66 – 2.64 µM against DS, multi-drug resistant (MDR), 

and extensively drug-resistant (XDR) M. tb strains. Of note, the measured kinetic water 

solubility of two representative adamantanol analogues was approximately 2 and 3-

fold higher than their adamantane counterparts, suggesting their likely improved PK 

profile. Equally important, the most potent adamantanol analogue 10 showed minimal 

cytotoxicity against healthy Vero cells (IC50 ≥ 169 µM).  

 

 

Figure 4.2. Previous attempts to improve the water solubility of the I2C architecture.  

 

Due to the strong resemblance between our compounds and the previously reported 

MmpL3 inhibitors, the top potent analogues in our study were also docked into the 

MmpL3 active site in order to assess their mode of action. Our compounds were 

oriented in a fashion similar to the co-crystallised ligands; most of the interactions that 

took place between the original ligands and the surrounding amino acids were 

recapitulated upon docking the new compounds. These molecular modelling findings 

in turn indicate that our compounds elicit their anti-TB activity presumably by inhibiting 

MmpL3. Of note, around the same time, another laboratory disclosed the potent anti-
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TB activity of the indolemethylamine analogue 11 (MIC = 0.13 µM, Figure 4.2) which 

also displayed improved aqueous solubility (37). However, this compound 

demonstrated moderate cytotoxicity against Vero cells (IC50 = 22 µM) (37). Taken 

together, while improving the water solubility of the I2C architecture, in several 

previous reports, was synchronised with undermined anti-TB activity or safety, some 

of our recently published adamantanol analogues exhibited potent anti-TB activities, 

enhanced aqueous solubilities, and negligible cytotoxicities. The corresponding 

research article, published in Bioorganic Chemistry, is included herein. 
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A B S T R A C T   

The treacherous nature of tuberculosis (TB) combined with the ubiquitous presence of the drug-resistant (DR) 
forms pose this disease as a growing public health menace. Therefore, it is imperative to develop new chemo-
therapeutic agents with a novel mechanism of action to circumvent the cross-resistance problems. The unique 
architecture of the Mycobacterium tuberculosis (M. tb) outer envelope plays a predominant role in its pathogenesis, 
contributing to its intrinsic resistance against available therapeutic agents. The mycobacterial membrane protein 
large 3 (MmpL3), which is a key player in forging the M. tb rigid cell wall, represents an emerging target for TB 
drug development. Several indole-2-carboxamides were previously identified in our group as potent anti-TB 
agents that act as inhibitor of MmpL3 transporter protein. Despite their highly potent in vitro activities, the 
lingering Achilles heel of these indoleamides can be ascribed to their high lipophilicity as well as low water 
solubility. In this study, we report our attempt to improve the aqueous solubility of these indole-2-carboxamides 
while maintaining an adequate lipophilicity to allow effective M. tb cell wall penetration. A more polar ada-
mantanol moiety was incorporated into the framework of several indole-2-carboxamides, whereupon the cor-
responding analogues were tested for their anti-TB activity against drug-sensitive (DS) M. tb H37Rv strain. Three 
adamantanol derivatives 8i, 8j and 8l showed nearly 2- and 4-fold higher activity (MIC = 1.32 – 2.89 µM) than 
ethambutol (MIC = 4.89 µM). Remarkably, the most potent adamantanol analogue 8j demonstrated high 
selectivity towards DS and DR M. tb strains over mammalian cells [IC50 (Vero cells) ≥ 169 µM], evincing its lack 
of cytotoxicity. The top eight active compounds 8b, 8d, 8f, 8i, 8j, 8k, 8l and 10a retained their in vitro potency 
against DR M. tb strains and were docked into the MmpL3 active site. The most potent adamantanol/ 
adamantane-based indoleamides 8j/8k displayed a two-fold surge in potency against extensively DR (XDR) 
M. tb strains with MIC values of 0.66 and 0.012 µM, respectively. The adamantanol-containing indole-2-car-
boxamides exhibited improved water solubility both in silico and experimentally, relative to the adamantane 
counterparts. Overall, the observed antimycobacterial and physicochemical profiles support the notion that 
adamantanol moiety is a suitable replacement to the adamantane scaffold within the series of indole-2- 
carboxamide-based MmpL3 inhibitors.   

1. Introduction 

Tuberculosis (TB) is a life-threatening insidious disease that has 
afflicted humanity for millennia, taking a heavy toll on human life and 
health [1]. Mycobacterium tuberculosis (M. tb), the etiologic agent of TB, 
is a highly communicable airborne pathogen. It mainly affects the lungs 

and is capable of hijacking the host immune system, often persisting for 
years without causing any symptoms (termed latent TB) [2–6]. The 
status of bacteria switches from being dormant to active mode, when the 
host immune system becomes compromised, allowing the bacteria to 
invade the host and causing the disease to be symptomatic and conta-
gious [7–9]. Globally, in 2018, TB was contracted by 10 million people; 
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an infection rate that remained steady for the past few years, and 
claimed the lives of an estimated 1.5 million people, including around 
0.25 million in the HIV-positive cohort [10]. The World Health Orga-
nisation (WHO) also declared that one quarter of the human population 
are latently infected with TB [10]. This relentless burden places TB as 
the number one infectious disease killer (outranking HIV/AIDS) and one 
of the top 10 causes of death worldwide [10]. Due to the complexity and 
heterogeneity of the M. tb infection, the treatment protocol is protracted 
and burdensome [11,12]. The directly observed TB treatment, short 
course (TB-DOTS) comprises an initial 2-months intensive therapy with 
a cocktail of the first-line drugs: isoniazid (INH), rifampicin (RIF), pyr-
azinamide (PZA) and ethambutol (EMB), followed by a 4-months 
continuation phase with INH and RIF [10,13]. Poor patient compli-
ance to this multi-drug regimen (due to side effects, high pill count and 
lengthy duration of therapy) together with HIV co-epidemic have fuelled 
the emergence of drug-resistant TB (DR-TB) [12]. Hence, new labels 
were assigned to the disease, namely multi-, extensively and totally 
drug-resistant TB (MDR-, XDR-, TDR-TB, respectively), perpetuating TB 
as a global health threat [14–20]. Besides the increasing prevalence of 
these refractory strains, the TB resistance crisis is further exacerbated by 
the limited drug options thereof which require administration for a 
longer duration (up to 2 years) and are less efficacious, more expensive 
and cytotoxic compared to the front-line regimen [10,21]. Accordingly, 
there is an urgent need to identify novel anti-TB agents directed against 
new cellular targets, different from the ones targeted by the current anti- 
TB drugs, in order for them to be effective against drug-sensitive TB (DS- 
TB) and DR-TB. 

Genetic and lipid profiling studies identified a membrane trans-
porter, the mycobacterial membrane protein large 3 (MmpL3) as a 
promising antimycobacterial target [22–25]. MmpL3 plays an important 
role in the heme uptake into the bacterial cell. More importantly, it is 
responsible for the translocation of mycolic acids (MAs) precursors, 
trehalose monomycolates (TMMs), across the plasma membrane 
[26–30]. MAs are the major lipid components of the mycobacterial outer 
membrane, which are responsible for its hydrophobicity and imperme-
ability to a range of therapeutic agents [31–33]. We previously detailed 
the MAs biosynthetic machinery and their assembly into the mycobac-
terial cell envelope [34]. Not only is this intricate protective lipid 
coating impervious to exogenous substances, including many antibi-
otics, it also insulates the mycobacteria against the host’s immune sys-
tem, accentuating its importance in the mycobacterial growth and 
survival in host [35–37]. Conditional depletion of MmpL3 in Mycobac-
terium smegmatis (M. smegmatis) led to the loss of cell wall mycolation 
concomitant with intracellular accumulation of TMM, verifying the role 
of MmpL3 in shuttling TMM across the cytoplasmic membrane 
[24,26,38]. A downregulation of mmpL3 expression was in fact followed 
by an abrogation in cell division and rapid cell death [39,40]. Several 
MmpL3 inhibitors with varied chemical entities have been reported to 
date by various high throughput screening (HTS) campaigns, further 
validating MmpL3 as a viable target for anti-TB drugs. Five structurally 

distinct analogues, including the indole-2-carboxamides and adamantyl 
ureas, were recently found to directly inhibit MmpL3 [41–43]. NITD- 
304 (1, Fig. 1) was previously identified as a preclinical agent for 
treating MDR-TB [23]. In our previous work, the lead indoleamide 2 and 
ICA38 3 were also highlighted as highly potent anti-TB agents [44,45]. 
Unfortunately, both compounds were found to be inactive in vivo, likely 
due to their poor bioavailability [44,45]. 

Very recently, the crystal structure of MmpL3 in M. smegmatis was 
disclosed, serving as an excellent paradigm for the M. tb counterpart due 
to the high homology between these two mycobacteria [25]. The 
MmpL3 binding site therein is divided into five subsites (S1-S5) with S4 
being the only hydrophilic one. Upon binding, both the indole-2- 
carboxamides and adamantyl ureas occupy the S3-S5 subsites in the 
proton translocation channel, elaborating a common inhibitory mech-
anism (Fig. 2) [25]. These findings were in harmony with the homology 
model previously constructed by our group [45]. These compounds were 
found to be likely disrupting the key components of the S4 subsite (the 
two Asp-Tyr pairs) implicated in the proton relay, thereby blocking the 
proton motive force (PMF) for substrate translocation. Indeed, this was 
further substantiated by another study that employed in vitro and 
whole-cell-based approaches where they found that the adamantyl urea 
AU1235 4 dissipates the PMF in M. tb from which the MmpL3 trans-
porter derives its energy (indirect mechanism) [42]. Nevertheless, the 
same group provided evidence that the indole-2-carboxamide de-
rivatives, NITD-304 1 and its analogous difluoro compound NITD-349, 
in addition to AU1235 4, are able to inhibit MmpL3 via a direct mech-
anism and that whether or not dissipation of PMF is observed, can be 
regarded as an additional quality that potentiates the overall activity 
[42]. 

The valuable insights brought forth by this crystal structure 
prompted us to reinvigorate our efforts to develop new anti-TB agents 
that could be endowed with better lead-like properties than the current 
lead candidates. Therefore, herein, we describe the design, synthesis, 
and in vitro biological evaluation of adamantane and adamantanol an-
alogues tethered to the framework of various indole-2-caboxamides, 
phenylureas and benzimidazoles, aspiring to improve water solubility 
while retaining potent antitubercular activity. All final compounds were 
screened in vitro against DS M. tb H37Rv strain. The top potent com-
pounds in our study were further evaluated against two nontuberculous 
mycobacterial (NTM) strains as well as one DS and four DR M. tb strains. 
In parallel, we tested their cytotoxicity in Vero cells and assessed their 
drug-likeness in silico to predict their oral bioavailability. We also 
measured the kinetic water solubility for two pairs of analogues 8b/8c 
and 8k/8l, as representatives of the adamantane/adamantanol coun-
terparts. Molecular docking analysis was also performed on the top 
active compounds using the MmpL3 crystal structure. 

2. Design 

Lipophilicity is an important parameter in the design of novel anti-TB 

Fig. 1. Anti-TB derivatives: Indole-2-carboxamides 1, 2 and 3, adamantyl ureas 4 and 5, and benzimidazole 6.  
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analogues to ensure their permeation through the capsular lipids of 
M. tb. Unfortunately, high lipophilicity can also be detrimental espe-
cially when accompanied with low water solubility and subsequently 
poor bioavailability. For instance, the bioavailability of the highly 
lipophilic lead indole-2-carboxamide derivatives 2 and 3 (ClogP = 5.67 
and 5.89, respectively) was associated with low water solubility [45]. 
Their limited aqueous solubility stems from the high lipophilicity of the 
indole and carbocyclic rings, fulfilling the requisite requirements for the 
hydrophobic binding pockets of MmpL3 (S3 and S5). Although com-
pounds with high lipophilicity may have improved cellular permeability 
through the lipid rich mycobacterial cell wall, they need to be suffi-
ciently water soluble at the site of absorption (the aqueous gastroin-
testinal fluids) in order to traverse through membranes. In other words, 
both water solubility and lipophilicity are intertwined limiting factors 
that are crucial for achieving the desired bioavailability and cellular 
diffusion. In light of these data, the general strategy for the chemical 
modifications in the present work is mainly aimed at improving the 
drug-like physicochemical properties of the indole-2-carboxamides by 
enhancing the water solubility while retaining sufficient lipophilicity to 
elicit high anti-TB activity. This was attained by integrating water sol-
ubilising groups as outlined below. 

First, in an unprecedented approach, we appended a 3-adamantanol 
moiety to the indole-2-carboxamides. We reasoned that the insertion of 
a polar functional substituent (OH group) on the adamantane moiety 
could be tolerated in terms of steric hindrance while potentially 
providing the new compounds with improved water solubility. The anti- 
TB activities of the new 3-hydroxyadamantane analogues were 
compared to the previously reported and current study’s novel bare 
adamantane counterparts (8a-l). It is worth noting that adamantane is a 
privileged scaffold in medicinal chemistry that is considered a “lipo-
philic bullet”, functioning as an add-on used in the modification of 
known pharmacophores to provide the needed lipophilicity and enhance 
the stability of the drugs [46]. On the other hand, adamantyl ureas 4 and 
5 were also identified as potent anti-TB compounds (Fig. 1) [43]. As the 
adamantyl urea AU1235 4 was proven to target MmpL3 [25,26,42], we 
scrutinised the activity of two novel 3,5-dichlorophenyl urea analogues 
bearing an adamantane moiety 10a,b. Similar to the indolecarbox-
amides, we also assessed the influence of introducing a polar OH group 

on the adamantane moiety in the urea derivative 10b in comparison to 
the plain adamantane analogue counterpart 10a. 

Additionally, benzimidazole urea analogue 12 was prepared to 
explore the activity of the benzimidazole scaffold (containing an extra 
ionisable nitrogen) as a replacement to the phenyl core in the adamantyl 
ureas. It is noteworthy that benzimidazole derivative 6 (Fig. 1) was 
previously reported to inhibit MmpL3, exhibiting an IC90 value of 16 µM 
against M. tb H37Rv strain [47]. Besides lowering the lipophilicity, we 
explored whether the extra NH spacer in the urea analogue 12 would 
lead to an improved binding with the hydrophilic residues in the S4 
subsite, similar to AU1235, thereby exhibiting an enhanced biological 
activity. We also investigated the activity of the benzimidazole nucleus 
as a bioisosteric replacement to the indole core to improve the water 
solubility. Towards this, two benzimidazole amides 13a,b were syn-
thesised and evaluated for their anti-TB activity. 

3. Chemistry 

The synthetic routes for the preparation of target compounds 8a-l, 
10a,b, 12 and 13a,b are delineated in Scheme 1 and 2. The synthesis of 

S5 hydrophobic subsite 

S4 hydrophilic subsite 
S3 hydrophobic subsite 

Fig. 2. Close-up view of the MmpL3 binding site showing the S3-S5 subsites in which the indole-2-carboxamide ICA38 (magenta) and the adamantyl urea AU1235 
(maroon) are stabilised by a set of hydrophobic interactions and hydrogen bonding. The two key Asp-Tyr pairs implicated in the proton relay in the S4 subpocket are 
marked in cyan hashed ovals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Scheme 1. Synthetic conditions for compounds 8a-l.  
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the indole-2-carboxamide derivatives 8a-l was accomplished in a one- 
step amide coupling reaction in which commercially available indole- 
2-carboxylic acids 7a-h were coupled with 1-adamantylamine or 3- 
amino-1-adamantanol (Scheme 1) following either amide coupling 
conditions A or B. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDC.HCl), hydroxybenzotriazole hydrate (HOBt) and 
N,N-diisopropylethylamine (DIPEA) were the coupling reagents used to 
get most of our carboxamide analogues (Method A). Alternatively, we 
also treated carboxylic acid derivatives 7b and 7d with oxalyl chloride 
to generate the acid chloride which was subsequently reacted in situ 
with 1-adamantylamine in the presence of triethylamine to provide the 
final amides 8b and 8f (Method B). To afford the urea analogues 10a,b, 
a one pot reaction was carried out in which imidazocarbonylation of 3,5- 
dichloroaniline (9) was initially conducted under anhydrous conditions 
at an elevated temperature. The 1,1′-carbonyldiimidazole (CDI)-medi-
ated amidation protocol is a modified approach from the one described 
by Padiya and co-workers [48]. The resulting carbonylimidazolides 
were subsequently subjected to a nucleophilic substitution reaction with 
the corresponding 1-adamantylamine or 3-amino-1-adamantanol in situ 
to provide the asymmetrical urea analogues 10a,b, respectively 
(Scheme 2). Padiya et al used water as a solvent and reported that under 
their conditions neither aromatic amines with a deactivated ring (due to 
their low nucleophilicity) nor adamantylamine reacted with CDI to yield 
any product. Hence, we employed more extreme conditions (i.e. heated 
at 90 ◦C) and anhydrous dimethylformamide (DMF) as a solvent to 
render the desired ureas with poor to moderate yields (20–48%). 

On the other hand, analogous to 10a,b, the benzimidazole urea de-
rivative 12 was obtained by treating 2-aminobenzimidazole 11 and 1- 
adamantylamine with CDI as a crosslinking agent (Scheme 2). Finally, 
2-aminobenzimidazole was subjected to amide coupling conditions C 
[EDC.HCl and 4-dimethylaminopyridine (DMAP)] with 1-adamantane-
carboxylic acid and 1-adamantaneacetic acid to deliver the requisite 
amides 13a,b, respectively. 

4. Results and discussion 

4.1. Biological evaluation (DS M. tb H37Rv) and SAR analysis 

The synthesised seventeen compounds 8a-l, 10a,b, 12 and 13a,b 
were screened in vitro against M. tb H37Rv strain. The obtained activ-
ities, determined as the minimum inhibitory concentration of the drug 
(MIC) inhibiting the growth of M. tb by at least 90% using the microplate 
alamarBlue assay (MABA), are summarised in Table 1. The first round of 

investigation, intended for increasing the polarity and accordingly the 
water solubility, entailed tethering a 3-hydroxyadamantane moiety to 
several indole-2-carboxamides and comparing the anti-TB activities 
between the adamantane and adamantanol analogues. The unsub-
stituted indole-2-carboxamide attached to 3-adamantanol moiety 8a 
showed a drastic drop in activity (MIC = 51.5 µM) compared to the 
previously reported adamantane analogue counterpart (MIC = 0.68 µM 
[49]). However, the 4-methoxyindole derivative 8b possessing an 
unsubstituted adamantane moiety exhibited an excellent anti-TB activ-
ity (MIC = 0.096 µM). Compound 8b is approximately 3-fold more 
active than the standard first-line anti-TB drug INH (MIC = 0.29 µM). In 
contrast, its hydroxyadamantane analogue 8c showed a modest anti-TB 
activity (MIC = 11.7 µM). Shifting the methoxy group to position 5 of the 
indole ring 8d led to an approximately 8-fold loss of activity (MIC =
0.77 µM) compared to compound 8b (MIC = 0.096 µM). Again, the less 
lipophilic 3-adamantanol analogue 8e (MIC = 47.0 µM, ClogP = 2.73) 
was nearly 61-fold less active than the adamantane counterpart 8d (MIC 
= 0.77 µM, ClogP = 4.12). Similar to compounds pair 8d/8e, the 5- 
methylindole derivative containing an adamantanol moiety 8g dis-
played a dramatic attenuation of activity compared to compound 8f 
(MIC = 24.7 and 0.20 µM, respectively). Of particular note, compound 
8f is approximately 1.5- and 4-fold more potent than INH and 8d, 
respectively. This signifies that methyl substituents are generally more 
favourable than the more polar methoxy groups due to their enhanced 
lipophilicity (8d: ClogP = 4.12, 8f: ClogP = 4.60). However, the nearly 
8- and 2-fold increase in activity manifested in the 4-methoxyindole 
analogue 8b compared to the 5-methoxyindole 8d and 5-methylindole 
8f counterparts, respectively, epitomises the consequential role of the 
substitution pattern in the indole ring on the activity. The 5-chloroindole 
derivative 8h bearing a 3-adamantanol moiety was bereft of anti-TB 
activity (MIC > 93 µM), as opposed to the previously observed high 
potency of the N-adamantane-5-chloroindole analogue (MIC = 0.38 µM 
[44]). This is a noteworthy result because the lipophilicity of compound 
8h (ClogP = 3.53) is more than that of the above-mentioned ada-
mantanols 8a, 8c, 8e and 8g, yet 8h displayed lower potency than the 
foregoing analogues. Intriguingly, compound 8i, a 6-bromoindole car-
rying a 3-adamantanol moiety, was approximately 2-fold more active 
than the first line anti-TB drug EMB (MIC = 2.57, 4.89 µM, respectively). 
Despite the gap in the activity between 8i and its previously reported 
adamantane counterpart (MIC = 0.042 µM [45,50]), the satisfactory 
activity of 8i establishes it as a promising anti-TB compound. In this 
case, 8i still retained a decent anti-TB activity while being significantly 
less lipophilic than its adamantane analogue (ClogP = 3.68 and 5.07, 
respectively). Next, we explored the effect of disubstitution with chloro 
and fluoro groups on the indole ring. Indoleamides bearing the 4,6- 
dihalogen groups, for instance compounds 2 and 3, were previously 
deemed more advantageous than the 4,6-dimethyl counterpart as the 
methyl groups presented metabolic liability (prone to metabolic oxida-
tion) [45]. In this regard, the dihalogen groups circumvent this meta-
bolism issue while equipping the indole ring with similar lipophilicity. It 
was pleasing to find that the dichloro analogue 8j (MIC = 1.32 µM) 
bearing an adamantanol moiety is about 4- and 2-fold more active than 
EMB and compound 8i, respectively. Importantly, the dichloroindole 8j, 
which is the most lipophilic derivative in the N-(3-hydroxyadamantane) 
indole-2-carboxamide series (ClogP = 4.27), proved to be the most 
active compound in this set of adamantanol derivatives. These findings 
in turn clearly reflect the positive correlation between lipophilicity and 
anti-TB activity. A similar trend in activity was observed for compounds 
8k and 8l with 4,6-difluoro substitution on the indole ring. The bare 
adamantane analogue of the 4,6-difluoroindole 8k (MIC = 0.024 µM) 
was the most active compound in our study, displaying more potency 
than the adamantanol counterpart 8l (MIC = 2.89 µM). It is important to 
note, however, that the activity of the adamantanol analogue 8l is still 
high, possessing nearly a 2-fold improvement in activity compared to 
EMB and about a 2-fold inferior activity compared to 8j. Interestingly, 
compound 8l is less lipophilic than 8i (ClogP = 3.13, 3.68, respectively) 

Scheme 2. Synthetic conditions for compounds 10a,b, 12, and 13a,b.  
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and yet both molecules displayed comparable potencies with MIC values 
of 2.89 and 2.57 µM, respectively. In addition, while compound 8k 
showed a 2-fold decrease in activity when compared to the previously 
reported dichloroindole counterpart (MIC = 0.011 µM [45]), its lip-
ophilicity was more optimal than the 4,6-dichloroindole analogue 
(ClogP = 4.53 and 5.67, respectively). Thus far, these findings support 

the notion that the anti-TB activity is lipophilicity-driven in these indole- 
2-carboxamides. A polar hydroxy group placed at the adamantane 
moiety impacted the MIC values, but substituting the indole ring at 
position 4 and/or 6 appeared to salvage the anti-TB activity, in agree-
ment with our previous findings on the indole-2-carboxamides [45]. 

In line with the activity and framework of the dichloroindole 

Table 1 
In vitro anti-TB activity of target compounds 8a-l, 10a,b, 12, and 13a,b as well as reference standards INH, EMB, 1, 2, 4, 5, and 6.

Comp X R MICa µM ClogPb Comp X R MICa µM ClogPb 

8a H 

N
H

OH 51.5 2.71 10a – 

N
H

1.47 5.59 

8b 4-OCH3 

N
H

0.096 4.12 10b – 

N
H

OH >90 4.15 

8c 4-OCH3 

N
H

OH 11.7 2.73 12 – H
N

O

25.8 4.15 

8d 5-OCH3 

N
H

0.77 4.12 13a – 

O

13.5 4.07 

8e 5-OCH3 

N
H

OH 47.0 2.73 13b – 

O

>103 5.73 

8f 5-CH3 

N
H

0.20 4.60 INH – – 0.29 [22] − 0.67 

8g 5-CH3 

N
H

OH 24.7 3.21 EMB – – 4.89 [22] 0.12 

8h 5-Cl 

N
H

OH >93 3.53 1 – – 0.015 [23] 6.08 

8i 6-Br 

N
H

OH 2.57 3.68 2 – – 0.011 [45] 5.67 

8j 4,6-dichloro 

N
H

OH 1.32 4.27 4 – – 0.03–0.3 [26,43] 5.08 

8k 4,6-difluoro 

N
H

0.024 4.53 5 – – 1.23 [43] 4.04 

8l 4,6-difluoro 

N
H

OH 2.89 3.13 6 – – 16 [47] 5.76  

a The lowest concentration of drug diminishing at least 90% of bacterial growth by the microplate alamarBlue assay (MABA). The reported MIC values are an average 
of three individual measurements. 

b Estimated using ChemDraw 16.0. 
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derivative 8j, we were interested in evaluating the 3,5-dichlorophenyl 
urea derivative bearing either adamantane 10a or adamantanol 10b. 
Our attention was drawn to the adamantyl urea skeleton because they 
are well-known MmpL3 inhibitors with potent anti-TB activity, wherein 
the halogenated derivative AU1235 (4) stands out as an exemplar of this 
class [25,42,43,51]. The 3,5-dichloro analogue 10a exhibited potent 
anti-TB activity (MIC = 1.47 µM) which is approximately 3-fold more 
than EMB and around 5-fold less than AU1235. It is worth mentioning 
that AU1235 was initially reported to have an MIC value of 0.03 µM and 
in the subsequent reports of the same group they identified its MIC to be 
0.3 µM [26,43,52]. Indeed, in our previous evaluation of AU1235, the 
observed MIC was 0.096 – 0.19 µM [22]. Although compound 10a was 
less active than the N-(2-adamantyl)urea analogue AU1235, it exhibited 
similar activity to the more homologous N-(1-adamantyl)urea analogue 
5 (MIC = 1.23 µM [43]). The discrepancies in the activities of compound 
10a and 5 in comparison to AU1235 is ostensibly correlated to the 
preference for the 2-adamantyl urea scaffold over the 1-adamantyl 
counterpart. This was further supported by the fact that despite the 
higher lipophilicity of compound 10a compared to AU1235 (ClogP =
5.59 and 5.08, respectively), 10a was less potent than AU1235. Unfor-
tunately, the adamantanol counterpart 10b was devoid of anti-TB ac-
tivity (MIC > 90 µM), featuring once again the apparent impact of 
lipophilicity on activity (ClogP = 5.59 and 4.15 corresponding to com-
pounds 10a and 10b, respectively). 

On the other hand, replacing the phenyl core in the urea analogue 
10a with a benzimidazole nucleus (entailing an ionisable nitrogen) 
yielded the urea derivative 12 (MIC = 25.8 µM) which showed more 
activity than 10b, despite their similar lipophilicity (ClogP = 4.15). 
Additionally, our group previously reported some benzimidazole-2- 
carboxamides as potent anti-TB compounds [44]. Therefore, in conso-
nance with our endeavour to achieve more water-soluble compounds, 
we further examined the benzimidazole scaffold as a replacement to the 
indole core. We were particularly interested in probing the influence of 
reversing the amide linker in the benzimidazoleamide derivatives. The 
reversed amide compound 13a showed moderate activity with an MIC 
value of 13.5 µM which is 2-fold higher than that of compound 12. This 
activity was significantly lower than the evaluated N-adamantyl 
benzimidazole-2-carboxamide derivatives in our previous study (MIC =
0.39 and 1.5 µM [44]), suggesting that reversing the amide linker in this 
framework is unfavourable. Nevertheless, 13a was more potent than the 
most active benzimidazole derivative 6 in Stanley et al study (MIC = 16 
µM [47]). Finally, the influence of extending the length between the 
benzimidazole nucleus and the adamantane ring was further scrutinised. 
In this respect, a methylene spacer was inserted between the carbox-
amide linker and the adamantane moiety, yielding the highly lipophilic 
compound 13b (ClogP = 5.73), which surprisingly showed a large loss of 
activity (MIC > 103 µM) compared to 13a. This finding is discrepant 
with our previous results on the indole-2-carboxamides, in which the 

addition of a methylene spacer next to the cycloaliphatic ring was 
tolerated [44]. These data suggest that lipophilicity seems to not be the 
main factor driving the anti-TB potency in these benzimidazoles. 

4.2. In vitro activity of the most potent compounds against NTM strains 
and clinical isolates of M. tb along with their cytotoxicity evaluation 

Based on their satisfactory results in vitro against the wild-type M. tb 
H37Rv strain, the most promising eight compounds, namely 8b, 8d, 8f, 
8i, 8j, 8k, 8l and 10a were selected for further in vitro studies against 
two NTM strains and a panel of clinical isolates of M. tb (Table 2). 
Ciprofloxacin (CPF), one of the second-line anti-TB drugs (used in the 
treatment of MDR-TB), was simultaneously evaluated against the same 
mycobacterial strains, serving as a positive control. Interestingly, N- 
adamantyl-4-methoxyindole-2-carboxamide (8b) exhibited a decent 
activity against Mycobacterium abscessus (M. abs) which is 2-fold higher 
than that of CPF (MIC = 12.3 and 24.1 µM, respectively). However, 
compound 8b was devoid of activity against Mycobacterium avium 
(M. avium) in comparison to CPF (MIC > 197 and 0.75 µM, respectively). 
Conversely, the adamantyl urea derivative 10a exhibited more potency 
against M. avium than M. abs (MIC = 47.2 and > 189 µM, respectively). 
Meanwhile, the rest of the compounds were bereft of activity in the 
M. abs and M. avium assays (MIC > 164 µM), suggesting the selective 
activity of these compounds against M. tb. On the other hand, pleasingly, 
all eight compounds retained their high activity against a panel of DS 
and DR M. tb strains, originally procured from pulmonary TB patients. 
The M. tb clinical isolates comprise one DS (V4207), two MDR (V2475, 
KZN494), and two XDR (R506, TF274) strains. Three derivatives 8b, 8f, 
and 8k were more potent than CPF when tested against DS M. tb H37Rv 
and V4207 strains (CPF MIC = 0.75 µM) and the preceding MDR M. tb 
isolates, whilst the activity of compound 8d against these strains was 
comparable to CPF. Notably, the most active adamantanol and 
adamantane-based indoleamides 8j and 8k fortuitously displayed a 2- 
fold increase in activity against the forenamed XDR M. tb strains (MIC 
= 0.66 and 0.012 µM, respectively). In fact, all eight compounds showed 
significantly higher activities against XDR-strains compared to CPF. The 
remarkable potencies of these compounds spotlight not only their po-
tential to treat DS- and DR-TB, but also the prospective lack of cross 
resistance between these derivatives and the currently used medica-
tions. We also further evaluated the toxicity of the top potent com-
pounds against Vero cells, expressed as IC50 values, and their selectivity 
index (SI) were subsequently calculated. All compounds, except for 10a, 
exhibited high SI values, demonstrating the potential lack of cytotoxicity 
of these analogues against mammalian cells (Table 2). In particular, 
compound 8j (IC50 ≥ 169 µM), the most active compound in the 3-ada-
mantanol set of derivatives, displayed higher IC50 value than the other 
two analogous compounds 8i and 8l in the same series (IC50 = 82.2 and 
92.4 µM, respectively). Similar to 8j, the tested N-(1-adamantyl)-indole- 

Table 2 
In vitro activities of the top eight potent compounds and CPF against M. abs, M. avium and selected clinical isolates of M. tb [MIC (µM)] as well as their cytotoxicity 
against Vero cells [IC50 (µM)].  

Comp M. abs (µM) M. avium (µM) M. tb MIC (µM) IC50 (µM)    

V4207/DS V2475/MDRa KZN494/MDRa R506/XDRb TF274/XDRb Vero cells SIc 

8b 12.3 >197 0.096 0.096 0.048 0.024–0.048 0.024–0.048 ≥197 ≥2048 
8d >197 >197 0.39–0.77 0.39–0.77 0.39 0.39 0.39 ≥197 ≥256 
8f >207 >207 0.20 0.20 0.20 0.10–0.20 0.10–0.20 ≥207 ≥1024 
8i >164 >164 5.14 5.14 2.57–5.14 2.57 2.57 82.2 32 
8j >169 >169 1.32 2.64 1.32 0.66 0.66 ≥169 ≥128 
8 k >194 >194 0.024 0.024 0.024 0.012 0.012 ≥194 ≥8205 
8 l >185 >185 2.89 5.77 2.89 2.89 1.44 92.4 32 
10a >189 47.2 1.47 1.47–2.95 1.47 0.74 0.74 5.9 4.0 
CPF 24.1 0.75 0.75 0.75 0.75 6.04 6.04 ≥193 ≥256  

a Resistant to INH and rifampin (RIF). 
b Resistant to INH, RIF, levofloxacin, ofloxacin, and kanamycin. 
c Selectivity index (SI) = IC50(Vero)/MIC(H37Rv). 
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2-carboxamides exhibited high selectivity against DS and DR M. tb 
strains over mammalian cells (IC50 ≥ 194 µM, SI ≥ 256). Meanwhile, the 
urea analogue 10a showed some toxicity against Vero cells with IC50 of 
5.9 µM (SI = 4.0). This result was in fact counterintuitive due to the 
previously reported limited cytotoxicity of the analogous adamantyl 
urea AU1235 4 and compound 5 (IC50 = 675 and 2238 µM, respectively 
[43]). 

4.3. Molecular docking 

Considering that MmpL3 is most likely the target of our compounds, 
a molecular modelling study was performed on the most active de-
rivatives (MIC ≤ 3 µM) to gain some perspectives on their binding 
mechanism within the active site of this membrane transporter (PDB ID: 
6AJJ). Initially, reference ligands ICA38 3 and AU1235 4 were redocked 
into the MmpL3 binding pocket to validate the docking protocol, using 
MOE 2008.10 modelling software (Molecular Operating Environment), 
as published previously [53,54]. The bulky S3 and S5 hydrophobic 
subsites harboured the 4,6-dichloroindole/trifluorophenyl scaffolds and 
the spirocarbocyclic/adamantane groups, respectively, with regard to 
ligands 3/4, forming extensive set of hydrophobic contacts with the 
surrounding residues (Fig. 2). The amide and urea linkers, meanwhile, 
were positioned in the S4 hydrophilic subsite, whereupon the amide NH 
of the spirocyclic ligand ICA38 formed only one hydrogen bond with 
Asp645, whereas two hydrogen bonds connected Asp645 and the NH 
groups of the urea motif in AU1235, in accordance with Zhang et al 
crystal structure report [25]. Notably, Asp645 is an integral piece of the 
two Asp-Tyr pairs, the key elements of the S4 subsite, implicated in 
proton relay. Upon binding, ICA38 and AU1235 were found to inhibit 
MmpL3 by occupying S3-S5 subsites in the proton translocation channel, 
disrupting the two Asp-Tyr pairs, wherefore they dissipate the PMF for 
substrate transport [25].The binding mode of lead compound 2 in the 
MmpL3 receptor was similar to ICA38 and AU1235 [54]. 

Next, the most active compounds in our study 8b, 8d, 8f, 8i, 8j, 8k, 
8l and 10a were docked into the MmpL3 active site. London dG scoring 
was used to rank the generated poses after the forcefield refinement 
stage, in which lower scores designate more favourable ligand config-
urations. As expected, all eight compounds were oriented inside the 
MmpL3 binding pocket in a manner resembling that of ICA38 and 
AU1235, whereby they all showed high binding affinities (docking score 
− 12.5 – − 13.6 kcal/mol). The docking poses of the indole-2- 
carboxamides, showing the lowest binding energy (most favourable 
poses), retained the main interactions discerned in ICA38. In the S4 
hydrophilic subsite, in addition to the hydrogen bond formed between 
the amide NH and Asp645 (distance = 2.37–2.43 Å), another one took 
place between Asp645 and the indole NH in the adamantane and 
adamantanol-based indoleamide analogues (distance = 2.64–2.77 Å), 
similar to lead compound 2. Meanwhile, the indole ring and the 

adamantane/adamantanol moiety were embedded in the S3 and S5 
hydrophobic subsites, respectively. The binding fashion and overlapping 
of compounds 8j and 8k with ICA38 are illustrated in Fig. 3, respec-
tively, exemplifying the 3-adamantanol and adamantane series, 
respectively. Compound 10a adopted nearly a superimposed orientation 
with both ICA38 and AU1235 4 as depicted in Fig. 4. Akin to AU1235 4, 
the dichlorophenyl group and adamantane moiety of 10a were lodged in 
the S3 and S5 hydrophobic subsites, respectively, whilst the urea linker 
occupied the S4 hydrophilic subsite forming two hydrogen bonds with 
Asp645 (distance = 2.61 and 2.36 Å). The binding mode and super-
imposed orientation between the most active compounds in the current 
study and MmpL3 inhibitors ICA38 and AU1235 suggest that our ana-
logues presumably inhibit the same target, likely by disrupting the two 
Asp-Tyr pairs involved in the proton relay. The results from another 
study also favoured a direct mechanism of MmpL3 inhibition by the 
indole-2-carboxamides and adamantyl ureas [42]. 

4.4. In silico ADME profiling 

The physicochemical properties of adamantane/adamantanol-based 
derivatives 8a-l and 10a,b as well as lead compounds 2 and 4 were 
predicted using ACD/Labs Percepta 2016 Build 2911 (13 Jul 2016) 
(Table 3). We particularly assessed the compliance of these compounds 
with Lipinski’s rule of five (RO5) in order to evaluate their drug-likeness 
[55]. All compounds showed zero violation to the RO5, except for 10a 
and lead compound 2. The one violation observed in lead compound 2, 
related to its high lipophilicity, may also explain the lack of in vivo 
activity of this derivative. Importantly, the most active indoleamides 8b, 
8d, 8f, 8i, 8j, 8k, and 8l conform to the RO5, suggesting the drug-like 
attributes of these compounds, including their prospective in vivo 
drug absorption and permeation. In fact, all the indoleamides de-
rivatives evaluated in our study exhibited desirable lipophilicities [55] 
(logP = 2.94–4.57). In general, ClogP values obtained from Chemdraw 
resembled those from ACD/Labs Percepta. Indeed, all the adamantanol- 
derived compounds in our study were predicted to have higher hydro-
philicity/lower lipophilicity than their bare adamantane counterparts. It 
is noteworthy that the lipophilicity of the most active compound in our 
study 8k (logP = 4.32) is significantly less than that of bedaquiline (logP 
> 7 [56]). In 2012, bedaquiline was approved by the United States Food 
and Drug Administration (FDA), representing the first anti-TB medica-
tion with a novel mechanism of action approved by the FDA since 1971 
[57]. Several adverse effects correlated with bedaquiline are likely 
ascribed to its high lipophilicity, therefore it is provisionally recom-
mended for people with pulmonary MDR-TB when no other effective 
treatment regimen can be designed [56,57]. Importantly, compound 8k 
(MIC = 0.012–0.024 µM) displayed higher potency than bedaquiline 
(MIC = 0.11 µM [58]) against both DS- and DR-TB. On the other hand, 
the Caco-2 permeability values of 8a-l and 10a,b fluctuated between 94 

Fig. 3. Superposition of the top ranked docking pose of 8j (A) and 8k (B) (brown) and co-crystallised ligand ICA38 (magenta) in the MmpL3 binding pocket, 
portraying both compounds having similar binding pattern as ICA38. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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and 214 × 10-6 cm/s, therefore they all are expected to traverse the cell 
membrane. The plasma protein binding (PPB) degree of the preceding 
compounds was also estimated to range from 87 to 98%, suggesting their 
long plasma half-life (T1/2), low volume of distribution and low 
clearance. 

4.5. Kinetic water solubility 

Aqueous solubility is a critical parameter for the absorption and oral 
bioavailability of compounds, in which derivatives equipped with good 
water solubility are often better qualified for clinical advancement. 
MmpL3 inhibitors are generally lipophilic due to the hydrophobic na-
ture of the binding site, thereby having an intrinsic poor aqueous solu-
bility which can hamper their drug-like properties as seen in Table 3. 
This interplay between water solubility and lipophilicity govern the 
bioavailability of these inhibitors and their ability to penetrate the hy-
drophobic cell wall of M. tb to elicit anti-TB activity. This was further 
corroborated by the fact that despite the high activity of the previously 
evaluated N-(1-adamantyl)-4,6-dichloroindole-2-carboxamide 2 (MIC 
= 0.011 µM, logP > 5), it turned out to be inactive in vivo due to its poor 
bioavailability and was not pursued for further studies [45]. The kinetic 
water solubility assessment using high performance liquid chromatog-
raphy (HPLC), entailing the solution-precipitation technique using 
DMSO stock solutions is well established in the literature [59]. Water 
solubility (mg/L) was measured using analytical HPLC for the N-ada-
mantanol-derived indoles 8c and 8l, serving as representatives of this 
class, in addition to their bare adamantane counterparts 8b and 8k, 
respectively. The adamantanol derivatives 8c and 8l showed a 

conspicuous improvement in water solubility in comparison to their 
homologous more lipophilic adamantane analogues 8b and 8k. The N- 
adamantanol-4-methoxy indole 8c was 6-fold more soluble than the 
corresponding adamantane analogue 8b with aqueous solubility values 
of 30 and 5 mg/L, respectively. Likewise, the N-adamantanol-4,6- 
difluoro indole 8l possessed a moderate water solubility (19 mg/L) 
which is approximately 3-fold better than the respective adamantane 
derivative 8k (7 mg/L). It is important to note that the ACD/Lab Per-
cepta solubility values of the adamantanol analogues 8c and 8l were 
predicted to be 40 and 60 mg/L, respectively, compared to 20 mg/L for 
both adamantane counterparts 8b and 8k, amounting to 2- and 3-fold 
increase in solubility in compounds pairs 8b/8c and 8k/8l, respec-
tively. Hence, it seems that the computationally estimated water solu-
bility data of our analogues are in harmony with the HPLC-based 
aqueous solubility experimental values. 

5. Conclusions 

A series of adamantane and adamantanol analogues were designed 
and synthesised geared toward identifying potent anti-TB compounds 
possessing optimal lipophilicity and improved water solubility. All the 
N-(1-adamantyl)indole-2-carboxamide analogues evaluated in this 
study were highly potent (MIC = 0.024 – 0.77 µM) when tested against 
the M. tb H37Rv strain. In case of the analogous 3-adamantanol coun-
terparts, mixed results were obtained. In general, indoles bearing an 
adamantane moiety were more potent than their corresponding 3-ada-
mantanol derivatives. However, three of these relatively polar ada-
mantanol analogues 8i, 8j and 8l displayed promising activities (MIC =

Fig. 4. Putative binding mode of compound 10a (brown) superpositioned with ICA38 (magenta) (A) and their overlay with AU1235 (dark cyan) (B) in the MmpL3 
active site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
In silico physicochemical and pharmacokinetic parameters of the adamantane/adamantanol-based analogues 8a-l and 10a,b in addition to reference compounds 2 and 
4 as per ACD/Labs Percepta 2016 Build 2911 (13 Jul 2016).  

Comp MW HBD HBA NRB ClogP (Chemdraw) logP TPSA Solubility (mg/L) Caco-2 (x 10-6 cm/s) PPB (%) 

8a 310.39 3 4 2 2.71 2.94 65.12 60 151 91 
8b 324.42 2 4 3 4.12 4.04 54.12 20 214 93 
8c 340.42 3 5 3 2.73 3.03 74.35 40 155 92 
8d 324.42 2 4 3 4.12 4.07 54.12 20 214 93 
8e 340.42 3 5 3 2.73 3.02 74.35 40 155 92 
8f 308.42 2 3 2 4.60 4.57 44.89 20 194 92 
8g 324.42 3 4 2 3.21 3.26 65.12 30 168 92 
8h 344.84 3 4 2 3.53 3.51 65.12 30 177 97 
8i 389.29 3 4 2 3.68 3.83 65.12 20 180 93 
8j 379.28 3 4 2 4.27 4.26 65.12 5 167 95 
8k 330.37 2 3 2 4.53 4.32 44.89 20 207 91 
8l 346.37 3 4 2 3.13 3.10 65.12 60 161 87 
10a 339.26 2 3 2 5.59 5.47 41.13 1 94 98 
10b 355.26 3 4 2 4.15 4.57 61.36 4 144 98 
2 363.28 2 3 2 5.67 5.49 44.89 1 91 96 
4 324.34 2 3 2 5.08 4.59 41.13 10 194 92 

MW: molecular weight, HBD: H-bond donors, HBA: H-bond acceptors, NRB: number of rotatable bonds, logP: octanol–water partition coefficient, TPSA: topological 
polar surface area, PPB: plasma protein binding. 
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1.32 – 2.89 µM), higher than the activity of EMB (MIC = 4.89 µM). 
Evidently, substitutions at position 4 and/or 6, especially with halogens, 
on the indole ring are optimal for activity. On the other hand, the ada-
mantylurea derivative 10a (MIC = 1.47 µM) exhibited higher potency 
than EMB, whereas its adamantanol counterpart 10b was inactive. The 
benzimidazole derivatives 12 and 13a,b in which the extra ionisable 
nitrogen is expected to confer higher aqueous solubility, showed mod-
erate or negligible activities. The excellent activities displayed by our 
eight most active compounds 8b, 8d, 8f, 8i, 8j, 8k, 8l, and 10a were not 
duplicated against M. abs and M. avium. However, compound 8b still 
managed to elicit better activity against M. avium than CPF. To our 
delight, all eight compounds maintained the same high activities against 
MDR and XDR M. tb strains. In particular, 8j and 8k stood out as the most 
potent compounds in the adamantanol and adamantane set of de-
rivatives, respectively, in addition to exhibiting high selectivity against 
the tested M. tb strains over mammalian cells, denoting their potential 
lack of cytotoxicity. The top potent eight derivatives were also docked 
into the MmpL3 active site, in which they were accommodated in the S3- 
S5 subsites, recapitulating the binding modes and alignment of ICA38 
and AU1235. Importantly, the enhanced kinetic aqueous solubility of 8c 
and 8l, typifying the 3-adamantanol class, compared to the bare more 
lipophilic adamantane counterparts 8b and 8k, respectively, is in 
agreement with the predicted figures obtained in silico. These findings 
foreground the N-(3-adamantanol)-indole-2-carboxamides as good anti- 
TB candidates with improved water solubility while maintaining po-
tency against both DS and DR M. tb strains. 

6. Experimental section 

6.1. Chemistry 

General information 
All indole-2-carboxylic acids, 1-adamantylamine, 3-amino-1-ada-

mantanol, 1-adamantaneacetic acid were purchased from Fluorochem, 
while 1-adamantanecarboxylic acid was purchased from Sigma-Aldrich. 
2-Aminobenzimidazole and 3,5-dichloroaniline were obtained from 
AlfaAesar. 1H NMR and 13C NMR spectra were recorded on a Bruker 
Avance III spectrometer at 400 and 100 MHz, respectively, with TMS as 
an internal standard. Standard abbreviations indicating multiplicity 
were as follows: s = singlet, d = doublet, dd = doublet of doublets, t =
triplet, td = triplet of doublets, q = quadruplet, m = multiplet and br =
broad. HRMS experiments were done on a Thermo Scientific Q-Exactive 
Orbitrap mass spectrometer. TLC was carried out on SiliCycle SiliaPlate 
TLC plates (200 µm, 20 X 20 cm). Flash chromatography was performed 
using a Teledyne Isco CombiFlash Rf system with RediSep columns or 
manually using SiliCycle SiliaFlash® P60 Silica Gels [40–63 µm 
(230–400 mesh)]. Final compounds were purified by preparative HPLC 
unless otherwise stated. The preparative HPLC (Shimadzu) employed a 
Phenomenex Luna® Omega 5 μm Polar C18 100A (150 × 21.2 mm) 
column, with detection at 254 and 280 nm on a Shimadzu SPD-20A 
detector, flow rate = 25.0 mL/min. Method 1: 40–100% acetonitrile/ 
Milli-Q water (CH3CN/H2O) in 15 min; 100% CH3CN in 10 min; 
100–40% CH3CN/H2O in 10 min. Method 2: 60–100% CH3CN/H2O in 
10 min; 100% CH3CN in 15 min; 100–60% CH3CN/H2O in 10 min. Both 
solvents contained 0.05% of trifluoroacetic acid (TFA). Purities of final 
compounds were established by analytical HPLC, which was conducted 
using Waters HPLC system (1525 binary pump, 2487 dual wavelength 
absorbance detector, and 717 plus autosampler) with a Phenomenex 
Luna® 5µ C18(2) 100 Å (150 X 4.6 mm) column. Analytical HPLC 
method: flow rate = 1 mL/min; gradient elution over 30 min. Gradient: 
20–100% CH3CN/H2O in 10 min; 100% CH3CN in 10 min; 100–20% 
CH3CN/H2O in 10 min. 0.05% of TFA was incorporated in both solvents. 
The purity of all tested compounds was > 95% as determined by the 
method described above. 

6.1.1. General procedure for amide coupling (Method A) 
To a solution of the appropriate carboxylic acid (1 mmol) in anhy-

drous dimethylformamide (DMF, 10 mL), 1-ethyl-3-(3-(dimethylamino-
propyl)carbodiimide hydrochloride (EDC⋅HCl, 1.2 mmol), 
hydroxybenzotriazole hydrate (HOBt, 1.2 mmol) and the corresponding 
amine (1.2 mmol) were added at room temperature (rt). The reaction 
was then basified with N,N-Diisopropylethylamine (DIPEA, 1.5 equiv) 
and the mixture was stirred at room temperature (rt) until the disap-
pearance of the starting material (usually 60–72 h). After this time water 
(50 mL) was added, and the mixture was extracted with EtOAc (3 × 50 
mL). The combined organic layers were washed with water (5 × 25 mL), 
brine (1 × 25 mL), dried over anhydrous Na2SO4, filtered, and 
concentrated under reduced pressure. The residue was initially purified 
by flash chromatography using dichloromethane/methanol (DCM/ 
MeOH) gradient prior to further preparative HPLC purification unless 
otherwise stated. 

6.1.2. General procedure for amide coupling (Method B) 
To a solution of the indole-2-carboxylic acid derivative (1 mmol) in 

anhydrous dichloromethane (DCM, 10 mL), DMF (0.1 mL) and oxalyl 
chloride (2 mmol) were added. After stirring for 3 h at rt, the mixture 
was concentrated under vacuum and the residue was dissolved in 
anhydrous DCM. Thereafter, 1-adamantylamine (1.5 mmol) and trie-
thylamine (2 mmol) were added and the mixture was stirred at rt for 48 
h and filtered off. The precipitate was washed with DCM (2 × 25 mL) 
and the collected 50 mL DCM combined with the filtrate were evapo-
rated in vacuo and the crude residue was purified by flash chromatog-
raphy using DCM/MeOH gradient. The obtained compounds were 
already > 95% pure after flash chromatography. 

6.1.3. General procedure for amide coupling (Method C) 
To a stirred solution of 2-aminobenzimidazole (1 mmol) in a 1:1 

mixture of tetrahydrofuran (THF) and DCM, EDC.HCl (1.2 mmol), the 
corresponding carboxylic acid (1.2 mmol), and 4-dimethylaminopyri-
dine (DMAP, 1.2 mmol) were added and the reaction mixture was stir-
red at room temperature for 72 h. The solvent was then removed under 
vacuum and the residue was purified by flash or manual chromatog-
raphy using DCM/MeOH gradient prior to further HPLC purification 
unless otherwise stated. 

6.1.4. General procedure for urea formation (Method D) 
A mixture of the aromatic amine (1 mmol) and 1,1′-carbon-

yldiimidazole (CDI) (1.2 mmol) in anhydrous DMF (10 mL) was stirred 
at 90 ◦C for two hours, followed by the addition of 1-adamantylamine or 
3-amino-1-adamantanol (1.1 mmol) and stirring was continued for 48 h 
at 90 ◦C. Water (50 mL) was then added to the reaction mixture, fol-
lowed by extraction with EtOAc (3 × 50 mL). The organic layers were 
separated, washed with water (5 × 25 mL), brine (1 × 25 mL), dried over 
anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 
The crude was then purified by flash chromatography using DCM/MeOH 
gradient prior to HPLC purification. 

6.1.4.1. N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carboxamide (8a). 
The title compound was synthesised from indole-2-carboxylic acid (7a) 
and 3-amino-1-adamantanol following general procedure A. Off white 
solid, yield: 97%.1H NMR (DMSO‑d6) δ 11.41 (s, 1H), 7.63 (s, 1H), 7.58 
(d, J = 7.9 Hz, 1H), 7.42 (dd, J = 8.2, 0.8 Hz, 1H), 7.20–7.13 (m, 2H), 
7.02 (ddd, J = 8.0, 7.1, 0.9 Hz, 1H), 4.56 (s, 1H), 2.19 (s, 2H), 2.06–1.90 
(m, 6H), 1.64–1.43 (m, 6H); 13C NMR (DMSO‑d6) δ 161.0, 136.7, 133.0, 
127.6, 123.6, 121.8, 120.0, 112.6, 103.4, 67.8, 54.5, 49.6, 44.7, 35.4, 
30.6; HRMS (ESI) m/z calcd for C19H22N2O2 ([M+H]+) m/z 311.1754; 
found 311.1748. 

6.1.4.2. N-(1-Adamantyl)-4-methoxy-1H-indole-2-carboxamide (8b). 
The title compound was obtained from 4-methoxyindole-2-carboxylic 
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acid (7b) and 1-adamantylamine employing method B. Yellow solid, 
yield: 40%.1H NMR (DMSO‑d6) δ 11.40 (s, 1H), 7.52 (s, 1H), 7.25 (dd, J 
= 2.2, 0.7 Hz, 1H), 7.07 (t, J = 7.9 Hz, 1H), 7.00 (d, J = 8.2 Hz, 1H), 6.49 
(dd, J = 7.6, 0.5 Hz, 1H), 3.87 (s, 3H), 2.09 (s, 6H), 2.06 (s, 3H), 1.67 (s, 
6H); 13C NMR (DMSO‑d6) δ 160.9, 154.0, 138.1, 131.7, 124.5, 118.5, 
105.8, 100.9, 99.6, 55.4, 52.0, 41.6, 36.6, 29.4; HRMS (ESI) m/z calcd 
for C20H24N2O2 ([M+H]+) m/z 325.1911; found 325.1903. 

6.1.4.3. N-(3-hydroxyadamantan-1-yl)-4-methoxy-1H-indole-2-carbox-
amide (8c). This compound was synthesised from 4-methoxyindole-2- 
carboxylic acid (7b) and 3-amino-1-adamantanol according to method 
A. White solid, yield: 90%.1H NMR (DMSO‑d6) δ 11.39 (d, J = 1.4 Hz, 
1H), 7.61 (s, 1H), 7.26 (d, J = 1.7 Hz, 1H), 7.08 (t, J = 7.9 Hz, 1H), 7.00 
(d, J = 8.2 Hz, 1H), 6.49 (d, J = 7.5 Hz, 1H), 4.55 (s, 1H), 3.87 (s, 3H), 
2.18 (s, 2H), 2.03–1.90 (m, 6H), 1.65 – 1.41 (m, 6H); 13C NMR 
(DMSO‑d6) δ 160.9, 154.0, 138.1, 131.6, 124.6, 118.5, 105.8, 100.9, 
99.6, 67.9, 55.4, 54.5, 49.5, 44.7, 35.4, 30.6; HRMS (ESI) m/z calcd for 
C20H24N2O3 ([M+H]+) m/z 341.1860; found 341.1858. 

6.1.4.4. N-(1-Adamantyl)-5-methoxy-1H-indole-2-carboxamide (8d). 
The title compound was obtained from 5-methoxyindole-2-carboxylic 
acid (7c) and 1-adamantylamine employing method A. It was > 95% 
pure after flash chromatography. White solid, yield: 98%.1H NMR 
(DMSO‑d6) δ 11.26 (s, 1H), 7.49 (s, 1H), 7.30 (d, J = 8.9 Hz, 1H), 7.04 
(d, J = 1.4 Hz, 1H), 7.03 (d, J = 2.4 Hz, 1H), 6.81 (dd, J = 8.9, 2.5 Hz, 
1H), 3.75 (s, 3H), 2.09 (s, 6H), 2.06 (s, 3H), 1.67 (s, 6H); 13C NMR 
(DMSO-d6) δ 160.9, 154.1, 133.5, 132.0, 127.9, 114.6, 113.4, 103.1, 
102.4, 55.7, 52.0, 41.5, 36.5, 29.4; HRMS (ESI) m/z calcd for 
C20H24N2O2 ([M+H]+) m/z 325.1911; found 325.1908. 

6.1.4.5. N-(3-hydroxyadamantan-1-yl)-5-methoxy-1H-indole-2-carbox-
amide (8e). This compound was synthesised from 5-methoxyindole-2- 
carboxylic acid (7c) and 3-amino-1-adamantanol following method A. 
Dusty pink solid, yield: 96%.1H NMR (DMSO‑d6) δ 11.28 (s, 1H), 7.58 (s, 
1H), 7.32 (d, J = 8.9 Hz, 1H), 7.07 (d, J = 1.5 Hz, 1H), 7.04 (d, J = 2.3 
Hz, 1H), 6.83 (dd, J = 8.9, 2.4 Hz, 1H), 4.55 (s, 1H), 3.76 (s, 3H), 2.19 (s, 
2H), 2.06–1.91 (m, 6H), 1.67–1.43 (m, 6H); 13C NMR (DMSO‑d6) δ 
160.9, 154.1, 133.4, 132.0, 127.8, 114.6, 113.4, 103.1, 102.5, 67.8, 
55.7, 54.5, 49.6, 44.7, 35.4, 30.6; HRMS (ESI) m/z calcd for C20H24N2O3 
([M+H]+) m/z 341.1860; found 341.1852. 

6.1.4.6. N-(1-Adamantyl)-5-methyl-1H-indole-2-carboxamide (8f). This 
compound was obtained from 5-methylindole-2-carboxylic acid (7d) 
and 1-adamantylamine according to method B. White solid, yield: 
43%.1H NMR (DMSO‑d6) δ 11.28 (s, 1H), 7.49 (s, 1H), 7.34 (s, 1H), 7.30 
(d, J = 8.4 Hz, 1H), 7.05 (d, J = 1.8 Hz, 1H), 6.98 (dd, J = 8.4, 1.2 Hz, 
1H), 2.36 (s, 3H), 2.10 (s, 6H), 2.07 (s, 3H), 1.67 (s, 6H); 13C NMR 
(DMSO‑d6) δ 161.0, 135.1, 133.1, 128.5, 127.8, 125.4, 121.1, 112.3, 
102.8, 52.0, 41.6, 36.5, 29.4, 21.6; HRMS (ESI) m/z calcd for C20H24N2O 
([M+H]+) m/z 309.1961; found 309.1953. 

6.1.4.7. N-(3-hydroxyadamantan-1-yl)-5-methyl-1H-indole-2-carbox-
amide (8g). This compound was synthesised from 5-methylindole-2-car-
boxylic acid (7d) and 3-amino-1-adamantanol following method A. 
White solid, yield: 65%.1H NMR (DMSO‑d6) δ 11.27 (s, 1H), 7.58 (s, 1H), 
7.34 (s, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.05 (d, J = 1.4 Hz, 1H), 6.98 (dd, 
J = 8.4, 1.1 Hz, 1H), 4.53 (s, 1H), 2.35 (s, 3H), 2.18 (s, 2H), 2.05 – 1.88 
(m, 6H), 1.67–1.41 (m, 6H); 13C NMR (DMSO‑d6) δ 161.0, 135.1, 133.0, 
128.5, 127.8, 125.4, 121.1, 112.3, 102.9, 67.8, 54.5, 49.6, 44.7, 35.4, 
30.6, 21.6; HRMS (ESI) m/z calcd for C20H24N2O2 ([M+H]+) m/z 
325.1911; found 325.1914. 

6.1.4.8. 5-chloro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carbox-
amide (8h). The title compound was obtained from 5-chloroindole-2- 
carboxylic acid (7e) and 3-amino-1-adamantanol employing method 

A. White solid, yield: 64%.1H NMR (DMSO‑d6) δ 11.63 (s, 1H), 7.74 (s, 
1H), 7.66 (d, J = 2.0 Hz, 1H), 7.42 (d, J = 8.7 Hz, 1H), 7.20 – 7.13 (m, 
2H), 4.56 (s, 1H), 2.18 (s, 2H), 2.03 – 1.90 (m, 6H), 1.64 – 1.43 (m, 6H); 
13C NMR (DMSO‑d6) δ 160.6, 135.1, 134.5, 128.6, 124.5, 123.6, 120.9, 
114.2, 102.9, 67.8, 54.6, 49.5, 44.7, 35.3, 30.6; HRMS (ESI) m/z calcd 
for C19H21ClN2O2 ([M+H]+) m/z 345.1364; found 345.1364. 

6.1.4.9. 6-bromo-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-carbox-
amide (8i). This compound was synthesised from 6-bromoindole-2-car-
boxylic acid (7f) and 3-amino-1-adamantanol according to method A. 
White solid, yield: 93%.1H NMR (DMSO‑d6) δ 11.57 (s, 1H), 7.72 (s, 1H), 
7.57 (s, 1H), 7.55 (s, 1H), 7.20 (d, J = 0.9 Hz, 1H), 7.15 (dd, J = 8.5, 1.8 
Hz, 1H), 4.54 (s, 1H), 2.18 (s, 2H), 2.04 – 1.88 (m, 6H), 1.64 – 1.43 (m, 
6H); 13C NMR (DMSO‑d6) δ 160.6, 137.5, 133.9, 126.6, 123.7, 123.1, 
116.3, 115.1, 103.4, 67.8, 54.6, 49.5, 44.7, 35.3, 30.6; HRMS (ESI) m/z 
calcd for C19H21BrN2O2 ([M+H]+) m/z 389.0859; found 389.0866. 

6.1.4.10. 4,6-dichloro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-car-
boxamide (8j). This compound was obtained from 4,6-dichloroindole-2- 
carboxylic acid (7g) and 3-amino-1-adamantanol employing method A. 
It was > 95% pure after flash chromatography. Buff solid, yield: 99%.1H 
NMR (DMSO‑d6) δ 11.93 (d, J = 1.5 Hz, 1H), 7.92 (s, 1H), 7.41 (dd, J =
1.6, 0.8 Hz, 1H), 7.35 (dd, J = 2.2, 0.8 Hz, 1H), 7.20 (d, J = 1.7 Hz, 1H), 
4.55 (s, 1H), 2.18 (s, 2H), 2.05 – 1.90 (m, 6H), 1.64 – 1.42 (m, 6H); 13C 
NMR (DMSO‑d6) δ 160.1, 137.1, 134.7, 128.0, 126.7, 125.3, 119.7, 
111.5, 101.5, 67.8, 54.8, 49.4, 44.6, 35.3, 30.6; HRMS (ESI) m/z calcd 
for C19H20Cl2N2O2 ([M+H]+) m/z 379.0975; found 379.0977. 

6.1.4.11. N-(1-Adamantyl)-4,6-difluoro-1H-indole-2-carboxamide (8k). 
This compound was obtained from 4,6-difluoroindole-2-carboxylic acid 
(7h) and 1-adamantylamine following method A. It was > 95% pure 
after flash chromatography. Off white solid, yield: 94%.1H NMR 
(DMSO‑d6) δ 11.83 (s, 1H), 7.67 (s, 1H), 7.30 (d, J = 0.5 Hz, 1H), 7.02 
(dd, J = 9.5, 1.4 Hz, 1H), 6.85 (td, J = 10.4, 2.1 Hz, 1H), 2.08 (s, 6H), 
2.07 (s, 3H), 1.67 (s, 6H); 13C NMR (DMSO‑d6) δ 160.1, 159.5 (dd, J =
238.1, 12.1 Hz), 156.1 (dd, J = 248.4, 15.6 Hz), 137.9 (dd, J = 15.2, 
13.4 Hz), 134.0 (d, J = 3.3 Hz), 113.5 (dd, J = 21.9, 0.6 Hz), 99.0, 95.4 
(dd, J = 29.6, 23.3 Hz), 95.0 (dd, J = 25.9, 4.4 Hz), 52.2, 41.4, 36.5, 
29.4; HRMS (ESI) m/z calcd for C19H20F2N2O ([M+H]+) m/z 331.1610; 
found 331.1610. 

6.1.4.12. 4,6-difluoro-N-(3-hydroxyadamantan-1-yl)-1H-indole-2-car-
boxamide (8 l). This compound was synthesised from 4,6-difluoroin-
dole-2-carboxylic acid (7h) and 3-amino-1-adamantanol employing 
method A. It was > 95% pure after flash chromatography. Light buff 
solid, yield: 87%.1H NMR (DMSO‑d6) δ 11.83 (s, 1H), 7.75 (s, 1H), 7.30 
(d, J = 1.5 Hz, 1H), 7.02 (dd, J = 9.5, 1.5 Hz, 1H), 6.85 (td, J = 10.4, 2.0 
Hz, 1H), 4.54 (s, 1H), 2.18 (s, 2H), 2.06 – 1.87 (m, 6H), 1.66 – 1.41 (m, 
6H); 13C NMR (DMSO‑d6) δ 160.2, 159.5 (dd, J = 238.1, 12.1 Hz), 156.1 
(dd, J = 248.4, 15.6 Hz), 137.9 (dd, J = 15.2, 13.4 Hz), 134.0 (d, J = 3.3 
Hz), 113.5 (d, J = 21.8 Hz), 99.1, 95.5 (dd, J = 29.6, 23.3 Hz), 95.0 (dd, 
J = 25.8, 4.4 Hz), 67.8, 54.7, 49.5, 44.7, 35.3, 30.6; HRMS (ESI) m/z 
calcd for C19H20F2N2O2 ([M+H]+) m/z 347.1566; found 347.1559. 

6.1.4.13. 1-(1-Adamantyl)-3-(3,5-dichlorophenyl)urea (10a). The title 
compound was obtained from 3,5-dichloroaniline (9) and 1-adamantyl-
amine following method D. White solid, yield: 48%.1H NMR (DMSO‑d6) 
δ 8.67 (s, 1H), 7.39 (d, J = 1.8 Hz, 2H), 7.02 (t, J = 1.8 Hz, 1H), 6.04 (s, 
1H), 2.02 (s, 3H), 1.92 (s, 6H), 1.62 (s, 6H); 13C NMR (DMSO‑d6) δ 
153.8, 143.5, 134.4, 120.2, 115.8, 50.6, 41.9, 36.4, 29.3; HRMS (ESI) m/ 
z calcd for C17H20Cl2N2O ([M+H]+) m/z 339.1025; found 339.1030. 

6.1.4.14. 1-(3,5-dichlorophenyl)-3-(3-hydroxyadamantan-1-yl)urea 
(10b). This compound was obtained from 3,5-dichloroaniline (9) and 3- 
amino-1-adamantanol employing method D. White solid, yield: 20%.1H 
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NMR (DMSO‑d6) δ 8.64 (s, 1H), 7.40 (d, J = 1.9 Hz, 2H), 7.04 (t, J = 1.9 
Hz, 1H), 6.14 (s, 1H), 4.51 (s, 1H), 2.14 (s, 2H), 1.92 – 1.71 (m, 6H), 1.61 
– 1.35 (m, 6H); 13C NMR (DMSO‑d6) δ 153.9, 143.5, 134.4, 120.3, 115.8, 
67.8, 53.2, 49.9, 44.6, 35.2, 30.6; HRMS (ESI) m/z calcd for 
C17H20Cl2N2O2 ([M+H]+) m/z 355.0975; found 355.0980. 

6.1.4.15. 1-(1-adamantyl)-3-(1H-benzo[d]imidazol-2-yl)urea (12). This 
compound was obtained from 2-aminobenzimidazole (11) and 1-ada-
mantylamine employing method D. White solid, yield: 36%.1H NMR 
(DMSO‑d6) δ 7.64–7.57 (m, 2H), 7.40 (s, 1H), 7.39 – 7.34 (m, 2H), 2.14 
(s, 3H), 2.08 (s, 6H), 1.73 (s, 6H); 13C NMR (DMSO-d6) δ 151.4, 145.6, 
130.4, 124.0, 113.3, 51.5, 41.5, 36.3, 29.3; HRMS (ESI) m/z calcd for 
C18H22N4O ([M+H]+) m/z 311.1866; found 311.1865. 

6.1.4.16. N-(1H-benzo[d]imidazol-2-yl)adamantane-1-carboxamide 
(13a). The title compound was synthesised from 2-aminobenzimidazole 
(11) and 1-adamantanecarboxylic acid according to method C. White 
solid, yield: 68%.1H NMR (DMSO‑d6) δ 7.61 (s, 2H), 7.32 (s, 2H), 2.05 (s, 
3H), 1.97 (s, 6H), 1.72 (s, 6H); 13C NMR (DMSO‑d6) δ 177.6, 145.3, 
131.1, 124.2, 114.0, 41.9, 37.9, 36.1, 27.8; HRMS (ESI) m/z calcd for 
C18H21N3O ([M+H]+) m/z 296.1756; found 296.1755. 

6.1.4.17. 2-(1-Adamantyl)-N-(1H-benzo[d]imidazol-2-yl)acetamide 
(13b). This compound was obtained from 2-aminobenzimidazole (11) 
and 1-adamantaneacetic acid following method C. It was > 95% pure 
after flash chromatography. White solid, yield: 72%.1H NMR (DMSO‑d6) 
δ 12.05 (s, 1H), 11.41 (s, 1H), 7.43 (s, 2H), 7.15 – 6.95 (m, 2H), 2.19 (s, 
2H), 1.91 (s, 3H), 1.74 – 1.49 (m, 12H); 13C NMR (DMSO‑d6) δ 170.9, 
147.0, 140.8, 133.0, 121.5, 121.4, 117.3, 112.0, 50.0, 42.4, 36.8, 33.3, 
28.5; HRMS (ESI) m/z calcd for C19H23N3O ([M+H]+) m/z 310.1914; 
found 310.1911. 

6.2. Biology 

Microplate alamarBlue assay (MABA) was used in the MIC evaluation 
against the tested mycobacteria as previously reported [60,61]. MABA 
format was also used in the cytotoxicity assessment on Vero cells and the 
corresponding IC50 values were subsequently determined [22]. 

6.3. Molecular modelling 

Computational docking analysis was performed using the Molecular 
Operating Environment MOE software version 2008.10. The MmpL3 
crystal structure in complex with ICA38 (6AJJ) was downloaded from 
the protein data bank (PDB), implementing the same docking protocol in 
our previous report [54]. In brief, the most potent compounds were 
docked into the binding pocket of ICA38 using MOE-DOCK function. 
Triangle Matcher placement method was applied, and the generated 
poses were rescored according to London dG methodology. The same 
scoring function was also used to then rank the poses output after being 
relaxed (energy minimised) through the conventional molecular me-
chanics forcefield refinement setup. The top 30 poses were retained and 
the highest-ranked pose with the best docking score (i.e. the lowest 
binding energy) pertaining to each ligand was selected. It is noteworthy 
that when Pharmacophore placement method, in lieu of Triangle 
Matcher, was used to filter the ligand poses while docking, identical 
results were produced. In this context, final poses that do not satisfy the 
pharmacophore model were automatically eliminated. 

6.4. Water solubility measurement 

Kinetic water solubility was experimentally determined utilising 
analytical HPLC [Waters HPLC system (1525 Binary pump, 2487 dual 
wavelength absorbance detector, and 717 plus Autosampler) with a 
Phenomenex Luna® 5µ C18(2) 100 Å (150 X 4.6 mm) column]. The 

following gradient was operated: 20–100% CH3CN/water over 15 min, 
maintained at 100% CH3CN for 10 min, and finally returned to 20% 
CH3CN in water over 5 min. Both CH3CN and Milli-Q water solvents 
used were containing 0.05% TFA and the flow rate was set at 1.0 mL/ 
min. First, 4000 mg/L stock solutions in DMSO were created for com-
pounds 8b, 8c, 8k, and 8l, followed by serial dilutions using CH3CN/ 
H2O (9:1) to create a calibration curve for each compound by plotting 
absorbance versus concentrations of 200 mg/L, 400 mg/L, 600 mg/L, 
800 mg/L and 1000 mg/L. The absorbance values of each concentration 
are an average of two individual measurements. Next, from the 4000 
mg/L stock solution in DMSO, three samples of each compound were 
diluted 1:20 (200 mg/L) in deionised water and centrifuged. A 100 µL 
sample from the supernatant was diluted 1:1 with 100 µL neat CH3CN, 
mixed, filtered using a 0.45 µM filter, and 100 µL sample was taken for 
analytical HPLC testing. Two absorbance values of each sample were 
measured and averaged, followed by appropriate calculation and 
extrapolation to the established calibration curve. 
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Conclusions 

Following the cumulative data that proved MmpL3 as the protein target of the I2Cs 

using genetic approaches and lipid profiling, in 2019 the crystal structure of MmpL3 

came to light, revealing the interactions of an I2C analogue within its active site. This 

study was hailed as a significant milestone that could expedite the discovery of novel 

MmpL3 inhibitors. However, high lipophilicity, synchronised with low water solubility, 

is the earmark of the compounds targeting MmpL3, including the I2Cs, forestalling 

their advancement to clinical trials. Previous research efforts, poised to overcome the 

shortfall in water solubility, entailed implementing subtle structural changes to the N-

linked cycloaliphatic group. Nevertheless, for the most part, these modifications were 

deleterious to the anti-TB activity. Therefore, a balance between water solubility and 

lipophilicity is mandated to increase the chances of procuring a potent anti-TB 

compound with the potential to evolve into an orally active drug. In our 2021 published 

article, a hydroxyl group was introduced to the N-attached adamantane moiety, which 

enhanced the aqueous solubility of the corresponding I2Cs while maintaining 

adequate lipophilicity. Although the cut back on lipophilicity led to a decrease in the 

anti-TB activities in the N-adamantanol I2Cs, some of these analogues still displayed 

potent activities against DS and DR M. tb clinical isolates (MIC = 0.66 – 5.77 µM). 

These analogues showed minimal cytotoxicities against healthy Vero cells, 

highlighting their promising preliminary safety profiles compared to numerous highly 

potent I2Cs documented in earlier reports. The empirical kinetic water solubility values 

of these adamantanol derivatives were superior to their homologous adamantane 

counterparts. The most active compounds in our study were also docked into the 

MmpL3 active site, wherein they were oriented in a manner similar to the co-

crystallised ligands. Overall, introducing a polar OH group to the adamantane moiety 

linked to the I2C scaffold proved to be a successful approach in improving the water 

solubility of the N-adamantane I2Cs, while maintaining adequate lipophilicity. Indeed, 

the optimum balance between lipophilicity and aqueous solubility of some N-

adamantanol I2C analogues was accompanied by potent anti-TB activities against DS 

and DR M. tb strains.  
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Chapter 5 

Design, Synthesis, and Antimycobacterial Evaluation of Isoniazid, 

Pyrazinamide, and Ciprofloxacin Analogues and Hybrids  
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Background  

In pursuit of discovering new anti-TB agents with potent activities against drug-

sensitive and drug-resistant tuberculosis (DS-TB and DR-TB), we revisited drugs that 

already exist in the market but are associated with resistance issues. In this respect, 

implementing subtle modifications to these marketed drugs can lead to novel 

molecules that will likely engage with the target of the parent drug. More importantly, 

these new compounds can elude the resistance mechanism developed by 

Mycobacterium tuberculosis (M. tb) against the original antibiotic. In addition, the 

introduced structural changes may transform the problematic drug into another active 

molecule with better drug-like and safety profiles. Indeed, numerous research efforts 

have been geared towards improving the anti-TB activity and/or the physicochemical 

and toxicological properties of several anti-TB drugs. For instance, the first line anti-

TB drugs, isoniazid (INH) and pyrazinamide (PZA), in addition to the second-line 

antibiotic previously recommended for treatment of multidrug-resistant TB (MDR-TB), 

ciprofloxacin (CPF), have negative ClogP values. The diminished lipophilicities of 

these drugs in turn allude to room for improvement which may conduce to better anti-

TB activity. In fact, the study that we published in 2021 was premised on increasing 

the lipophilicity of the preceding three drugs in addition to forming hybrids conjugating 

different pharmacophores. Disappointingly, most of the compounds evaluated therein 

were devoid of anti-TB activity. However, one hybrid molecule, linking INH with 

pyrazinoic acid (POA), exhibited good anti-TB activity against DS M. tb strains 

[minimum inhibitory concentration (MIC) = 2 – 4 µg/mL], whilst the tested MDR and 

extensively drug-resistant (XDR) clinical isolates as well as non-tuberculous 

mycobacterial (NTM) strains were refractory to this compound. Furthermore, this 

hybrid displayed negligible cytotoxicity against Vero cells (IC50 ≥ 64 µg/mL). Overall, 

although none of our evaluated compounds displayed better activity profile than INH, 

the primary efficacy and safety data of the INH-POA hybrid warrant further 

improvements.   
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5.1. Introduction 

The history of TB drug discovery recounts streptomycin as the first effective anti-TB 

drug developed (1). This breakthrough achievement in 1944 was followed by a setback 

in its efficacy which was later ascribed to the evolution of DR M. tb strains that 

rendered streptomycin ineffective. To address this liability, in 1950, a combination 

therapy of streptomycin and para-aminosalicylic acid (PAS) was pioneered by the 

British Medical Research Council for treatment of pulmonary TB (1). The following 

years witnessed the introduction of an array of various anti-TB drugs in succession. 

Amongst these drugs is INH, which was first synthesised in 1912. However, the anti-

TB activity of INH was later discovered in the 1950s and was found to be superior to 

other anti-TB agents tested around the same time in vitro and in vivo (2). More 

importantly, INH exhibited an exquisite selectivity against mycobacteria, including 

strains that are resistant to streptomycin and PAS (2). Similar to INH, PZA was first 

synthetically prepared in 1936, but its anti-TB activity was only recognised in 1952 (3). 

The subsequent discovery of RIF in 1965 and its inclusion in the TB drug therapy 

together with PZA was considered a game changer (1). Indeed, the use of either RIF 

or PZA was found to shorten the duration of TB treatment from 12 months or more to 

9 months, while integrating both of them to the regimen truncated it to 6 months (3). 

In fact, the current Directly Observed Therapy Short Course (DOTS), which is a 

standard 6-month treatment regimen, was introduced by the WHO in the 1990s (1). It 

consists of 2 months treatment with INH, RIF, PZA, and EMB, followed by 4 months 

administration of INH and RIF.  

Despite the early success of this combination therapy showing low relapse and high 

cure rates, DR M. tb strains unfortunately continued to evolve. Fluoroquinolones 

(FQs), which are broad spectrum antibiotics, were first shown to be efficacious against 

TB in 1984 (4, 5). Since then, FQs gained much interest in the TB control efforts and 

are currently considered an essential backbone component of MDR-TB therapy. 

However, M. tb strains resistant to FQs started to arise (5). Of note, poor patient 

adherence to therapy and disparities in the quality of public health systems around the 

globe contributed to the emergence and spread of the M. tb superbugs (1). In the 

absence of effective vaccine, restocking the TB medicine chest has been the focus of 

researchers throughout the world in order to halt the evolution and transmission of M. 

tb resistant variants, in addition to ameliorating the treatment outcome of MDR and 
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XDR-TB. Despite the exhaustive efforts undertaken to date to develop novel anti-TB 

drugs, only two antibiotics, bedaquiline (BDQ) and delamanid (DLM), were approved 

in the last decade for treatment of DR-TB (second line regimen) and are unfortunately 

associated with multiple adverse effects (6-8). Importantly, no novel front-line anti-TB 

medicine has been developed since RIF was introduced in the 1960s (9), indicating 

that the early fruitfulness that yielded the current anti-TB drugs has waned in the 

subsequent decades. This slump could be ascribed to the fact that the earlier 

paradigm fortuitously dissociated the process of developing an active antibiotic from 

understanding its mechanism of action (2). INH and PZA, whose exact mechanisms 

as anti-TB agents are still not fully understood, conspicuously embody this early 

strategy (3, 10). Altogether, the current use of the first-line anti-TB drugs that were 

developed in the last century indicates their indispensability in the treatment of DS-

TB. However, their therapeutic success can be further exploited via optimising their 

chemical structure to attain novel drug-like molecules that could be imparted with 

efficacy against DR-TB. 

5.2.  INH, PZA, and CPF: Mechanisms of Action and Resistance 

5.2.1. The First-Line Prodrugs INH and PZA 

Approximately 70 years after the discovery of its anti-TB potential (11), INH remains a 

centrepiece of the TB therapy. The low cost, high bioavailability, excellent bactericidal 

activity against M. tb, and narrow spectrum of action/selectivity marked INH as an ideal 

anti-TB agent (10). INH has not only been used as a front-line treatment of active TB 

but also it is the core prophylactic agent prescribed for latent M. tb infections to prevent 

TB reactivation (10). Despite its small and simple structure, chemically known as 

pyridine-4-carbohydrazide or isonicotinic acid hydrazide, the mode of action of INH is 

multifaceted and contentious (10, 12). In brief, INH infiltrates into the M. tb cytoplasm 

by passive diffusion, whereupon it kills actively dividing mycobacteria, while no 

bactericidal effects are exerted on stationary-phase or anaerobic mycobacteria (10). 

INH behaves as a prodrug that gets activated by the mycobacterial catalase-

peroxidase enzyme (KatG) (10, 12). Subsequently, INH-derived reactive radical 

species are generated, especially the isonicotinic acyl radical (also termed 

isonicotinoyl radical) which is the key active metabolite that is believed to couple with 
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NAD+ and NADP+, forming adducts that are capable of disabling mycobacterial cellular 

processes (10, 12).  

The best-known targets of the activated INH derivatives are two crucial enzymes that 

are implicated in the mycolic acids (MAs) biosynthetic machinery, namely InhA which 

is an enoyl acyl carrier protein (ACP) reductase in addition to the ꞵ-ketoacyl ACP 

synthase (KasA, Chapter 2: Current Molecular Pharmacology 2019 article) (10). 

Therefore, one of the distinctive features of the mycobacterial cells treated with INH is 

the loss of acid fastness, which is attributed to inhibiting the MAs synthesis. 

Conversely, INH is deactivated by arylamine N-acetyl transferases (NATs) which play 

important role in the MAs biosynthesis (10). Of note, InhA, KasA, and NATs are all 

considered efficient anti-TB targets. A vast array of other crucial mycobacterial 

enzymes was also found to be influenced by INH (10). In fact, the concerted inhibitory 

effects of INH against the mycobacterial cell wall lipid biosynthesis, metabolic 

enzymes, and nucleic acid biosynthetic enzymes, that were shown to date, likely 

account for the exceptional potency of this drug (12). However, due to the multitude of 

these effects, the precise mechanism of INH that results in cell death of the tubercle 

bacillus is still debatable (10, 12). Expectedly, numerous genes were found to be 

involved in the resistance mechanisms, evolved by M. tb, against INH (10). In this 

regard, the major cause for INH resistance was correlated to mutations in the katG 

gene (the most commonly found INH resistance mechanism), followed by inhA, kasA, 

and other important genes (10, 12). Of note, Pasca et al found that overexpressing M. 

tb mmpl7 gene (discussed in Chapter 4: section 4.2) in Mycobacterium smegmatis (M. 

smegmatis), confers a high resistance level to INH, suggesting its implication in INH 

extrusion (13). This finding was further corroborated when the mycobacterial 

resistance level dropped upon exposure to efflux pump inhibitors (13). 

Similar to INH, since the second half of the 20th century, PZA has been a cornerstone 

of TB chemotherapy (14). PZA is a paradoxical drug that plays a critical role in 

shortening the duration of TB treatment from 9 months or more to 6 months (15). The 

necessity of PZA stems from its ability to kill the semi-dormant or non-replicating 

tubercle bacilli (also known as persisters) that elude other anti-TB drugs (3, 15). In 

fact, multiple research efforts geared towards finding more optimal drug combinations 

in mouse models to shorten the TB treatment indicated that PZA is the only medicine 

that is irreplaceable as eliminating it compromises the treatment efficacy (3). Of note, 
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PZA is nearly equipotent to RIF as a sterilising agent and synergism is observed upon 

combining both drugs. In addition to its indispensable role as a first-line anti-TB agent, 

PZA is an integral ingredient of MDR-TB treatment regimen and any newly constructed 

combination therapies containing clinical drug candidates (3). Indeed, even the highly 

potent new drugs BDQ and DLM are recommended to be prescribed with PZA, since 

PZA-lacking drug combinations have been shown to be invariably subpar in animal 

studies. Despite its exceptional sterilising activity in vivo, PZA is devoid of activity 

against M. tb under standard culture conditions (neutral pH) (3). Fortunately, the 

activity of PZA was first evaluated in infected animal models, otherwise its inactivity in 

traditional culture media would have presumably excluded it from additional biological 

tests (16). Due to its unconventional and remarkable activity against both DS- and DR-

TB, PZA is projected to remain a mainstay in future anti-TB combination therapies (3). 

Notably, the mode of action of PZA has been puzzling researchers since its anti-TB 

activity was uncovered in the 1950s. The perplexity of PZA could be attributed to the 

great discrepancy between it and typical antibiotics, which are mainly active against 

growing bacteria, whilst showing no or limited activity against non-replicating 

persisters (3). While its in vitro activity is diminished at neutral pH, PZA slowly kills M. 

tb in culture media at acidic pH of 5.5. Indeed, this is consistent with the high sterilising 

activity of PZA against non-growing persisters in vivo, wherein an acidic environment 

is generated during the active inflammation induced by the TB infection. The 

unparalleled ability of PZA to kill M. tb persisters is responsible for reducing relapse 

and shortening the TB therapy (3).  

Based on numerous studies, a plausible model interpreting the mechanism of action 

of PZA was proposed (3). Like INH, PZA enters the tubercle bacilli via passive diffusion 

and acts as a prodrug. It gets subsequently transformed in the mycobacterial 

cytoplasm into the active form POA by nicotinamidase/pyrazinamidase (PZase) which 

is encoded by the pncA gene in M. tb (3). POA is then extruded from the cell by an 

efflux mechanism in M. tb. If the extracellular environment is acidic (pH = 5.5), POA 

becomes protonated (HPOA) and readily re-enters the mycobacterial cell (3). Of note, 

the POA extrusion route in M. tb is deficient as the efflux pump requires energy to 

function, therefore it is unable to counteract the acid-facilitated passive influx of POA, 

accounting for the unique susceptibility of M. tb to PZA. In contrast, M. smegmatis is 
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naturally resistant to PZA due to its highly active POA efflux mechanism, which quickly 

expels POA from the cell (3).  

In M. tb, after POA fetches protons from the outer acidic environment, HPOA 

permeates back to the cell and gradually accumulates in the cytoplasm, lowering the 

pH therein. This cytoplasmic acidification can in turn inhibit the activity of critical 

mycobacterial enzymes (3). Furthermore, this process can lead to the collapse of 

proton motive force (PMF) in M. tb and accordingly the de-energisation/depletion of 

membrane potential. On the contrary, at neutral or basic pH, POA fails to pass through 

the M. tb membrane as it remains in its charged/anionic form which cannot easily get 

into the cell. These findings explain the anomalies of the MIC values of PZA in different 

pH settings (3). Indeed, some studies demonstrated that PZA fails to sterilise M. tb in 

caseous granulomas under neutral pH conditions (17, 18). Paradoxically, it was shown 

that PZA susceptibility can be attained at neutral pH under specific in vitro conditions, 

such as nutrient starvation in stationary cultures and hypoxia; both of which are 

present in necrotic lesions (17). Therefore, it is unclear if other host stress factors 

contribute to the activity of PZA. In general, PZA is believed to be involved in the 

inhibition of different targets, including: 1) ribosomal protein S1 (RpsA), implicated in 

the trans-translation process, and 2) aspartate decarboxylase enzyme (PanD), 

involved in the biosynthesis of ꞵ-alanine, which is the precursor of 

pantothenate/coenzyme A; the latter downstream products are thought to be critical 

for the survival of persisters (3). PZA resistance is predominantly caused by mutations 

in pncA gene, encoding for the PZase enzyme. Mutations in rpsA and panD genes 

were also found in PZA-resistant strains (3). Thus far, despite the plethora of studies 

carried out after the discovery of INH and PZA, the exact mechanism of action of both 

drugs is still elusive. Within this context, the mode of action of PZA is considered the 

least understood amongst all the anti-TB drugs due to its peculiar properties.  

5.2.2. FQs as Second-Line Anti-TB Drugs 

FQs are quinolone-based antibiotics that are widely used to treat various bacterial 

infections in the urinary, gastrointestinal, and respiratory tract in addition to 

osteomyelitis and sexually transmitted diseases (19). In 1984, FQs were shown, for 

the first time, to be useful in TB treatment (4). FQs demonstrated excellent in vitro and 

in vivo activities against M. tb and have become a fundamental part of the bedrock of 
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MDR-TB therapy since the late 1980s (19, 20). FQs are also used in patients 

experiencing serious adverse effects to the front-line anti-TB agents (19). In addition, 

they are recommended as a prophylactic therapy in individuals exposed to MDR-TB 

(21). FQs encompass different generations of antibiotics (22). The newer FQs 

generations have supplanted the older ones in treatment of MDR-TB owing to their 

high efficacy and the development of resistance against the earlier generations. 

Indeed, although CPF and norfloxacin, the second generation FQs, were the first FQs 

to show potent activities against M. tb (4), the third generation FQs, including 

moxifloxacin and levofloxacin, are the currently used second-line anti-TB agents (23).  

FQs act by inhibiting an ATP-dependent enzyme, namely DNA gyrase, in addition to 

topoisomerase IV (19). DNA gyrase is a heterodimer, comprising two subunits GyrA 

and GyrB, encoded by gyrA and gyrB, respectively. Similarly, two subunits constitute 

the topoisomerase IV enzyme, denominated ParC and ParE, encoded by parC and 

parE, respectively (19). DNA gyrase is responsible for cleaving and resealing double 

stranded DNA, wherefore it incorporates negative supercoils into the DNA. This 

process is of paramount importance to DNA transcription, replication, and 

recombination. On the other hand, topoisomerase IV primarily relaxes (or 

untangle/unknot) positive supercoils in DNA in addition to decatenating DNA after 

replication, enabling the separation of two daughter chromosomes (19). Although most 

bacterial species entail both gyrase and topoisomerase IV, M. tb lacks the 

topoisomerase IV homologues parC and parE. Indeed, in M. tb, DNA gyrase appears 

to be additionally displaying the functional properties of topoisomerase IV. Therefore, 

DNA gyrase is likely the sole target for the FQs in M. tb (19, 24). The FQs-bound 

(poisoned) gyrases block DNA synthesis and cause DNA double strand breaks (DSBs) 

either via serving as "roadblocks" for DNA replication forks or independently of these 

replication forks (25). 

Despite their remarkable bactericidal activity against M. tb, resistant strains have 

emerged against FQs (5, 19, 21). In fact, resistance to FQs is a hallmark in XDR-TB. 

FQs resistance in M. tb is mainly attributed to mutations in the quinolone resistance 

determining region (QRDR) in gyrA (19). Mutations in this region were shown to be 

correlated with 42 – 100% of FQs resistance in M. tb. In addition, mutations in gyrB 

were found in several M. tb clinical isolates resistant to FQs (19). However, FQs 

resistance due to mutations in gyrB are markedly less frequent than mutations in gyrA 
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loci (5, 19, 21). In our 2021 study, the second generation FQ antibiotic CPF was of 

choice due to its safety profile. Although CPF (MIC = 0.5 – 4.0 µg/mL) is less potent 

than the ensuing generation of FQs, including levofloxacin (MIC = 1 µg/mL) and 

moxifloxacin (MIC = 0.12 – 0.5 µg/mL), CPF has the lowest risk to cause serious 

hepatotoxicity and cardiovascular-related morbidity (26). In fact, CPF has minimal 

adverse drug reactions (≤ 5%) and they are mostly gastrointestinal in nature 

(abdominal pain, diarrhea, nausea, and vomiting). In addition, the clearance rate of 

CPF is the highest in all FQs which makes it ideally suited for the treatment of M. tb 

patients with renal impairment (26). Despite its impressive bactericidal, safety, and 

pharmacokinetic (PK) profile, resistance to CPF developed rapidly in M. tb (27). 

Therefore, it is no longer recommended for TB treatment. Overall, CPF constitutes a 

fertile ground for structural modifications that could lead to new FQ derivatives with 

limited adverse side effects and improved activity against DR M. tb strains. 

5.3.  2021 Research Letter "Facile Synthesis and Antimycobacterial Activity of 

Isoniazid, Pyrazinamide and Ciprofloxacin Derivatives"  

Two design strategies were used in our recently published article: 1) increasing the 

lipophilicity of INH, PZA, and CPF, which was attained by attaching an adamantane 

moiety to each of these drugs via amide coupling, and 2) creating hybrid compounds 

that not only merge two different anti-TB pharmacophores together, but also exhibit 

higher lipophilicity than INH and PZA. The most active compound in our study is an 

INH-POA hybrid 1 (Figure 5.1; DS M. tb MIC = 2 – 4 µg/mL). This activity is likely 

ascribed to the INH fragment in this hybrid due to the unwonted behaviour of PZA/POA 

that necessitates an acidic media to bring about growth inhibition in M. tb. However, 

since we did not evaluate the activity of this hybrid in acidic media or in vivo, the activity 

of this compound could still be higher than our identified MIC value due to the POA 

segment. Importantly, this hybrid was devoid of activity when evaluated against 

different MDR and XDR strains, suggesting that the mechanism of action/resistance 

of this compound resembles that of INH or PZA/POA. These results are in consonance 

with many previously reported INH-containing hybrids which showed potent anti-TB 

activity against sensitive strains, while they were stripped of potency when evaluated 

against DR strains (28).  
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Although the observed inactivity against DR-TB is seemingly expected, some 

previously reported hybrids entailing INH showed potent activity against DR M. tb 

strains. In this regard, since many pyrazoline derivatives showed potent activity 

against multiple pathogenic mycobacteria, Shaharyar et al conjugated INH with the 

pyrazoline nucleus (29). Most of their evaluated compounds displayed excellent 

activity against DS M. tb, with some hybrids surpassing INH in activity. More 

importantly, all of their compounds retained their potent activities against INH-resistant 

M. tb. For instance, the INH-pyrazoline hybrid 2 (Figure 5.1), which is the most active 

compound in their study, displayed an MIC value of 0.26 µM against both H37Rv and 

INH-resistant M. tb strains (29). Their findings in turn suggest that the mechanistic 

pathway of these compounds as anti-TB agents is distinct from that of INH.  

 

 

Figure 5.1. Selected INH, POA, and CPF hybrids/compounds and their anti-TB activity against 
H37Rv strain. Compounds 1, 5, and 6 were evaluated in our 2021 article, while analogues 2 – 4 were 
previously assessed by other research groups.  

 

On the other hand, Zitko et al investigated the anti-TB activity of several PZA-based 

hybrids (30, 31). They conjugated POA with the 4-(2-pyridinyl)thiazole-2-amine 

scaffold which demonstrated potent anti-TB activity in earlier studies, resulting in 

compound 3 (Figure 5.1) (30). This conjugate was less potent than our INH-POA 

hybrid (H37Rv MIC = 6.25 and 2 µg/mL, respectively). Of note, the two compounds 

feature some structural similarities as they both entail pyridine ring and PZA core. In 
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addition, both compounds 1 and 3 were bereft of activity when evaluated against 

Mycobacterium avium (M. avium) (30). However, Zitko and collaborators did not 

assess the anti-TB activity of their compounds against DR-TB. While our compound 

showed no cytotoxicity against Vero cells (IC50 ≥ 64 µg/mL), the cytotoxicity of 

compound 3 was inconclusive due to its precipitation in culture media at more than 25 

µM concentration (30). In terms of increasing the lipophilicity, Zitko et al synthesised 

and evaluated the anti-TB activity of several N-phenyl PZA derivatives (31), in which 

the anilide 4 exhibited an MIC value of 6.25 µg/mL (ClogP = 2.3). Contrary to 

compound 4, in our study, the analogous N-adamantyl PZA 5 failed to display an 

improvement in the anti-TB activity despite having ClogP value similar to 4 (Figure 

5.1; MIC ≥ 32 µg/mL, ClogP = 2.3).  

Finally, aiming for increasing the lipophilicity and accordingly the anti-TB activity of 

CPF, the N-adamantyl CPF analogue 6 was prepared and evaluated against H37Rv 

M. tb strain in our study (Figure 5.1; MIC = 16 µg/mL). Although this compound was 

less potent than CPF, its activity is higher than the analogous CPF-3-carboxamides 

which were previously assessed against the same M. tb strain (MIC ˃ 125 µM) (32). 

Indeed, although the carboxylic acid group in position 3 of the FQ scaffold is amenable 

to numerous modifications, the anti-TB activity usually takes a nosedive when other 

moieties are introduced into this functional group. In contrast, most of the successful 

attempts to improve the activity of CPF were carried out on the piperazine ring at 

position 7 of the fluoroquinolone core (33, 34). The moderate activity displayed by 

compound 6 suggest that modifying the carboxylic acid group is not a dead-end 

strategy. Our 2021 research letter published in Chemical Biology and Drug Design 

journal is included herein.   
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1 |  INTRODUCTION

Tuberculosis (TB) is a highly contagious airborne dis-
ease that has existed for millennia and continues to pose 
a major threat to human health. It is one of the oldest life- 
threatening and leading deadliest diseases known to man-
kind, claiming more than 1 million lives annually throughout 
the world (Barberis et al., 2017; WHO, 2020). TB is caused 
by Mycobacterium tuberculosis (M. tb) organism that has 
the ability to stay dormant for years, persisting in the host 
body without any indication of disease, causing many peo-
ple to become symptom- free carriers (inactive TB; Boon 

& Dick,  2012). Once the immune system of these latently 
infected people become compromised due to, for instance, 
co- infection with HIV, this silent warfare of the bacteria will 
ultimately transform into the active form of TB (Pawlowski 
et al., 2012; Shankar et al., 2014). According to the World 
Health Organisation (WHO), one quarter of the human popu-
lation harbour a latent M. tb infection with around 10 million 
people falling ill with TB every year. In 2018, TB caused 
an estimated 1.2 million deaths among HIV- negative people 
in addition to 0.25 million deaths among HIV- positive pa-
tients. This inexorable burden ranks TB as the number one 
cause of mortality/morbidity from a single infectious agent 
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Abstract
Several rationally designed isoniazid (INH), pyrazinamide (PZA) and ciprofloxa-
cin (CPF) derivatives were conveniently synthesized and evaluated in vitro against 
H37Rv Mycobacterium tuberculosis (M. tb) strain. CPF derivative 16 displayed 
a modest activity (MIC = 16 µg/ml) and was docked into the M. tb DNA gyrase. 
Isoniazid- pyrazinoic acid (INH- POA) hybrid 21a showed the highest potency in our 
study (MIC = 2 µg/ml). It also retained its high activity against the other tested M. 
tb drug- sensitive strain (DS) V4207 (MIC = 4 µg/ml) and demonstrated negligible 
cytotoxicity against Vero cells (IC50 ≥ 64 µg/ml). Four tested drug- resistant (DR) 
M. tb strains were refractory to 21a, similar to INH, whilst being sensitive to CPF. 
Compound 21a was also inactive against two non- tuberculous mycobacterial (NTM) 
strains, suggesting its selective activity against M. tb. The noteworthy activity of 21a 
against DS strains and its low cytotoxicity highlight its potential to treat DS M. tb.

K E Y W O R D S

ciprofloxacin, hybrid molecules, indoleamides, isoniazid, pyrazinamide, tuberculosis
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(surpassing HIV/AIDS; WHO,  2020). The WHO directly 
observed treatment, and short course (TB- DOTS) requires a 
6- month minimum treatment for drug- sensitive (DS) TB with 
the first- line anti- TB drugs divided into two phases. The first 
2 months are the intensive phase treatment with a cocktail of 
four drugs (Figure 1), including isoniazid (INH, 1), rifampin 
(RIF), pyrazinamide (PZA, 3) and ethambutol (EMB). The 
subsequent 4 months represent the continuation phase treat-
ment with INH and RIF to kill the dormant bacteria (Tiberi 
et  al.,  2017; WHO,  2020). Poor patient compliance to the 
lengthy duration of therapy, high pill count and drug side- 
effects contributed to the emergence of drug- resistant (DR) 
TB (Dheda et al., 2014; Lange et al., 2018; Seung et al., 2015; 
Sotgiu & Migliori, 2015; Velayati et al., 2013). Hydrophilic 
properties, charge, size and/or stability under physiological 
conditions account for inefficient cellular penetration of 
many anti- TB drugs and sub- optimal treatment. Accordingly, 
high drug doses are prescribed to compensate for the reduced 
penetration and bioavailability, taking its toll on the host's 
vital organs, causing strong adverse effects. Therefore, highly 
efficacious anti- TB drugs are urgently needed. A common 
design tactic is to modify old drugs or existing compounds 
with an established bioactivity in order to attain, ideally, an 
enhanced anti- TB potency, efficacy against DR strains and 
short duration of treatment.

Among the front- line TB antibiotics for treatment of DS 
strains, INH 1 is a prodrug that requires activation by the 
mycobacterial catalase- peroxidase enzyme (KatG) to the 
reactive free radical form which then gets implicated in a 
series of reactions, forming the isonicotinyl- NAD complex 
2. This complex is a potent inhibitor to the enoyl- acyl car-
rier protein reductase InhA, a key enzyme in the biosynthe-
sis of mycolic acids (MAs; Vidossich et al., 2014). MAs are 
the integral building blocks of the mycobacterial cell wall 
and the primary mediators of the notorious impermeability 

and hydrophobic characters of the outer coating (Alsayed 
et al., 2019). Therefore, inhibiting InhA eventually leads to 
collapsing of the mycobacterial outer coating that serves 
as a protective permeability barrier from many antibiot-
ics (Vilcheze & Jacobs,  2019). However, serum concen-
tration of INH is greatly influenced by its acetylation via 
N- acetyltransferase enzyme (NAT) which constitutes the main 
metabolic pathway of INH in humans (Erwin et al., 2019). 
The generated N- acetylisoniazid metabolite is devoid of an-
ti- TB activity, leading to a significant decrease in the INH 
bioavailability. Additionally, in M. tb, NAT is implicated in 
the resistance mechanism to INH (Unissa et al., 2016). For 
these reasons, chemically modifying the hydrazine unit in 
INH via incorporating a functional group is commonly used 
to avoid the N- acetylation process and thereupon improve the 
drug bioavailability and the curative outcomes (Hu, Zhang, 
et al., 2017). Moreover, appending lipophilic moieties to the 
INH core can impart enhanced cell wall permeation to the 
drug. Hence, INH analogues with greater lipophilicity have 
emerged as potential anti- TB agents (Hu, Zhang, et al., 2017).

Like INH (Figure 1), PZA 3 is a prodrug which diffuses 
into the M. tb granuloma, where it gets activated by the pyra-
zinamidase enzyme to the active form of the drug pyrazinoic 
acid (POA, 4; Miotto et al., 2014). However, the exact mech-
anism of PZA is still ambiguous. After penetrating the TB 
lesion, the active form of the drug POA accumulates inside 
the bacillus and kills the bacterial cell in the acidic environ-
ment of the TB granuloma (Njire et al., 2016). On the other 
hand, fluoroquinolones, such as ciprofloxacin (CPF, 5), have 
become a mainstay in treating multi- drug- resistant (MDR) 
TB. The mechanism of action of this class of antibiotics is 
distinct from the first- line drugs in which they inhibit DNA 
gyrases and in turn prevent bacterial DNA synthesis (Aldred 
et al., 2016; Schluger, 2013). When CPF 5 was rendered more 
hydrophobic by attaching alkyl substituents to the piperazine 

F I G U R E  1  Structures of INH, 
isonicotinyl- NAD complex, POA, PZA and 
ciprofloxacin 
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NH, the resulting N- alkylated ciprofloxacins were more ac-
tive against M. tb than CPF 5 (Haemers et al., 1990).

The present study entails a simple and efficient synthesis 
of a number of INH, POA and CPF derivatives as well as their 
in vitro anti- TB activity. All final compounds were screened 
in vitro against M. tb H37Rv strain. The most potent com-
pound 21a in our study was further evaluated for its antimyco-
bacterial activity against another DS strain and four DR M. tb 
strains in addition to Mycobacterium abscessus (M. abs) and 
Mycobacterium avium (M. avium). In parallel, this compound 
was also tested in Vero cells for cytotoxicity evaluation.

2 |  DESIGN

The first design strategy was to incorporate an adamantane 
ring as a hydrophobic moiety into the framework of INH, POA 
and CPF. Adamantane is considered an add- on ‘lipophilic 
bullet’ that has a multifaceted value in medicinal chemistry 
(Wanka et al., 2013). The hydrophobic substituent constant 
of this carbocyclic group is estimated as ᴨadamantyl  =  3.1; 
therefore integrating an adamantane motif into the structure 
of highly water- soluble molecules can shift their ClogP to a 
region that is more clinically useful (Liu et al., 2011). Hence, 
our first approach is based on endowing the aforementioned 
drugs with increased lipophilicity which in turn may enhance 
their penetration through the mammalian host tissues and the 
lipid- rich mycobacterial cell wall. Beyond enhancing the par-
tition coefficient, the adamantyl group may also improve the 
stability of drugs and their pharmacokinetics and modulate 
their therapeutic index (Liu et al., 2011; Wanka et al., 2013). 
For instance, an inserted adamantane to the INH skeleton 
might serve as a protecting group, chemically modifying the 
hydrazine unit and blocking the N- acetylation process (Hu, 
Zhang, et  al.,  2017). Towards this, five derivatives 10a,b, 

13a,b and 16 were synthesized to investigate the effect of 
these modifications on the in vitro biological activity com-
pared to the parent drug.

Our group has previously reported several indole- 2- 
carboxamides, such as 6, as potent anti- TB agents targeting 
the mycobacterial membrane protein large 3 (MmpL3; Lun 
et al., 2013; Onajole et al., 2013; Stec et al., 2016). MmpL3 
is a crucial transporter implicated in the flipping and release 
of the MAs precursors across the plasma membrane (Xu 
et al., 2017). Thereafter, MAs get accumulated in the M. tb 
cell envelope, forming a bilayer barrier, standing out as key 
players in the infection process. Accordingly, we synthesized 
and scrutinized the biological activity of two conjugates 18 
and 20 in which we integrated INH and POA, respectively, 
into the indoleamide architecture. Another hybrid conjugat-
ing both INH and POA 21a was also evaluated. The forego-
ing compounds design strategy is based on conjugating two 
different pharmacophore moieties of diverse bioactive sub-
stances known to inhibit different targets in M. tb to develop 
a new chemical entity. The new molecule might be capable 
of simultaneously hitting different targets, exerting multi-
ple drug actions or one part can offset the adverse effects 
caused by the other part. The aforementioned approach of 
forming hybrids of bioactive molecules via conjugating effi-
cacious drug fragments is well- known in drug design (Panda 
et al., 2016, 2019). Finally, we replaced the pyridine ring in 
21a with a benzene ring, forming the analogous derivative 
21b which is more lipophilic than INH- POA hybrid 21a to 
compare their activities.

3 |  CHEMISTRY

The synthesis of target compounds 10a,b, 13a,b, 16, 18, 20 
and 21a,b was accomplished as depicted in Schemes  1– 4 

S C H E M E  1  Synthetic pathway for 
compounds 10a,b  
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using commercially available INH (1), POA (4), CPF (5) 
and 4,6- difluoroindole- 2- carboxylic acid (17). Adamantane 
derivative 7 was esterified with methanol to give the diester 
derivative 8. Subsequent mono hydrolysis with sodium hy-
droxide of the diester 8 yielded the carboxylic acid 9. INH 
1 was then coupled with either 1- adamantanecarboxylic 
acid or 9, following either amide coupling procedure A [1
- ethyl- 3- (3- dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl), hydroxybenzotriazole hydrate (HOBt) and 
N,N- diisopropylethylamine (DIPEA)] or coupling condi-
tions B [EDC.HCl and 4- dimethylaminopyridine (DMAP)] 
to give the requisite final compounds 10a,b (Scheme  1). 
Although EDC.HCl/HOBt- mediated coupling is typically 
conducted at room temperature (rt) in the literature (Onajole 
et  al.,  2013), even after 48  hr of stirring, very low yields 
were obtained. Hence, we applied relatively harsh condi-
tions via heating EDC.HCl/HOBt amide coupling reactions 
at 50°C for 18 hr which resulted in improved yield. Similar 
EDC- coupling protocol was previously adopted in which 
the reaction was heated at 45°C in a microwave (Bahde 
et al., 2011). Alternatively, EDC.HCl/DMAP was also used 
as coupling reagents which generally provided better yield 
than EDC.HCl/HOBt in the derivatives in which both meth-
ods were employed. In Scheme  2, 1- adamantanecaboxylic 
acid 11 was treated with hydrazine hydrate in the presence of 
1,1′- carbonyldiimidazole (CDI) to render the hydrazide in-
termediate 12. Then, similar to 10a,b, under standard amide 
coupling conditions A, compounds 13a,b were obtained via 
reacting POA 4 with 1- adamantylamine and 12, respectively. 
Both compounds 10a and 13a were previously reported, 
but their synthetic protocols were different from ours and 
they have never been evaluated against M. tb (Harikishore 
et  al.,  2013; Naredla et  al.,  2013). On the other hand, the 
synthesis of N- adamantyl CPF derivative 16 is delineated in 
Scheme 3, accomplished in three steps. The pyrazine NH of 
CPF 5 was initially protected using di- tert- butyl dicarbonate 
(Boc)2O to form the N- Boc derivative 14 which was then 

subjected to coupling procedure A with 1- adamantylamine to 
provide the amide 15. The Boc group in the crude amide 15 
was then cleaved using trifluoroacetic acid (TFA) to afford 
the desired amine 16.

In the second part of our study, various conjugates were 
synthesized as described in Scheme 4. For the preparation of 
hybrid 18, amide coupling of 4,6- difluoroindole- 2- carboxylic 
acid 17 with INH 1 was conducted under coupling conditions 
A. Compound 17 was initially converted into the hydrazide 
derivative 19 using CDI and hydrazine hydrate, and was fol-
lowed by amide coupling of 19 with POA 4 to furnish con-
jugate 20. Treatment of INH 1 with POA 4 using coupling 
method B delivered the desired hybrid 21a. This INH- POA 
conjugate was previously prepared using different synthetic 
strategies (Miniyar & Bhat, 1999; Panda et al., 2019). It was 
evaluated against H37Rv M. tb strain, albeit without spec-
ifying its exact minimum inhibitory concentration (MIC) 
(Miniyar & Bhat, 1999). Finally, analogue 21b was obtained 
via reacting INH 1 with benzohydrazide following coupling 
conditions A.

4 |  RESULTS AND DISCUSSION

Final compounds 10a,b, 13a,b, 16, 18, 20 and 21a,b were 
evaluated for their antimycobacterial activity in vitro against 
M. tb H37Rv strain using the microplate alamarBlue assay 
(MABA) to obtain their corresponding MIC values as 
shown in Table  1. First, with the aim of increasing lipo-
philicity, an adamantyl group was appended to INH, PZA 
and CPF, whereupon five compounds 10a,b, 13a,b and 16 
were evaluated. Both adamantane- based INH derivatives 
10a,b were less active (MIC > 64 and = 32 µg/ml, respec-
tively) than INH (MIC = 0.04 µg/ml) although they exhib-
ited ClogP values of 2.22 and 1.84, respectively, higher than 
that of INH (ClogP = −0.67). It is noteworthy that the me-
thyl ester adamantane derivative 10b was more potent than 

S C H E M E  2  Synthetic pathway for 
compounds 13a,b
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PZA (MIC  =  200  µg/ml [Hu, Wu, et  al.,  2017; Werngren 
et al., 2012; Zhang et al., 2002]) and the unsubstituted ada-
mantane derivative 10a. PZA derivatives 13a (MIC = 32 µg/
ml) and 13b (MIC ≥ 32 µg/ml) were more potent compared 
to PZA. The higher lipophilicity of 13a,b (ClogP  =  2.33 
and 1.78, respectively), emanated from the adamantyl motif, 
compared to PZA (ClogP  =  −0.68) appeared to positively 
modulate the activity of this lead. It is also conceded that 
PZA displays poor activity against M. tb in vitro, not-
withstanding its potent effect in vivo (Gopal et  al.,  2019). 
Additionally, our attempt to enhance the lipophilicity of CPF 
resulted in compound 16 which exhibited moderate anti- TB 
activity (MIC  =  16  µg/ml) in comparison to its precursor 
CPF (MIC = 0.25 µg/ml). Importantly, when docked into M. 

tb DNA gyrase (PDB ID: 5BTC; Blower et  al.,  2016), the 
keto- amide moiety of 16 was anchored in the gyrase bind-
ing pocket via hydrated magnesium ion bridge (Figure  2). 
Several studies substantiated the importance of this bridge in 
connecting the fluoroquinolones to the DNA gyrase enzyme, 
foregrounding it as the primary conduit for the enzyme- 
drug interactions (Aldred et  al.,  2013, 2014; Wohlkonig 
et al., 2010). Two crucial amino acids Ser90 and Asp94 were 
found to interact with this bridge, providing further support to 
the hydrogen- bonding network (Figure 3; Aldred et al., 2016; 
Blower et al., 2016; Wohlkonig et al., 2010). When 16 was 
docked to the gyrase active site, the hydroxyl group of Ser90 
was directly linked to the magnesium ion associated waters, 
similar to CPF. Because of the absence of Ser90 in the wild 

S C H E M E  4  Synthetic pathway for 
compounds 18, 20 and 21a,b

S C H E M E  3  Synthetic pathway for 
compound 16
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T A B L E  1  In vitro anti- TB activity of target compounds 10a,b, 13a,b, 16, 18, 20 and 21a,b as well as reference compounds INH, PZA, CPF 
and 6

Analogue Structure MICa  (µg/ml) ClogPb 

10a >64 2.22

10b 32 1.84

13a ≥32 2.33

13b 32 1.78

16  16 2.99

18 >64 2.37

20 >64 1.96

21a 2 −0.32

21b >64 1.03

INH 1 0.04 −0.67

PZA 3

NH2

O

N

N

200 −0.68

CPF 5  0.25 −0.72

(Continues)
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type (WT) M. tb gyrase, it was proved that the critical water– 
metal ion bridge that govern the interaction between the fluo-
roquinolones and the enzyme is primarily anchored by one 
amino acid Asp94 (Aldred et  al.,  2016). This is in accord-
ance with previous results showing fluoroquinolone resist-
ance in M. tb brought forth by various mutations at Asp94 in 
GyrA which could be attributed to the disrupted bridge func-
tion (Aldred et al., 2016; Maruri et al., 2012). Unlike CPF, 
the water- mediated magnesium ion network that bridges the 
quinolone core of 16 to the enzyme did not seem to interact 
with Asp94 (Figure  2). Compound 16 was also aligned in 
a slightly different fashion from CPF in the gyrase binding 
pocket as portrayed in Figure 3. All of these may contribute 
to the reduced activity of 16 compared to CPF.

Next, we conjugated pharmacophoric units of differ-
ent anti- TB substances with distinct mechanism of actions. 

The first two hybrids, comprising the 4,6- difluoroindole 
nucleus linked to INH or POA to give 18 and 20, respec-
tively, showed a dramatic loss of activity (MIC > 64 µg/ml) 
compared to the original agents. The inactivity of 18 and 20 
relative to the 4,6- difluoroindoleamide 6 (MIC = 0.004 µg/
ml) is likely ascribed to the diminished lipophilicity of these 
two analogues (ClogP = 2.37 and 1.96, respectively) com-
pared to 6 (ClogP = 5.74). In addition, extending the amide 
linker of the indoleamide analogues in our previous study 
was unfavourable (Alsayed et al., 2020), resonating with the 
reduced activities of 18 and 20. On the other hand, tether-
ing INH with POA, which generated conjugate 21a, led to 
the most active compound in our current study (MIC = 2 µg/
ml). In fact, this hybrid was previously reported to exhibit 
>70% growth inhibition at 3 µg/ml against the highly viru-
lent M. tb Erdman strain (Panda et al., 2019). Evidently, this 

Analogue Structure MICa  (µg/ml) ClogPb 

6 0.004 5.74

aThe lowest concentration of drug causing at least 90% reduction of bacterial growth by the Microplate alamarBlue assay (MABA). The reported MIC values are an 
average of three individual measurements.
bCalculated using ChemDraw 16.0.

T A B L E  1  (Continued)

F I G U R E  2  2D representation of the putative binding interactions of ciprofloxacin (a) and compound 16 (b) with DNA gyrase [Colour figure 
can be viewed at wileyonlinelibrary.com]

(a) (b)

Abbreviations: 
DA: deoxyadenosine, DC: deoxycytidine, DG: deoxyguanosine, 
DT: deoxythymidine, Arg: arginine, Asp: aspartic acid, Gly: 
glycine, Ser: serine, PTR: O-phosphotyrosine. 
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hybrid exhibited higher anti- TB activity than PZA but less 
than INH. Meanwhile, the homologous derivative 21b, in 
which we replaced the pyridine moiety with benzoic acid, 
was bereft of anti- TB activity (MIC > 64 µg/ml) despite its 
increased lipophilicity compared to 21a (ClogP = 1.03 and 
−0.32). The discrepancy between the activities of 21a and 
21b could be attributed to the presence/lack of the INH prod-
rug moiety, respectively. In other words, removal of the INH 
pharmacophore in 21b likely accounted for its attenuated 
activity compared to 21a, as both compounds retained PZA 
which displayed poor in vitro activity (MIC = 200 µg/ml [Hu, 
Wu, et al., 2017; Werngren et al., 2012; Zhang et al., 2002]). 
Indeed, this was further corroborated by the previous find-
ings of Judge et al in which when they coupled INH with 

benzoic acid, the resulting N'- benzoylisonicotinohydrazide 
compound showed some potency against the H37Rv strain 
(Judge et al., 2013). Overall, it seems that lipophilicity is not 
the sole driving force for anti- TB activity in our study. The 
higher anti- TB activity demonstrated by the more hydrophilic 
anti- TB drugs, currently in the market, compared to our rel-
atively lipophilic analogues, gives validity to the notion that 
the positive correlation between lipophilicity and anti- TB ac-
tivity is not a clear- cut phenomenon (Machado et al., 2018; 
Piccaro et al., 2015; Tong et al., 2017).

The most potent INH- POA hybrid 21a, together with CPF 
as a positive control, were further evaluated for their cytotox-
icity against mammalian cells. In addition, these two com-
pounds were tested for their antimycobacterial activity against 
another DS and four DR M. tb strains, as well as M. abs and 
M. avium (Table  2). Both 21a and CPF exhibited the same 
high IC50 against Vero cells (IC50 ≥ 64 µg/ml), indicating their 
limited cytotoxicity. We further assessed 21a and CPF against 
a panel of clinical isolates of M. tb, originally procured from 
TB patients. Compound 21a retained its activity against DS 
M. tb strain (V4207), albeit less active than CPF (MIC = 4 and 
0.25 µg/ml, respectively). This hybrid was stripped of its po-
tency when tested against two multi- drug- resistant (MDR) M. 
tb strains (V2475, KZN494) and two extensively drug- resistant 
(XDR) M. tb strains (R506, TF274). Notably, the anti- TB ac-
tivity of CPF against the tested MDR strains was 8- fold higher 
than the XDR ones (MIC = 0.25 and 2 µg/ml, respectively). 
Panda et al evaluated hybrid 21a against tuberculous and non- 
tuberculous mycobacterial (NTM) strains, wherein it exhib-
ited activity at 20 µg/ml concentration against Mycobacterium 
bovis (M. bovis) and at 10 µg/ml against Mycobacterium mari-
num (M. marinum) and Mycobacterium fortuitum (M. fortu-
itum; Panda et  al., 2019). Hence, in line with our pursuit to 
scrutinize the antimycobacterial activity of 21a, we further 
evaluated both 21a and CPF against another two NTM strains, 
namely M. abs and M. avium. Surprisingly, compound 21a 
was devoid of activity against both strains (MIC > 64 µg/ml). 
CPF, however, displayed a 32- fold surge in potency against M. 
avium compared to M. abs (MIC = 0.25 and 8, respectively). 
This in turn suggests the selective activity of 21a against DS 
M. tb.

F I G U R E  3  Close- up view of the DNA gyrase active site 
(retrieved from PDB ID: 5BTC) in complex with CPF (magenta) and 
compound 16 (light brown, docked in silico in the active site), showing 
their overlay and different alignment. Green circled is the chelation/
hydrogen- bonding network, designating the water/magnesium ion 
bridge (red/yellow spheres) coordinating the keto acid in CPF. The 
putative binding profile of CPF also shows an increased support of the 
hydrogen bond interactions by Ser90 and Asp94 [Colour figure can be 
viewed at wileyonlinelibrary.com]

T A B L E  2  Cytotoxicity [IC50 (µg/ml)] against Vero cells of 21a and CPF (positive control) and their activity [MIC (µg/ml)] on selected clinical 
isolates of M. tb and two NTM strains

IC50 M. tb

M. abs M. aviumVero cells SIa 
V4207/
DS

V2475/
MDRb 

KZN494/
MDRb 

R506/
XDRc 

TF274/
XDRc 

21a ≥64 ≥32 4 >32 >32 >32 >32 >64 >64

CPF ≥64 ≥256 0.25 0.25 0.25 2 2 8 0.25
aSelectivity index (SI) = IC50 (Vero)/MIC(H37Rv).
bResistant to INH and rifampin (RIF).
cResistant to INH, RIF, levofloxacin, ofloxacin and kanamycin.
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5 |  CONCLUSION

In summary, we rationally designed, concisely synthesized and 
evaluated the anti- TB activity of several INH, PZA and CPF 
derivatives against H37Rv DS M. tb strain. The adamantane- 
dependent modulation of the preceding drugs resulted in en-
hanced lipophilicity (higher ClogP) in compounds 10a,b, 13a,b, 
and 16. The noteworthy activity of the adamantane- derived INH 
compound 10b set this derivative forth for future modifications 
in which the integrated methyl ester functional group can serve 
as a building block amenable to further structure changes. The 
higher lipophilicity of 13a,b, with respect to the reference stand-
ard PZA was likely responsible for their improved potency. 
CPF derivative 16 manifested modest activity and was docked 
into M. tb DNA gyrase enzyme. In derivatives 18, 20 and 21a, 
pharmacophores from various anti- TB ligands working through 
different mechanisms were conjugated. INH- POA hybrid 21a 
displayed the most potent activity in our study which was rep-
licated against V4207 DS M. tb strain. Compound 21a and 
CPF showed low cytotoxicity in mammalian cells (Vero Cells). 
Unlike CPF, when tested against four MDR-  and XDR- TB 
strains and two NTM strains, 21a was devoid of activity. This 
in turn suggests the selective activity of 21a against DS M. tb 
without any significant effects on the tested DR M. tb strains and 
the NTM strains M. abs and M. avium. These findings provide 
valuable information for future elaboration on the adamantane- 
based compounds, especially the methyl ester derivative 10b, to 
attain higher potency and drug- like molecules. Additionally, the 
low cytotoxicity of hybrid 21a and its high in vitro potency merit 
further studies on its in vivo anti- TB activity against DS strains.

6 |  EXPERIMENTAL DETAILS

6.1 | Chemistry

6.1.1 | General information

1H NMR and 13C NMR spectra were recorded on a Bruker 
Avance III spectrometer at 400 and 100 MHz, respectively, 
with TMS as an internal standard. Standard abbreviations in-
dicating multiplicity were as follows: s = singlet, d = dou-
blet, dd  =  doublet of doublets, t  =  triplet, td  =  triplet of 
doublets, q  =  quadruplet, m  =  multiplet and br  =  broad. 
HRMS experiments were performed on a Thermo Scientific 
Q- Exactive Orbitrap mass spectrometer. TLC was carried 
out on Analtech silica gel TLC plates (200 µm, 20 × 20 cm). 
Flash chromatography was performed using a Teledyne Isco 
CombiFlash Rf system with RediSep columns or manu-
ally using SiliCycle SiliaFlash® P60 Silica Gels [40– 63 µm 
(230– 400 mesh)]. Final compounds were purified by pre-
parative HPLC unless otherwise stated. The preparative 
HPLC employed a Phenomenex Luna® Omega 5 μm Polar 

C18 100A (21.2 mm × 150 mm) column, with detection at 
254 and 280  nm on a Shimadzu SPD- 20A detector, flow 
rate  =  25.0  ml/min. Method 1: 5– 50% acetonitrile/H2O in 
15 min; 50– 50% acetonitrile/H2O in 10 min; 50– 5% acetoni-
trile/H2O in 10 min. Method 2: 20– 50% acetonitrile/H2O in 
15 min; 50– 70% acetonitrile/H2O in 10 min; 70– 20% acetoni-
trile/H2O in 10 min. Both solvents contained 0.05 vol% of 
trifluoroacetic acid (TFA). Purities of final compounds were 
established by analytical HPLC, which was carried out using 
Waters 1525 binary pump, 717 plus autosampler, and 2487 
dual wavelength absorbance detector, with a Phenomenex 
Luna® 5 µm C18(2) 100 Å (150 × 4.6 mm) column. Analytical 
HPLC method: flow rate = 1 ml/min; gradient elution over 
30 min. Gradient: 100% H2O to 100% acetonitrile in 10 min; 
100% acetonitrile in 10 min; 100% acetonitrile to 100% H2O 
in 10 min. Both solvents again incorporated 0.05% TFA. The 
purity of all tested compounds was >95% as determined by 
the HPLC method described above.

6.1.2 | General procedure for amide coupling 
(Method A)

To a solution of the appropriate carboxylic acid (1 equiv.) 
in anhydrous dimethylformamide (DMF, 10  ml/mmol), 
hydroxybenzotriazole hydrate (HOBt, 2 equiv.) and 1- et
hyl- 3- (3- (dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC·HCl, 2 equiv.) were added at room temperature 
(rt). After stirring for 10 min, the corresponding amine (1.5 
equiv.) and N,N- diisopropylethylamine (DIPEA, 3 equiv.) 
were added, and the reaction mixture was stirred at 50°C for 
18 hr. After this time, NaHCO3 solution (25 ml) was added, 
and the mixture was extracted with EtOAc (3 × 25 ml). The 
combined organic layers were washed with NaHCO3 solution 
(5 × 25 ml), brine (1 × 25 ml), dried over anhydrous Na2SO4, 
filtered and concentrated under reduced pressure. The resi-
due was purified by flash chromatography using dichlo-
romethane/methanol (DCM/MeOH) gradient prior to further 
preparative HPLC purification unless otherwise stated.

6.1.3 | General procedure for amide coupling 
(Method B)

To a stirred solution of carboxylic acid (1  mmol) in a 1:1 
mixture of tetrahydrofuran (THF) and DCM, EDC.HCl 
(1.2  mmol), the corresponding amine (1.2  mmol) and 
4- dimethylaminopyridine (DMAP, 0.3  mmol) were added 
and the reaction mixture was stirred at room temperature for 
72 hr. The solvent was then removed under vacuum, and the 
residue was purified by flash chromatography using DCM/
MeOH gradient prior to further HPLC purification unless 
otherwise stated.
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6.1.4 | General procedure for amide coupling 
(Method C)

A mixture of carboxylic acid (1  mmol) and 
1,1′- carbonyldiimidazole (CDI) (1.5  mmol) in anhydrous 
DMF (10 ml) was stirred at rt for 2 hr, followed by the addi-
tion of hydrazine hydrate solution (5 mmol) and stirring was 
continued for 16 hr at rt. Water (25 ml) was then added to the 
reaction mixture and the formed precipitate was filtered off, 
washed with water (4 × 25 ml) and dried. The crude product 
was used directly in the next step without additional purifica-
tion as they were already pure according to the crude 1H/13C 
NMR spectra.

6.1.5 | Preparation of intermediates and final 
compounds 8, 9, 10a,b, 12, 13a,b, 14, 16, 18– 
20 and 21a,b

Dimethyl adamantane- 1,3- dicarboxylate (8)
To a solution of 1,3- adamantanedicarboxylic acid in metha-
nol, 0.5 ml of conc. H2SO4 was added and the reaction mix-
ture was refluxed for 16 hr and then concentrated in vacuo. 
The residue was slowly quenched with saturated NaHCO3 
solution, followed by extraction with DCM (3 × 25 ml). The 
combined organic layers were washed with brine (1 × 25 ml), 
dried over anhydrous Na2SO4, filtered and evaporated under 
vacuum. 1H NMR data of 8 matched that reported in the lit-
erature (Averina et  al.,  2014). White solid, yield: 98%. 1H 
NMR (DMSO- d6) δ 3.59 (s, 6H), 2.12– 2.03 (m, 2H), 1.90 (s, 
2H), 1.84– 1.70 (m, 8H), 1.63 (s, 2H).

3- (Methoxycarbonyl)adamantane- 1- carboxylic acid (9)
To a solution of compound 8 (1 mmol) in dry THF, a solu-
tion of NaOH (1.1 mmol) in dry methanol was added dropwise 
under an argon atmosphere. After 24 hr of stirring at rt, the re-
action mixture was concentrated in vacuo, diluted with water 
(1 × 25 ml) and washed with DCM (1 × 25 ml). The aqueous 
layer was subsequently acidified with HCl until the pH value 
dropped to 1– 2 and extracted with DCM (4 × 25 ml). The com-
bined organic layers were dried over anhydrous Na2SO4 filtered 
and evaporated under reduced pressure. The crude product was 
used for the next reaction without further purification. White 
solid, yield: 70%. 1H NMR (CDCl3) δ 3.67 (s, 3H), 2.17 (s, 
2H), 2.06 (s, 2H), 1.88 (s, 8H), 1.69 (s, 2H); 13C NMR (CDCl3) 
δ 183.3, 177.2, 51.8, 40.9, 40.8, 39.5, 37.9, 37.7, 35.3, 27.7.

N'- (adamantane- 1- carbonyl)isonicotinohydrazide (10a)
The title compound was synthesized from INH and 
1- adamantanecarboxylic acid according to general procedure 
A. White solid, yield: 87%. 1H NMR (DMSO- d6) δ 10.57 (s, 
1H), 9.59 (s, 1H), 8.82 (s, 2H), 7.86 (d, J = 5.8 Hz, 2H), 2.01 

(s, 3H), 1.88 (d, J = 2.6 Hz, 6H), 1.70 (d, J = 2.2 Hz, 6H); 13C 
NMR (DMSO- d6) δ 176.7, 164.0, 149.6, 141.5, 122.5, 40.1, 
39.0, 36.5, 28.0; HRMS (ESI) m/z calcd for C17H21N3O2 
([M + H]+) m/z 300.1707; found 300.1700.

Methyl- 3- (2- isonicotinoylhydrazine- 1- carbonyl)
adamantane- 1- carboxylate (10b)
The title compound was obtained from reacting INH and 
compound 9 following method A or B. After flash chroma-
tography, the product was further purified via crystallization 
from diethyl ether. White solid, yield: 30% (method A) and 
45% (method B). 1H NMR (DMSO- d6) δ 10.52 (s, 1H), 9.67 
(s, 1H), 8.76 (dd, J = 4.6, 1.3 Hz, 2H), 7.77 (dd, J = 4.5, 
1.5 Hz, 2H), 3.61 (s, 3H), 2.11 (s, 2H), 1.96 (s, 2H), 1.91– 
1.73 (m, 8H), 1.65 (s, 2H); 13C NMR (DMSO- d6) δ 177.0, 
176.0, 164.4, 150.9, 140.1, 121.7, 52.0, 41.0, 40.3, 38.04, 
37.99, 35.3, 27.9; HRMS (ESI) m/z calcd for C19H23N3O4 
([M + H]+) m/z 358.1761; found 358.1754.

Adamantane- 1- carbohydrazide (12)
This compound was obtained from 1- adamantanecarboxylic 
acid employing method C and its 1H NMR data matched that 
reported in the literature (Seliverstova et  al.,  2018). White 
solid, yield: 78%. 1H NMR (DMSO- d6) δ 8.67 (s, 1H), 4.10 (s, 
2H), 1.94 (s, 3H), 1.75 (d, J = 2.7 Hz, 6H), 1.71– 1.58 (m, 6H).

N- (1- adamantyl)pyrazine- 2- carboxamide (13a)
The title compound was synthesized from POA and 
1- adamantylamine according to general procedure A and its 
1H NMR data matched that reported in the literature (Naredla 
et  al.,  2013). The purity of the compound was >95% after 
flash chromatography. White solid, yield: 76%. 1H NMR 
(DMSO- d6) δ 9.16 (s, 1H), 8.81 (s, 1H), 8.63 (s, 1H), 7.74 (s, 
1H), 2.08 (s, 9H), 1.67 (s, 6H).

N'- (adamantane- 1- carbonyl)pyrazine- 2- carbohydrazide 
(13b)
The title compound was obtained from POA and compound 
12 employing method A and further purified via crystalli-
zation from ethanol after flash chromatography. Buff solid, 
yield: 50%. 1H NMR (DMSO- d6) δ 10.48 (s, 1H), 9.54 (s, 1H), 
9.16 (d, J = 1.3 Hz, 1H), 8.91 (d, J = 2.4 Hz, 1H), 8.77 (dd, 
J = 2.3, 1.5 Hz, 1H), 2.00 (s, 3H), 1.88 (d, J = 2.1 Hz, 6H), 1.70 
(s, 6H); 13C NMR (DMSO- d6) δ 176.5, 162.5, 148.3, 144.9, 
144.1, 144.0, 40.1, 39.0, 36.5, 28.0; HRMS (ESI) m/z calcd 
for C16H20N4O2 ([M + H]+) m/z 301.1659; found 301.1651.

7- (4- (tert- butoxycarbonyl)piperazin- 1- yl)- 1- cyclopropyl- 
6- fluoro- 4- oxo- 1,4- dihydroquinoline- 3- carboxylic acid 
(14)
Commercially available CPF (2 mmol) was dissolved in 
20  ml of water:dioxane (1:1) containing 4  ml of 2.0  M 
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aqueous NaOH solution. Di- tert- butyl dicarbonate 
(Boc2O, 3 mmol) was then added, and the reaction mix-
ture was stirred at rt until completion (48 hr). Three quar-
ters of the solvent was evaporated in vacuo, followed by 
acidification with aqueous 2.0  M HCl solution and the 
formed precipitate was filtered off, extensively washed 
with water (2  ×  50  ml) and dried. 1H NMR data of the 
product matched that reported in the literature (Tehler 
et al., 2013). White solid, yield: 99%. 1H NMR (CDCl3) δ 
8.78 (s, 1H), 8.05 (d, J = 12.9 Hz, 1H), 7.37 (d, J = 7.1 Hz, 
1H), 3.67 (t, J = 5.0 Hz, 4H), 3.60– 3.43 (m, 1H), 3.29 (t, 
J = 5.1 Hz, 4H), 1.50 (s, 9H), 1.43– 1.36 (m, 2H), 1.24– 
1.18 (m, 2H).

N- (1- adamantyl)- 1- cyclopropyl- 6- fluoro- 4- oxo- 7- 
(piperazin- 1- yl)- 1,4- dihydroquinoline- 3- carboxamide 
(16)
Compound 14 and 1- adamantylamine were reacted follow-
ing general procedure A. The residue obtained after evapo-
rating the EtOAc extract in vacuo was dissolved in 20 ml 
DCM, followed by the addition of 4 ml TFA. The reaction 
mixture was stirred for 12  hr and concentrated in vacuo. 
NaHCO3 solution was then added to the residue, followed 
by extraction with DCM (3 × 50 ml). The combined organic 
phases were washed with brine (1 × 25 ml), dried over an-
hydrous Na2SO4, filtered and concentrated under reduced 
pressure. The residue was purified by flash chromatography 
using DCM/MeOH gradient prior to further HPLC purifica-
tion. White solid, yield: 40%. 1H NMR (DMSO- d6) δ 9.89 
(s, 1H), 8.59 (s, 1H), 7.82 (d, J  =  13.6  Hz, 1H), 7.45 (d, 
J = 7.5 Hz, 1H), 3.80– 3.61 (m, 1H), 3.18 (t, J = 4.4 Hz, 4H), 
2.90 (s, 4H), 2.04 (s, 9H), 1.66 (s, 6H), 1.32– 1.24 (m, 2H), 
1.14– 1.03 (m, 2H); 13C NMR (DMSO- d6) δ 174.8, 163.0, 
152.9 (d, J  =  247.0  Hz), 147.1, 143.5 (d, J  =  10.6  Hz), 
138.8, 121.9 (d, J = 6.9 Hz), 111.9 (d, J = 22.6 Hz), 111.4, 
107.0, 51.0, 47.0 (d, J = 4.2 Hz), 43.2, 41.9, 36.5, 35.5, 29.3, 
8.0; HRMS (ESI) m/z calcd for C27H33FN4O2 ([M + H]+) 
m/z 465.2660; found 465.2659.

4,6- difluoro- N'- isonicotinoyl- 1H- indole- 2- 
carbohydrazide (18)
The title compound was obtained from commercially avail-
able 4,6- difluoroindole- 2- carboxylic acid (17) and INH 
employing method A. White solid, yield: 64%. 1H NMR 
(DMSO- d6) δ 12.22 (s, 1H), 10.95 (s, 1H), 10.77 (s, 1H), 8.87 
(s, 2H), 7.92 (d, J = 4.9 Hz, 2H), 7.39 (d, J = 2.0 Hz, 1H), 
7.07 (dd, J = 9.3, 1.7 Hz, 1H), 6.95 (td, J = 10.4, 1.9 Hz, 1H); 
13C NMR (DMSO- d6) δ 164.5, 160.4, 160.0 (dd, J = 239.3, 
12.1 Hz),156.3 (dd, J = 249.2, 15.6 Hz), 149.9, 140.9, 138.4 
(dd, J = 15.2, 12.9 Hz), 130.8 (d, J = 3.2 Hz), 122.5, 113.6 
(d, J = 21.7 Hz), 99.9, 96.0 (dd, J = 29.7, 23.2 Hz), 95.2 (dd, 

J = 25.9, 4.4 Hz); HRMS (ESI) m/z calcd for C15H10F2N4O2 
([M + H]+) m/z 317.0845; found 317.0839.

4,6- difluoro- 1H- indole- 2- carbohydrazide (19)
This compound was synthesized from 
4,6- difluoroindole- 2- carboxylic acid (17) according to 
method C. Buff solid, yield: 74%. 1H NMR (DMSO- d6) δ 
12.04 (s, 1H), 9.86 (s, 1H), 7.16 (s, 1H), 7.01 (dd, J = 9.4, 
1.4 Hz, 1H), 6.87 (td, J = 10.4, 1.9 Hz, 1H), 4.52 (s, 2H); 13C 
NMR (DMSO- d6) δ 160.8, 159.5 (dd, J = 238.4, 12.3 Hz), 
156.1 (dd, J = 248.5, 15.5 Hz), 138.0 (dd, J = 15.2, 13.2 Hz), 
132.0 (d, J = 3.3 Hz), 113.6 (dd, J = 21.8, 0.7 Hz), 98.0, 95.6 
(dd, J = 29.7, 23.3 Hz), 95.0 (dd, J = 25.9, 4.5 Hz).

4,6- difluoro- N'- (pyrazine- 2- carbonyl)- 1H- indole- 2- 
carbohydrazide (20)
The title compound was obtained from POA and interme-
diate 19 employing method A or B. The product was fur-
ther crystallized from DCM to attain >95% purity. Light 
buff solid, yield: 32% (method A) and 70% (method B). 1H 
NMR (DMSO- d6) δ 12.22 (br s, 1H), 10.72 (br s, 2H), 9.23 
(s, 1H), 8.94 (d, J = 1.8 Hz, 1H), 8.81 (s, 1H), 7.41 (s, 1H), 
7.07 (d, J = 9.0 Hz, 1H), 6.92 (t, J = 10.1 Hz, 1H); 13C NMR 
(DMSO- d6) δ 162.9, 160.1, 159.9 (dd, J = 239.1, 12.1 Hz), 
156.3 (dd, J = 249.2, 15.6 Hz), 148.6, 144.6, 144.2, 144.1, 
138.3 (dd, J = 15.2, 13.0 Hz), 131.0 (d, J = 3.2 Hz), 113.6 
(d, J = 21.8 Hz), 99.9, 96.0 (dd, J = 29.7, 23.3 Hz), 95.2 (dd, 
J = 25.9, 4.3 Hz); HRMS (ESI) m/z calcd for C14H9F2N5O2 
([M + H]+) m/z 318.0797; found 318.0793.

N'- isonicotinoylpyrazine- 2- carbohydrazide (21a)
The title compound was prepared from POA and INH em-
ploying method B and further purified via recrystallization 
from diethyl ether after flash chromatography. White solid, 
yield: 66%. 1H NMR (DMSO- d6) δ 10.96 (s, 2H), 9.22 (s, 
1H), 8.94 (d, J = 2.3 Hz, 1H), 8.79 (d, J = 6.0 Hz, 3H), 7.82 
(d, J = 5.8 Hz, 2H); 13C NMR (DMSO- d6) δ 164.7, 162.8, 
150.9, 148.6, 144.5, 144.2, 144.1, 140.0, 121.9; HRMS (ESI) 
m/z calcd for C11H9N5O2 ([M  +  H]+) m/z 244.0829; found 
244.0824.

N'- benzoylpyrazine- 2- carbohydrazide (21b)
The title compound was obtained from benzohydrazide and 
POA employing method A. White solid, yield: 41%. 1H 
NMR (DMSO- d6) δ 10.85 (s, 1H), 10.60 (s, 1H), 9.22 (d, 
J = 1.2 Hz, 1H), 8.94 (d, J = 2.4 Hz, 1H), 8.80 (dd, J = 2.4, 
1.5 Hz, 1H), 7.93 (d, J = 7.1 Hz, 2H), 7.61 (t, J = 7.3 Hz, 
1H), 7.53 (t, J = 7.4 Hz, 2H); 13C NMR (DMSO- d6) δ 167.2, 
163.3, 148.3, 144.4, 144.3, 143.7, 132.8, 132.2, 129.2, 127.9; 
HRMS (ESI) m/z calcd for C12H10N4O2 ([M  +  H]+) m/z 
243.0877; found 243.0870.
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6.2 | Biology

MIC was determined using Microplate alamarBlue assay 
(MABA) as previously reported (Collins & Franzblau, 1997; 
Pieroni et al., 2011). Modified MABA was used to determine 
the MIC of PZA. Briefly, 7H9 (Difco™ Middlebrook 7H9 
Broth, BD) without Tween 80 but containing 10% OADC 
(BBL™ Middlebrook OADC Enrichment, BD) was prepared 
fresh with the pH value was adjusted to 5.45. Assay was 
set up as previously reported (Collins & Franzblau,  1997; 
Pieroni et  al.,  2011). After 15 days of incubation, 15 µl of 
7H9 (pH  =  10.75) was added to each well and immedi-
ately followed by addition of 32.5 µl of alamar blue. Plate 
was incubated overnight before reading. MABA format was 
also used in the cytotoxicity evaluation on Vero Cells (Lun 
et al., 2013).

6.3 | Molecular docking protocol

In silico molecular modelling analysis was undertaken 
using the Molecular Operating Environment MOE software 
version 2008.10 (Chemical Computing Group, Montreal, 
Canada). The X- ray crystal structure of M. tb DNA gy-
rase in complex with CPF (5BTC; Blower et  al.,  2016) 
was retrieved from the protein data bank (PDB). The bind-
ing pocket was ready for docking after 3D protonating 
the enzyme, whereby hydrogens and partial charges were 
added to the system for optimization. In order to validate 
the docking protocol, the co- crystallized CPF was docked 
into the active site. Next, the structure of 16 was drawn in 
ChemDraw Ultra 16.0, saved as.mol file, opened inside the 
MOE program, 3D protonated and geometrically optimized 
using MMFF94x forcefield with gradient 0.05. Compound 
16 was then docked into the same binding site of CPF using 
MOE- DOCK function, employing Triangle Matcher place-
ment method and scored using London dG scoring method-
ology. Then, molecular mechanics forcefield was applied to 
relax the generated poses which were further ranked using 
London dG scoring function and the top 30 poses were re-
tained. The best- ranked pose with the lowest binding free 
energy (i.e. the smallest docking score) was selected.
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Conclusions 

In line with the previous endeavours to enhance the anti-TB activity of INH, PZA, and 

CPF, several compounds/hybrids incorporating the preceding drugs were designed, 

synthesised, and evaluated for their anti-TB activity. The most active compound was 

an INH-POA hybrid which displayed potent activity against DS M. tb strains, while the 

resistant strains remained refractory to this conjugate. This disparity in potency against 

DS and DR M. tb strains suggest that the mechanism of action/resistance of the INH-

POA hybrid mimics that of INH or PZA/POA; however, more studies are needed to 

confirm that presumption. The second most potent compound in our study was an N-

adamantyl CPF derivative, which showed moderate anti-TB activity and was docked 

into the M. tb DNA gyrase. Although this compound is less active than the parent CPF 

drug, it was found to be more potent than the previously evaluated CPF analogues 

that were modified at the carboxylic acid group at position 3 of the FQ core. The rest 

of the tested compounds showed weak or no anti-TB activity. Based on lipophilicity 

alone, these findings were counterintuitive due to the increased ClogP values of these 

compounds (adamantane-derived INH or PZA) compared to the parent drugs. In 

addition to the INH-POA hybrid, two other hybrids I2C-INH and I2C-PZA were 

evaluated and shown to be bereft of activity. Overall, our succinct compilation of INH, 

PZA, and CPF analogues provided a rudimentary SAR information that highlights the 

impact of increasing the lipophilicity of these compounds. These findings bring to light 

the preliminary safety data and potential of INH-POA hybrid for further development. 

In addition, the appreciable activity of the N-adamantyl CPF alludes to the possibility 

of future adjustments to the carboxylic acid moiety in CPF. 
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Chapter 6 

Versatility and Repurposing of the Indole-2-Carboxamide 
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Background 

The indole-2-carboxamide (I2C) scaffold represents an important pharmacophore in 

the design and discovery of novel biologically active agents. Apart from their 

exceptional activities against drug-sensitive and drug-resistant tuberculosis (DS-TB 

and DR-TB), numerous I2C analogues were proven to have potent antitumour 

activities against a vast array of tumour cell lines in a multitude of reports. Accordingly, 

the antitumour profiles of manifold I2C derivatives with assorted mechanisms of action 

were collated herein to elucidate the I2C-linked diverse structural earmarks that elicit 

potent antitumour activities. Notably, the succinct literature review, provided in this 

Chapter, indicate that I2Cs were scarcely tested against grade IV brain tumour cells. 

To this end, a small library of new I2C analogues were designed, synthesised, and 

biologically evaluated against the growth of Mycobacterium tuberculosis (M. tb) H37Rv 

strain as well as paediatric glioblastoma (GBM) tumour cell line KNS42. The most 

active compounds were evaluated against a panel of grade IV brain tumour cell lines 

and non-tumourigenic cells. A piperazine-linked I2C analogue with potent activity 

against KNS42 cells was further studied for its antitumour mechanism. Indeed, KNS42 

cells treated with this I2C derivative were subjected to DNBSEQ Eukaryotic Stranded 

Transcriptome Resequencing. The differential gene expression between KNS42 cells 

exposed to this compound and the untreated (control) cells was analysed, wherein all 

the significantly downregulated and upregulated genes were studied. Two oncogenes 

were found to be significantly downregulated in the treated KNS42 cells, suggesting 

their involvement in the antitumour mechanism of the tested piperazine-containing I2C 

analogue.  
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6.1. Introduction 

The indole moiety is an important building block that was first discovered in 1866, 

when von Adolf Baeyer showed that the indole nucleus is the parent substance of the 

indigo structure (1). The chemistry of this bicyclic heteroaromatic ring is well 

established and detailed in different review articles (2-5). The indole ring is described 

as a "privilegedʺ structural subunit, a term first coined by Evans et al to describe 

scaffolds that can serve as ligands for a different array of receptors (6-8). In addition, 

the indole skeleton is presumably the most ubiquitous biologically active heterocycle 

in nature and is largely present in many pharmaceutical drugs in the market (9, 10). 

Indole-based molecules are also produced by a variety of microorganisms and are 

widely distributed in biological systems and biologically active natural products, such 

as plants (11-15). For instance, tryptophan 1 (Figure 6.1) is an essential amino acid 

and an integral component of many proteins. Tryptophan serves as a precursor to the 

neurotransmitter serotonin 2 which is the precursor for the melatonin hormone 3 (16, 

17).  

The synthesis and biological activities of numerous indoles are summarised in multiple 

reviews (4, 18-23). Due to the large number of indole-containing compounds, some 

reviews were only focused on covering a particular biological activity. In this respect, 

the antibacterial, antitumour, and antiviral activities were the most reviewed biological 

attributes of the indole framework (24-30). Delavirdine 4 (DLV, Figure 6.1) is a 

prominent example of the I2C-containing medicine in the market. DLV is a non-

nucleoside reverse transcriptase inhibitor (NNRTI) that is used in the treatment of HIV 

as a part of the highly active antiretroviral therapy (HAART) (31). In addition, as 

mentioned in the previous Chapters, several I2Cs have also demonstrated a great 

potential for advancement as anti-TB agents, exemplified by the two preclinical agents 

NITD-304 (5) and NITD-349 (6), Figure 6.1. Since this thesis revolves around the I2C 

pharmacophore, a comprehensive literature search was conducted in this Chapter to 

identify the antitumour potential of the I2Cs and their associated mechanism of action.   
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Figure 6.1. Indole-based compounds in biological systems (1 – 3) as well as important I2C 
analogues in pharmaceutical market (4) and preclinical studies (5 and 6). 

 

To the best of my knowledge, no I2C-based antitumour agent is currently available in 

the market. However, many naturally occurring indoles, such as vinblastine 7 and 

vincristine 8 (Figure 6.2), have been clinically approved for treatment of various kinds 

of tumours (32). Vinblastine and vincristine are Vinca alkaloids that are primarily 

isolated from the Vinca rosea plant (also referred to as Catharanthus roseus). Both 

plant-derived alkaloids in addition to vindesine 9, vinorelbine 10, and vinflunine 11 

(Figure 6.2), which are semisynthetic derivatives of vinblastine, act as antitumour 

agents via occupying the vinca-binding domain on tubulin, resulting in destabilisation 

and suppression of microtubule dynamics (32, 33). Microtubules are key components 

of the cytoskeleton and contribute to a variety of important cellular functions, such as 

mitosis, cell signalling, intracellular transport, polarity, and maintenance of cell shape. 

The essential role of microtubules in cell division explains the potent activity of the 

aforementioned microtubules-targeting alkaloids against rapidly dividing cancer cells, 

wherein they interfere with cell cycle progression, thereby inducing apoptosis (32). Of 

note, vincristine exhibits the highest affinity to tubulin, followed by vindesine, 

vinblastine, vinorelbine, and vinflunine (vincristine > vindesine > vinblastine > 

vinorelbine > vinflunine) (34-36). The five alkaloids are currently important 

chemotherapeutic drugs that are widely administered in the treatment of different types 

of cancers.    
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Figure 6.2. Naturally occurring indole-based antitumour drugs. 

 

6.2. I2Cs as Antitumour Agents 

6.2.1. Tubulin Polymerisation (TP) Inhibitors  

Microtubules are imperative for the formation of mitotic spindles which constitute the 

key machinery required for successful mitosis (37). As mentioned above, they play a 

major role in maintaining the division, growth, and functioning of cells. Microtubules 

consist of two closely related heterodimers constituted of α- and ꞵ-tubulin subunits. 

Perturbing the dynamics of the tubulin polymerisation into microtubules or, conversely, 

the depolymerisation of microtubules into tubulin, results in arrested cell division, 

followed by apoptosis (37). Inhibiting tubulin assembly or disassembly has proven to 

be clinically useful in supressing the growth of different tumours. Within this context, 

inhibitors targeting either of the preceding key processes are referred to as antimitotics 

or spindle poisons (38). The most salient TP inhibitors are the Vinca alkaloids which 

are currently used in clinical settings as antitumour drugs (37).  

Apart from the Vinca-derived TP inhibitors, colchicine 12 (Figure 6.3), another natural 

product, was also found to inhibit TP via binding to the ꞵ-tubulin at a site different from 

the Vinca alkaloids (38). Towards this, Keller et al investigated the activity of several 

I2C derivatives, combining some of the structural features of colchicine and Vinca 
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alkaloids (38). The I2C analogue 13 (Figure 6.3) was the highlight of their work which 

exhibited an IC50 value of 1.9 µM against TP. This compound displayed potent 

antiproliferative activities, with cellular IC50 values ranging from 30 – 70 nM, against a 

wide variety of tumour cell lines, namely cervical carcinoma (KB), breast cancer (MDA-

MB231, MDA-MB435, and MCF7), human non-small cell lung cancer (A549), skin 

melanoma (B16F10), leukemia (L1210, K562), and human colon cancer (HCT116 and 

HT29) (38). Notably, the growth inhibition exhibited by this compound was comparable 

to colchicine in the tumour cells in which both compounds were tested. Compound 13 

impacted cell morphology in a way consistent with TP inhibition and induced apoptosis 

in three tumour cell lines in a dose-dependent manner. Additionally, it significantly 

reduced tumour progression in a human glioma graft model of U87 cells (38).  

 

 

Figure 6.3. TP inhibition and antitumour activities of colchicine and I2C analogues. 
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A follow-on work was published a year later by Putey et al, wherein they replaced the 

indolobenzazepine core with indolobenzazocine (39). Expectedly, the I2C derivative 

14 (Figure 6.3) in their study showed a potent inhibitory profile similar to compound 

13. It showed IC50 value of 7.7 µM against TP.  When tested against different tumour 

cells, namely breast cancer (MCF7, UACC812, and T47D), lymphoma (RL), T-cell 

acute lymphoblastic leukemia (CEM), and human colon cancer (HCT116, SW48, 

SW480), it displayed potent antiproliferative activities (IC50 = 0.05 – 0.26 µM) (39). 

Only one cell line, denominated Mes-sa (uterine sarcoma), was less sensitive to 14 

(IC50 = 21.5 µM). The authors also performed a molecular modelling analysis, in which 

they docked compound 14 in the binding site of colchicine in tubulin. Their docking 

studies suggested that the indole ring of 14 is presumably overlaid with the 

trimethoxyphenyl moiety of colchicine 12 (39).  

Similar to compound 14, Das Mukherjee et al found that the hydrazone-derived I2C 

analogue 15 (NMK-BH3, Figure 6.3) has a specific and strong binding to tubulin, in a 

site very close to that of colchicine, in the molecular docking and tubulin-ligand 

fluorescence spectroscopy studies (40). In the in vitro assay, this compound potently 

inhibited the assembly of microtubules (IC50 ≈ 7.5 µM). In the proliferation assay, 

compound 15 inhibited the growth of various tumour cell lines (IC50 ≈ 2 – 22 µM) (40). 

The highest cytotoxic activity was displayed in the human lung adenocarcinoma cells 

(A549), followed by MCF7, MDA-MB231, human hepatocellular carcinoma (HepG2), 

and human ovarian carcinoma (PA-1). They also found that compound 15 induced cell 

cycle block, resulting in apoptosis, by depolymerising the microtubules of A549 cells. 

Importantly, this compound displayed limited cytotoxicity against healthy human cells, 

namely lung fibroblasts (WI38; IC50 ≈ 48.5 µM) and peripheral blood mononuclear cells 

(PBMC; IC50 ≈ 62 µM), suggesting its selectivity towards cancer cells (40).  

A follow-up study, published by the same group in 2020, documented the activity 

profile of the bis (indolyl)-hydrazide-hydrazone analogue 16 (NMK-BH2, Figure 6.3), 

in which the methoxy group in 15 was replaced with a bromo group (41). This 

compound inhibited the TP in a concentration-dependent manner with IC50 value of ≈ 

13 µM. The I2C derivative 16 displayed a potent and selective antiproliferative activity 

towards cervical cancer cells (HeLa) compared to the other tested human tumour cells 

and non-cancerous cells (41). Of note, compound 15 demonstrated weak 

antiproliferative activity against HeLa cells (IC50 ≈ 41.99 µM). The unique activity of 

186



compound 16 against HeLa cells was attributed to its ability to target the tubulin-

microtubule system via strong and rapid binding to tubulin at the binding site of 

colchicine (41). In fact, they found that this compound perturbed and disorganised the 

integrity of microtubules of HeLa cells, resulting in mitotic block and induction of cell 

death through both apoptosis and autophagy. Similar to compound 15, the bromo 

analogue 16 showed moderate growth inhibition against A549, MCF7, and MDA-

MB231 (IC50 ≈ 7.5, 5.25, and 8 µM, respectively), while it was marginally effective 

against HepG2 and PA-1 cancer cell lines (IC50 ≈ 29.7 and 24.7 µM, respectively) (40, 

41). Additionally, when tested against normal cell lines, this compound exhibited 

negligible cytotoxicity against WI38 (IC50 ≈ 41.5 µM), PBMC (IC50 ≈ 50 µM), and human 

embryonic kidney cells (HEK; IC50 ≈ 46.5 µM) (41). Overall, the preceding colchicine-

mimicking I2C analogues embody the significance of the I2C structure core in 

inhibiting the polymerisation of tubulin and the growth of a vast array of tumour cells. 

6.2.2. Myeloid Cell Leukemia-1 (Mcl-1) Inhibitors 

Mcl-1 is an antiapoptotic member of the B-cell lymphoma 2 (Bcl-2) family of proteins 

which are the main regulators of apoptosis, a programmed cell death responsible for 

the elimination of unwanted tumour cells (42, 43). Abnormal cells enhance their 

survival by breaking down the balance between the antiapoptotic and proapoptotic 

proteins in the Bcl-2 family. The resulting imbalance leads to disruptions in the normal 

apoptotic pathways which contribute to carcinogenesis (42, 43). One of the ways that 

tumour cells use to subvert apoptosis is by upregulating the antiapoptotic Mcl-1 

protein. Indeed, amplification of Mcl-1 gene is one of the most commonly found genetic 

aberrations in human cancers. In addition, several reports have shown that 

downregulating the expression of Mcl-1 gene suppresses the growth of various cancer 

cell types (42, 43). Therefore, inhibiting the activity of Mcl-1 protein is considered an 

effective approach for the development of new chemotherapeutic agents. Several I2Cs 

were shown to potently inhibit the activity of Mcl-1 (42, 43). In the Mcl-1 binding assay, 

compounds 17 – 19 (Figure 6.4) demonstrated a single-digit nanomolar (nM) Ki values 

[Ki = 2.1 nM (17) and < 1.0 nM (18 and 19)] (42). When tested against the Mcl-1 

sensitive multiple myeloma cell line H929, the three I2Cs 17 – 19 displayed growth 

inhibitory concentrations against cell proliferation in the low-micromolar range (GI50 = 

6.4, 1.4, and 2.0 µM, respectively). On the contrary, when tested against myelogenous 

leukemia K562 cell line, which is resistant to Mcl-1 inhibitors, the preceding 
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compounds showed a markedly lower antitumour activities (42). These results in turn 

substantiate the Mcl-1-mediated antitumour activity of these compounds. 

 

 

Figure 6.4. I2C-based Mcl-1 (17 – 19) and NHERF1 (20 – 22) inhibitors as antitumour agents. 

 

6.2.3. Na+/H+ Exchanger 3 Regulating Factor 1 (NHERF1) Inhibitors 

NHERF1 is a scaffolding "Janus like" protein that can behave as a tumour suppressor 

and as an oncogene (44). Scaffold proteins bring together two or more protein entities, 

such as cytoplasmic signalling molecules and membrane transporters/receptors, 

allowing the formation of macromolecular complexes. Accordingly, these scaffolds 

partake in coordinating and positively or negatively regulating key signalling pathways 

(44). Indeed, the protein-protein interactions between NHERF1 and different 

molecules were found to be involved in cancer signalling. The interplay between 

NHERF1 and various prominent signalling pathways as well as the 

implication/relevance thereof in tumourigenesis and cancer progression was 

previously reviewed (44). Recently, Coluccia et al performed molecular modelling 

studies on numerous I2Cs within the postsynaptic density 95/discs large/zona 

occludens 1 (PDZ1) domain of NHERF1 (45). They identified several NHERF1 

inhibitors with antitumour activities against three colorectal cancer (CRC) cell lines, 

namely SW480, SW620, and DLD-1. Three I2C analogues 20 – 22 displayed IC50 

values ranging from 8 – 84 µM against the foregoing tumour cells (Figure 6.4). Upon 

combining compound 22 with other antagonists of ꞵ-catenin, a CRC triggering protein, 
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they observed synergistic cell growth inhibition against the same CRC cell lines (45). 

Taken together, the aforementioned findings indicate the I2Cs potential in inhibiting 

the growth of different colorectal tumours.    

6.2.4. Androgen Receptor (AR) Binding Function 3 (BF3) Inhibitors  

Since the discovery of the role of androgens in promoting the growth of prostate cancer 

(PCa) in the early 1940s, antiandrogens have been a vital component in the standard 

therapeutic care for PCa (46). Indeed, the first-generation antiandrogens flutamide, 

nilutamide, and bicalutamide in addition to the second-generation drug enzlutamide 

can efficiently block AR signalling pathways. In this respect, antiandrogens serve as 

competitive inhibitors/antagonists of the AR via binding to the androgen binding site 

(ABS), thereby blocking the binding of endogenous androgens and subsequently 

preventing receptor activation. However, after the initial success of antiandrogen 

therapy in PCa patients, many of them acquire resistance to treatment. Mutations in 

ABS (which switch AR antagonists to agonists) were found to be correlated with 

antiandrogens resistance (46). In fact, all current antiandrogens, even including the 

newly approved enzlutamide, interact with the same ABS location of the AR. The 

likelihood of cross resistance between these compounds is also high when mutations 

in the ABS arise, owing to their similar structural features. Therefore, alternative AR 

binding sites have been explored to overcome the antiandrogen resistance. One of 

these sites is BF3 of the ligand binding domain (LBD) of the AR, which was first 

identified by Estebanez-Perpina et al (47). BF3 is implicated in the recruitment of 

coregulators of AR which are important for AR-dependent gene expression (46).  

Ban et al identified several I2C-based furan derivatives as selective and potent AR-

BF3 inhibitors (46). Most of their I2C analogues demonstrated strong antitumour 

activities, in the low micromolar range, against both wild-type and drug-resistant PCa 

cells. Upon performing structure-based pharmacophore modelling, they discovered 

that these I2Cs target BF3. Compound 23 (Figure 6.5) was the highlight of their work 

which exhibited an IC50 value of 0.70 µM against AR transcription in the cell-based 

enhanced green fluorescent protein (eGFP) assay, indicating its potent BF3 inhibition. 

Compound 23 was also evaluated for its capacity to reduce the expression of prostate 

specific antigen (PSA) in the prostatic cancer LNCaP cell line and enzlutamide-

resistant MR49F cells (46). Remarkably, this compound potently inhibited the 
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expression of PSA in both cell lines with IC50 values of 0.84 and 2.18 µM, respectively. 

Of note, the expression of PSA is dependent on the activity of AR in prostate epithelial 

cells. More importantly, this compound was highly efficacious in inhibiting the 

growth/proliferation of both LNCaP and MR49F cells (IC50 = 0.55 and 1.31 µM, 

respectively) (46). The lack of cross resistance between the I2C 23 and enzlutamide 

suggests that both compounds target different binding sites in the AR. As expected, 

compound 23 showed no activity when tested against AR-independent PCa cells (46). 

Overall, these findings validate the I2Cs as viable antitumour agents against PCa cells, 

wherein they exert their activity via targeting AR-BF3.  

 

 

Figure 6.5. I2C-based AR-BF3 (23) and HDAC (24) inhibitors as well as DNA alkylators (25 – 29) 
as antitumour agents. 

 

6.2.5. Histone Deacetylase (HDAC) Inhibitors 

During the process of DNA packaging, histone proteins serve as key building blocks 

that contribute to several elaborate post-translational modifications, including 

acetylation (48). Two families of enzymes regulate the status of acetylation, namely 

histone acetyltransferases (HATs) and HDACs (48). In particular, HDACs were 

previously correlated with tumourigenesis, metastasis, and tumour angiogenesis (49). 

Indeed, improper recruitment of HDACs can result in excessive proliferation and 

malignancy due to the repression of a specific set of key genes (48). A series of 

hydroxamate-based I2C derivatives, with various substitutions at positions 4, 5, and 6 
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on the indole ring, were shown to potently inhibit the HDAC activity in the nanomolar 

range. In addition, these I2C analogues displayed potent antiproliferative activities, in 

the submicromolar range, when evaluated against human fibrosarcoma HT1080 and 

breast carcinoma MDA435 cell lines (48). The authors in this paper used the I2C 

analogue 24 [Figure 6.5; IC50 = 14.6 nM (HDAC), 0.14 µM (HT1080), and 0.15 µM 

(MDA435)] as a representative of this class for further in vivo tests. Notably, this 

compound was found to be orally active in cancer animal model (HT1080 mouse 

xenograft), in which it displayed a significant tumour growth inhibition (48). These 

results suggest the prospects of I2Cs as orally active antitumour agents.  

6.2.6. DNA Alkylating Agents 

Duocarmycin SA 25 (Figure 6.5) is one of the parent members of a class of molecules 

that mediate their antitumour activity via selectively alkylating the DNA duplex (50). 

Many DNA alkylating I2C-based duocarmycin analogues 26 – 29 (Figure 6.5) were 

identified as potent antitumour agents, both in vitro and in vivo, against murine L1210 

leukemia cells (50-52). In 2010, Boger group investigated the antitumour activity of 

several I2C-derived prodrugs containing a tunable/weak N–O bond that is subjective 

to nucleophilic cleavage (reductive activation) (50). All of their prodrugs efficiently 

released the free drug in vitro (functional cellular assays) and in antitumour models in 

vivo. Compound 26 was the most potent prodrug therein, inhibiting the growth of 

L1210 cells (IC50 = 0.10 nM), while the free analogue 27 and duocarmycin SA 25 

displayed IC50 values of 0.030 and 0.010 nM, respectively, against the same cell line. 

Interestingly, compound 26 surpassed the activity of the free drug 27 in an in vivo 

antitumour model of L1210 cells implanted into mice (50).  

In a subsequent study conducted by the same group, another prodrug 28 was 

developed which showed an IC50 value of 6.6 nM against L1210 tumour cells (51). 

Although this compound was less active than the corresponding free drug 27 in vitro 

(IC50 = 0.030 nM), compound 28 was more efficacious and substantially safer/more 

tolerable in the L1210 tumour-bearing mice model than the parent drug 27. In this 

regard, compound 28 was superior in extending the life expectancy of mice, wherein 

it displayed improved safety margin and was tolerated at doses 150-fold higher than 

the free drug 27 (51). Importantly, the cyclic carbamate ring in 28 provided more 

stability over the acyclic counterparts identified earlier by this group. This superior 
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stability in turn allowed a sustained, slow release of the free drug, permitting larger 

doses to be used safely which can attain more efficacious antitumour activity (51). The 

following year, a follow-up study was published in which the I2C-containing prodrug 

29 was identified which displayed a similar behaviour as compounds 26 and 28 (52). 

The in vitro IC50 of 29 against L1210 cells was 0.99 nM, which is less than the free 

drug 27 and higher than the analogous prodrug 28. This compound also showed 

extraordinary activity in leukemia mouse models, substantially exceeding the efficacy 

of the parent drug 27 (52). Indeed, like compound 28, the I2C analogue 29 exhibited 

larger therapeutic window of efficacy compared to 27, wherein it did not suffer from 

the characteristic toxicity correlated with the free drug even at 40-fold higher doses. In 

addition, similar to the prodrug 26, compound 29 entails a weak N–O bond that is 

amenable to reductive cleavage, permitting a controlled release of the free active 

analogue (52). The remarkable antitumour activities of the preceding DNA alkylating 

agents in vivo indicate the great potential of the duocarmycin-mimicking I2C analogues 

for further advancements. 

6.2.7. Miscellaneous 

Several research groups reported potent growth inhibition of different tumour cell lines 

treated with various I2Cs; however, the exact antitumour mechanism of these 

analogues was not fully defined. First, Burlison et al investigated the structure-activity 

relationship (SAR) of numerous novobiocin 30 (Figure 6.6) analogues as antitumour 

agents (53). Novobiocin is an aminocoumarin natural product that inhibits DNA gyrase 

and has potent antibacterial activity against different microbial strain, including M. tb 

[minimum inhibitory concentration (MIC) against H37Rv = 2 µg/mL (54)]. The 

antitumour activity of novobiocin was previously evaluated in several studies, wherein 

it failed to exhibit considerable antiproliferative activity against different tested tumour 

cells (55, 56). When Burlison and colleagues replaced the prenylated benzamide side 

chain in novobiocin 30 with the indole nucleus in compound 31 (Figure 6.6), a 

remarkable improvement in the antiproliferative activity against a wide range of tumour 

cells was observed (IC50 = 0.17 – 22.3 µM) (53). The tested tumour cell lines 

comprised breast cancer (SkBr3 and MCF7), colon cancer (HCT116), pancreatic 

cancer (PL45), and prostate cancer (LNCaP and PC-3). Notably, the I2C-derived 

novobiocin analogue 31 displayed an exquisite antiproliferative activity against PL45 

(IC50 = 0.47 µM), a very aggressive pancreatic ductal adenocarcinoma that is resistant 
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to chemotherapies and is associated with high mortality rates (53). Although the 

antimicrobial activity of compound 31 was not explored therein, it would be intriguing 

to uncover the anti-TB activity of this compound as well as its efficacy against other 

bacterial species. 

 

 

Figure 6.6. Novobiocin and miscellaneous I2C-based antitumour agents. 

 

On the other hand, Hu et al showed the dual pharmacology profile of compound 32 

(Figure 6.6) as potent antitumour and anti-HIV agent (57). This compound structurally 

resembled the hydrazone-derived I2C analogues 15 and 16 (Figure 6.3) which were 

shown to exert their antitumour activity via inhibiting TP, eliciting apoptosis in A549 

and HeLa tumour cells, respectively (40, 41). Relatedly, the antitumour activity of 

compound 32 against A549 was found to be likely attributed to induction of cell 

apoptosis via inhibiting Ser2 phosphorylation in the C-terminal domain (CTD) of RNA 

polymerase II (RNAPII) (57). Of note, cyclin-dependent kinase 9 (CDK9) was found to 

promote RNA synthesis via phosphorylating Ser2 in the CTD of RNAPII (58). In 

addition, CDK9 was also found to play a vital role in the replication of HIV-1 (59). 

Therefore, CDK9 constitutes an important target for the development of novel 

anticancer and anti-HIV agents. Indeed, various CDK9 inhibitors, such as flavopiridol 

and seliciclib, have been reported to have dual anticancer and anti-HIV activities (57). 

Similarly, the benzylidene-linked I2C analogue 32 showed potent antiproliferative 
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activity against A549, HepG2, and HeLa tumour cells (IC50 = 0.48 – 8.70 µM). This 

compound also demonstrated an excellent inhibitory activity against HIV-1 (57). 

In 2016, Gokhale et al reported the antiproliferative activity of multiple I2C derivatives 

bearing a quinazolinone moiety at position 3 of the indole ring (60). Two compounds 

33 and 34 (Figure 6.6) showed the highest cytotoxic activities therein against the 

tumour cell lines MCF7 and HepG2. Both compounds showed weak cytotoxic activities 

against non-tumourigenic Vero cells (IC50 = 35.6 and 50.5 µM, respectively), reflecting 

the modest selectivity of these compounds towards HepG2 (60). Finally, in 2019, Lu 

et al investigated the activity of several trimethoxy I2C analogues based on 

piperlongumine, a natural product that was reported to have multiple biological 

activities, including anticancer (61). Compound 35 (Figure 6.6) was the most active 

antiproliferative agent in their study, displaying good activity against four tumour cell 

lines (IC50 = 2.24 – 12.67 µM), namely A549, HCT116, human breast ductal carcinoma 

(ZR-75-30), and MDA-MB231. While the anticancer mechanism of piperlongumine 

was attributed to increasing the level of reactive oxygen species (ROS), leading to 

apoptotic cell death, compound 35 exhibited no effect on the ROS level (61). However, 

this I2C-derived piperlongumine analogue showed more potent apoptotic effect in 

A549 cells (92.6%) at 10 µM concentration, compared to piperlongumine (77.7%), 

indicating that both compounds induce apoptosis via different mechanisms of action. 

Importantly, compound 35 showed negligible cytotoxicity towards normal human lung 

fibroblast cell line MRC-5 (IC50 = 45.70 µM), indicating its moderate selective activity 

towards cancer cells. This compound significantly inhibited the tumour growth of A549 

lung cancer xenograft (54.6%), showing a comparable activity to the antitumour drug 

doxorubicin (53.3%) and exceeding the activity of piperlongumine (38.3%) (61). 

Overall, although the mechanisms of action of the preceding I2Cs were not precisely 

characterised, the activity profiles of some of these analogues suggest their low 

cytotoxicity towards healthy cells compared to cancer cells. Additionally, it can be 

inferred that the I2C-based derivatives could be repurposed against various diseases 

(polypharmacological agents). 

6.3. I2Cs with Dual Anti-TB and Antitumour Activities 

In addition to the antitumour profile previously reported for the hydrazone-derived I2C 

analogues (vide supra), Cihan-Üstündağ et al identified the indole-2-carbohydrazide 
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analogue 36 (Figure 6.7) which possessed dual antitumour and anti-TB activities. This 

compound inhibited the growth of M. tb H37Rv strain by 58% at 6.25 µg/mL 

concentration (62). It was also tested against 60 tumour cell lines, encompassing 

leukemia, melanoma, breast cancer, ovarian cancer, prostate cancer, renal cancer, 

colon cancer, CNS cancer, and non-small cell lung cancer. The antitumour activities 

were represented in the form of log10GI50, log10TGI, and log10LC50, in which GI50 is the 

concentration eliciting 50% inhibition of cell growth, TGI is the concentration causing 

total growth inhibition, and LC50 is the concentration evoking 50% of cell death. The 

cut-off value for activity from the standpoint of the authors was -4, whereupon 

compounds with log10GI50 = -4 and < -4 were declared active (62).  

Compound 36 exhibited log10GI50 = -5.23 – -4.01 in 57 tumour cell lines and log10GI50 

> -4 in the remaining three cell lines. However, this compound was not the highlight of 

their study. The I2C-based spirothiazolidinone 37 (Figure 6.7) was the most potent 

dual anti-TB and antitumour compound identified therein (62). It showed 82% inhibition 

towards M. tb H37Rv strain at 6.25 µg/mL concentration. This I2C derivative was the 

most potent antitumour compound in their study, demonstrating log10GI50 values 

ranging from -6.09 to -4.26  against all tested tumour cell lines, with the highest activity 

manifested in leukemia cell lines (62). In 2016, the same group reported the 

antiproliferative activity of the I2C hydrazone analogue 38 (Figure 6.7) against 60 

tumour cell lines, similar to their previously used panel (63). Unlike the homologous 

derivative 36, compound 38 was inactive against H37Rv M. tb strain (MIC > 25 µg/mL); 

however, it displayed remarkable inhibitory activities against the proliferation of 57 

different tumour cell lines (GI50 = 13 – 74 nM) (63). Taken together, the I2C-based 

agents seem to have the ability to potently interact with multiple targets and impact 

key pathways in various diseases. In addition, the dual anti-TB and anti-tumour 

activities of 36 versus the selective antitumour activity of the analogous derivative 38 

indicate the possibility of customising the I2C framework to attain a particular biological 

activity.  

 

195



 

Figure 6.7. Compounds evaluated for their anti-TB and antitumour activities. The I2C analogues 
36 – 38 were assessed in Cihan-Üstündağ et al studies. The antiproliferative activity of CPF 39 was 
determined by Bourikas et al. The anti-TB activity of 39 – 41 and the antitumour activity of 40 and 41 
against KNS42 cells were evaluated by our group in this PhD project. 

 

6.4. Design and Synthesis of Novel I2C-Based Small Molecules as Anti-TB and 

Antitumour Agents 

The concept of drug repositioning (also termed as drug repurposing, drug re-tasking, 

drug reprofiling, or therapeutic switching) is firmly established in the literature (64-66). 

One of the famous examples of repurposed drugs is Pfizer’s blockbuster drug sildenafil 

(Viagra®) which was originally developed for treating hypertension and angina 

pectoris. However, based on observations during clinical trials, sildenafil was 

serendipitously repositioned and marketed as a treatment for erectile dysfunction (64-

66). Interestingly, many fluoroquinolone (FQ) drugs in the market (quinolone-based 

broad-spectrum antibiotics) were also found to have potent anticancer activity (67). In 

particular, CPF 39 (Figure 6.7), the well-known anti-TB drug, was previously shown 

to inhibit the proliferation and induce apoptosis in various cancer cell lines, including 

colon carcinoma, osteosarcoma, leukemia, and bladder carcinoma (68). The IC50 

value of CPF was 9.46 µg/mL when tested against the proliferation of colon cancer 

cell line HT-29 (69).  
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Based on the well-documented antitumour activity of CPF, the adamantane-linked 

CPF analogue 40 (Figure 6.7) which exhibited an MIC value of 16 µg/mL against 

H37Rv strain (discussed in Chapter 5), was tested for its antiproliferative activity 

against paediatric GBM cell line KNS42. Our results revealed the potent growth 

inhibitory activity of this compound (IC50 ≈ 8.2 µg/mL) against KNS42 tumour cells 

(unpublished results), resembling the aforementioned antiproliferative activity of CPF 

against HT-29 tumour cells. These findings indicate the dual anti-TB and anti-tumour 

activity of CPF 39 and our N-adamantyl CPF analogue 40. Therefore, the homologous 

N-adamantane quinolone-2-carboxamides and quinolone-3-carboxamides (discussed 

in Chapter 3) were further evaluated for their antitumour activities against KNS42 cells. 

The corresponding results are detailed and discussed in Chapter 7. 

Motivated by the above-mentioned collated evidence on the antitumour potential of 

the I2Cs and the dual anti-TB and antitumour activities of compounds 36 and 37, 

several new I2C analogues were designed and synthesised. All final compounds and 

one intermediate were evaluated for their growth inhibition against M. tb and grade IV 

GBM KNS42 tumour cells (results published in our 2021 research article). Several I2C 

derivatives showed dual potent anti-TB and cytotoxic activities against KNS42 cells. 

The most potent multi-target directed ligand was the N-rimantadine I2C derivative 41 

(Figure 6.7; H37Rv MIC = 0.62 µM and KNS42 viability IC50 = 0.84 µM). Equally 

important, compound 41 showed limited cytotoxicity towards healthy Vero cells (IC50 

= 39.9 µM), suggesting its selectivity towards M. tb and KNS42 tumour cells. The top 

potent I2C analogues in the proliferation and viability assays against KNS42 cells 

showed no inhibitory activity against M. tb H37Rv strain (MIC > 32 µg/mL). These most 

potent analogues were then evaluated against a panel of non-GBM grade IV paediatric 

tumours, namely teratoid/rhabdoid tumour cell lines BT12 and BT16 as well as 

medulloblastoma tumour cells DAOY. They were also tested for their cytotoxic activity 

against non-tumourigenic human fibroblasts HFF1 cells. Our recently published RSC 

Advances research article is enclosed herein. 
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and evaluation of novel indole-2-
carboxamides for growth inhibition of
Mycobacterium tuberculosis and paediatric brain
tumour cells†

Shahinda S. R. Alsayed, a Shichun Lun,b Anders W. Bailey,c Amreena Suri,c

Chiang-Ching Huang,d Mauro Mocerino, e Alan Payne,e

Simone Treiger Sredni, *cf William R. Bishai*bg and Hendra Gunosewoyo *a

The omnipresent threat of tuberculosis (TB) and the scant treatment options thereof necessitate the

development of new antitubercular agents, preferably working via a novel mechanism of action distinct from

the current drugs. Various studies identified the mycobacterial membrane protein large 3 transporter (MmpL3)

as the target of several classes of compounds, including the indole-2-caboxamides. Herein, several

indoleamide analogues were rationally designed, synthesised, and evaluated for their antitubercular and

antitumour activities. Compound 8g displayed the highest activity (MIC ¼ 0.32 mM) against the drug-sensitive

(DS) Mycobacterium tuberculosis (M. tb) H37Rv strain. This compound also exhibited high selective activity

towards M. tb over mammalian cells [IC50 (Vero cells) ¼ 40.9 mM, SI ¼ 128], suggesting its minimal

cytotoxicity. In addition, when docked into the MmpL3 active site, 8g adopted a binding profile similar to the

indoleamide ligand ICA38. A related compound 8f showed dual antitubercular (MIC ¼ 0.62 mM) and cytotoxic

activities against paediatric glioblastoma multiforme (GBM) cell line KNS42 [IC50 (viability) ¼ 0.84 mM].

Compound 8f also showed poor cytotoxic activity against healthy Vero cells (IC50 ¼ 39.9 mM). Compounds

9a and 15, which were inactive against M. tb, showed potent cytotoxic (IC50 ¼ 8.25 and 5.04 mM, respectively)

and antiproliferative activities (IC50 ¼ 9.85 and 6.62 mM, respectively) against KNS42 cells. Transcriptional

analysis of KNS42 cells treated with compound 15 revealed a significant downregulation in the expression of

the carbonic anhydrase 9 (CA9) and the spleen tyrosine kinase (SYK) genes. The expression levels of these

genes in GBM tumours were previously shown to contribute to tumour progression, suggesting their

involvement in our observed antitumour activities. Compounds 9a and 15 were selected for further

evaluations against three different paediatric brain tumour cell lines (BT12, BT16 and DAOY) and non-

neoplastic human fibroblast cells HFF1. Compound 9a showed remarkable cytotoxic (IC50 ¼ 0.89 and 1.81

mM, respectively) and antiproliferative activities (IC50 ¼ 7.44 and 6.06 mM, respectively) against the two tested

atypical teratoid/rhabdoid tumour (AT/RT) cells BT12 and BT16. Interestingly, compound 9a was not cytotoxic

when tested against non-neoplastic HFF1 cells [IC50 (viability) ¼ 119 mM]. This suggests that an indoleamide

scaffold can be fine-tuned to confer a set of derivatives with selective antitubercular and/or antitumour activities.
1. Introduction

Mycobacterium tuberculosis (M. tb), the causative agent of
tuberculosis (TB), is a highly contagious airborne pathogen
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infecting around 10 million people and claiming more than one
million lives worldwide every year.1 In 2019 before the COVID-19
pandemic, the inexorable TB burden together with the currently
estimated one-quarter latent infections of global population
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Fig. 1 Potent anti-TB compounds reported in the literature.
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ranked TB as the number one cause of mortality/morbidity from
a single infectious agent (surpassing HIV/AIDS).1 Due to the
poor patient compliance to the onerous multi-drug rst-line
regimen, administered for at least 6 months, and the co-
epidemic with HIV, vicious drug-resistant TB strains have
emerged, perpetuating TB as a global health threat.2,3 The
insufficiency and limited efficacy of the drug options of multi-
and extensively drug resistant TB (MDR- and XDR-TB, respec-
tively) accompanied with their high cost, toxicity and drawn-out
duration of therapy (up to 2 years) further exacerbate the TB
resistance crisis.4 Accordingly, it is imperative to revitalise the
anti-TB drug discovery efforts and identify novel lead
compounds inhibiting cellular targets different from the ones
targeted by the current anti-TB drugs. This will presumably
synergise their efficacy in combination with current agents in
combating drug-sensitive (DS) and drug-resistant (DR) M. tb.

The mycobacterial membrane protein large 3 (MmpL3) is
a vital transporter currently considered as one of the most
druggable TB targets.5 It is responsible for the translocation of
mycolic acids (MAs) precursor, trehalose monomycolate (TMM),
across the plasma membrane.6–11 MAs are the major lipid
component of the mycobacterial outer membrane and the main
driving force behind its hydrophobicity and impermeability.12–14

We previously illustrated the detailed biosynthetic machinery of
MAs and their assembly into the mycobacterial cell envelope.15

Aer the ipping and release of TMM from cytoplasm to peri-
plasm via MmpL3, the cell wall core components serve as
acceptors anchoring MAs and forming an intricate protective
lipid bilayer. This coating insulates M. tb against exogenous
substances, including antibiotics, and the host immune
system.15 The indispensable role of MmpL3 inM. tb growth and
survival through shuttling TMM across the cytoplasmic
membrane was veried when the downregulation of mmpl3
expression led to an abrogation of cell division and rapid cell
death. This was preceded by an intracellular accumulation of
TMM and signicant reduction of cell wall mycolation.16,17

A conspicuous trend of “high lipophilicity ¼ high activity”
was entrenched in many of the MmpL3 inhibitors reported to
date. Recent literature revealed that ve structurally distinct
MmpL3 inhibitors indeed directly interact with MmpL3, while
three of them additionally impact the proton motive force
(PMF) in M. tb.18 Of particular interest are the indoleamides in
which NITD-304 (1, Fig. 1) and its analogous 4,6-diuoro
derivative NITD-349 were identied as preclinical agents for
treating MDR-TB.7 We also identied the N-(1-adamantyl)-4,6-
dimethylindole-2-carboxamide (2) as potent anti-TB agent
(MIC¼ 0.012 mM) with no cytotoxicity to healthy cells (IC50 > 200
mM).19 Subsequent efforts, mainly directed towards non-
tuberculous mycobacteria (NTM), identied the N-(1-
adamantyl)-indole-2-carboxamide (3) and the N-rimantadine-
4,6-dimethylindole-2-carboxamide (4) as highly potent anti-TB
compounds with minimum inhibitory concentration (MIC)
values of 0.68 and 0.88 mM, respectively (Fig. 1).20

To date, several groups have reported the dual anti-TB and
antineoplastic activities for a variety of scaffolds, including
indole-2-carboxamides.21–25 Our group has also demonstrated
the selective cannabinoid receptor 2 (CB2) agonistic activity of
15498 | RSC Adv., 2021, 11, 15497–15511
20
many indole-2-carboxamide derivatives, for instance compound
3 (EC50 ¼ 0.98 mM).26 Interestingly, in the same year, Franz et al.
reported the potent anti-TB activity of compound 3 (MIC ¼ 0.68
mM).20 Similarly, rimonabant, a cannabinoid receptor 1 (CB1)
inverse agonist, was found to inhibit the growth of M. tb via
targeting MmpL3.9 The aforementioned two examples demon-
strate the polypharmacological prole of various small mole-
cules, a phenomenon that has been harnessed for drug
repurposing, whereby new indications of existing agents/drugs
can be identied.27,28 This is well exemplied by the current
repositioning of drugs in the COVID-19 era.29 Towards this end,
we were interested in exploring the antitumour activity that
might be harboured in compound 3. We were particularly
drawn into the paediatric brain tumours that are categorised as
the highest-grade (grade IV) tumours according to the World
Health Organisation (WHO). Paediatric gliomas represent the
most common type of brain tumour and the leading cause of
cancer-related death in children.30,31 Glioblastoma multiforme
(GBM) is a grade IV glioma that originate from the supportive
cells of the brain and the spinal cord, known as the glial
cells.32–34 GBMs are among the most malignant, invasive and
aggressive primary brain tumours which are usually refractory
to current treatment, wherefore they remain largely incurable
and are nearly universally fatal.35,36 The mainstays of GBM
treatment include gross total resection when feasible followed
by focal radiotherapy combined with chemotherapy.37 Many
chemotherapeutic agents have been tested including temozo-
lomide which is used in the treatment of adult GBM, but no
clear benet or remarkable improvement on survival has been
achieved yet in paediatric GBM, likely due to its non-selective
alkylating actions.38 The dismal prognosis of GBM necessi-
tates the discovery and development of new, more effective
therapies for these tumours.

In the present study, we describe the design, synthesis, and
in vitro biological evaluation of novel indole-2-carboxamide
analogues as antitubercular agents. Upon assessing the drug-
© 2021 The Author(s). Published by the Royal Society of Chemistry
7
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like properties in silico using ACD Labs/Percepta, the designed
compounds were predicted to cross the blood brain barrier
(BBB). Accordingly, all synthesised compounds as well as
compound 3 were also screened for their cytotoxic and anti-
proliferative activities against the KNS42 tumor cell line
(paediatric GBM). We subsequently performed a transcriptional
analysis on the KNS42 cells treated with one of the most potent
compounds in order to determine the potential mechanism of
action of our indoleamide analogues. The top two potent
compounds were then subjected to further evaluations against
a panel of non-GBM high-grade paediatric brain tumor cell lines
as well as non-tumor cells as control.
2. Results and discussion
2.1. Chemistry

The design of nal compounds 8a–h, 9a,b, 11a,b, 15 and 20 is
depicted in Fig. 2. The indoleamides 8a–h and 9a,b were
prepared in a one-pot amide coupling reaction as outlined in
Scheme 1. First, since the N-rimantadine-indoleamide skeleton
proved to have potent anti-TB activity,20 we were interested in
exploring the effect of different substitutions at various posi-
tions on the indole ring on the anti-TB activity. Towards this,
commercially available indole-2-carboxylic acids 7a–h were
coupled with rimantadine hydrochloride. The amide coupling
was carried out in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC$HCl),
hydroxybenzotriazole hydrate (HOBt) and N,N-diisopropyle-
thylamine (DIPEA) to deliver the requisite rimantadine-derived
indoles 8a–h. Compound 8a was previously prepared using
N,N0-dicyclohexylcarbodiimide (DCC) and 4-dimethylamino-
pyridine (DMAP) coupling reagents in a poor yield (31%).20 The
Fig. 2 A diagram summarising the design strategy of the target indoleam

© 2021 The Author(s). Published by the Royal Society of Chemistry
20
other N-rimantadine analogue 4 prepared in the same report
was also obtained in a similar low yield (29%).20 However, upon
employing EDC$HCl and HOBt coupling conditions in the
current study, the N-rimantadine indoleamide derivatives were
generated in signicantly higher yields (66–99%).

Likewise, amide coupling of 4,6-diuoroindole-2-carboxylic
acid 7h with benzylamine or phenylhydrazine rendered
amides 9a,b in yields 98% and 93%, respectively. We used
fragment-based drug design in compound 9a in which we
incorporated the benzyl group from the previously reported
anti-TB compound 5 (ref. 39) into the indoleamide scaffold
(Fig. 1 and 2). In Scheme 1, we also reacted the 4,6-diuor-
oindole 7h with 1,10-carbonyldiimidazole (CDI) and the result-
ing N-acylimidazole intermediate was treated in situ with
ammonia (nucleophilic substitution reaction) to yield the
amide 10. The nal imide derivatives 11a,b were then formed
via reacting 10 with either 3-uorobenzoyl chloride or 3-chlor-
obenzoyl chloride, respectively, in pyridine.

Similar to 9a,b and 11a,b, we further probed the effect of
extending the linker tethering the indole scaffold and the ada-
mantane ring by introducing a carbonyl piperazine fragment as
seen in the reported anti-TB derivative 6 (Fig. 1 and 2).40 The
diamides 15 and 20 were synthesised following the protocol
delineated in Scheme 2. The synthesis of compound 15 was
accomplished in three steps starting from coupling N-(tert-
butoxycarbonyl) piperazine (N-Boc piperazine, 12) with the
carboxylic acid 7h to give the amide analogue 13. Subsequent N-
Boc deprotection using triuoroacetic acid (TFA) yielded the key
indoleamide analogue 14 which was then converted to the nal
diamide 15 through a standard EDC-mediated coupling with 1-
adamantanecarboxylic acid. On the other hand, compound 20,
entailing a phenyl group as a linker in place of piperazine, was
ides.

RSC Adv., 2021, 11, 15497–15511 | 154998
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Scheme 1 General synthetic routes for compounds 8a–h, 9a,b, and 11a,b.
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obtained in a four-step pathway. The amino group of the aniline
16was initially protected using di-tert-butyl dicarbonate (Boc)2O
to form the N-Boc derivative 17. An amide linkage was formed
thereaer connecting both 17 with the adamantane moiety,
providing the crude N-Boc intermediate 18. Next, cleaving the
Boc group under acidic conditions (TFA) furnished the penul-
timate amidoadamantyl compound 19. Finally, amide coupling
of 19 with the carboxylic acid 7h generated the desired dicar-
boxamide derivative 20.
Scheme 2 General synthetic routes for compounds 15 and 20.

15500 | RSC Adv., 2021, 11, 15497–15511
20
2.2. Antitubercular activity

Target compounds 8a–h, 9a,b, 11a,b, 14, 15 and 20 were
screened in vitro against the wild-type M. tb strain (H37Rv) to
obtain their respective MIC values (Table 1). Compounds 3 and
4 together with the two front-line anti-TB drugs, isoniazid (INH)
and ethambutol (EMB) were used as positive controls. Franz
et al. assessed the activity of both N-(1-adamantyl)-indole-2-
carboxamide (3) and the N-rimantadine-4,6-dimethylindole-2-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 In vitro anti-TB activity in addition to cytotoxic and antiproliferative activity against KNS42 tumour cell line of compounds 8a–h, 9a,b,
11a,b, 14, 15, and 20 as well as reference compounds INH, EMB and compounds 3, 4, 6

Cpd R X
H37Rv, MICa

(mg mL�1)
H37Rv, MICb

(mM)
KNS42 viability,
IC50

c (mM)
KNS42 prolif.,
IC50

d (mM) Clog Pe

8a H — 2 6.20 >10 >10 6.07
8b 4-OCH3 — 1 2.84 4.17 >10 6.09
8c 5-OCH3 — 2 5.67 4.94 >10 6.09
8d 5-CH3 — 1 2.97 >10 >10 6.57
8e 5-Cl — 1 2.80 3.13 >10 6.89
8f 6-Br — 0.25 0.62 0.84 >10 7.04
8g 4,6-Dichloro — 0.125 0.32 >10 >10 7.64
8h 4,6-Diuoro — 0.25 0.70 5.66 >10 6.50
9a H CH2 >32 >112 8.25 9.85 3.84
9b H NH >32 >111 4.45 >10 2.42
11a 3-F CO >32 >101 2.16 >10 4.49
11b 3-Cl CO >32 >96 6.65 >10 5.06
14 H — >32 >121 1.34 >10 1.54
15 Adamantane-

1-carbonyl
— >32 >75 5.04 6.62 3.80

20 — — >32 >71 >10 >10 5.29
INH — 0.04 (ref. 6) 0.29 NDf NDf �0.67
EMB — 1 (ref. 6) 4.89 NDf NDf 0.12
3 — 0.2 (ref. 20) 0.68 (ref. 20) 0.33 >10 4.11
4 — 0.31 (ref. 20) 0.88 (ref. 20) NDf NDf 7.07
6 — — — 0.031 (ref. 40) NDf NDf 4.25
ICA38 — — — 0.003 (ref. 42) NDf NDf 5.90

a The lowest concentration of drug causing at least 90% reduction of bacterial growth by the microplate alamarBlue assay (MABA). The reported
MIC values are an average of three individual measurements, in mg mL�1. b The reported H37Rv MIC values converted to mM. c Compound dose
required to achieve 50% inhibition of KNS42 cell viability, reecting cytotoxicity. d Compound dose required to achieve 50% inhibition of
KNS42 cell proliferation. e Calculated using ChemDraw 16.0. f Not determined.
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carboxamide analogue (4) against several mycobacterial strains,
including H37Rv M. tb strain (MIC ¼ 0.68 and 0.88 mM,
respectively).20 Within this context, we previously conducted
a thorough antimycobacterial screening for several indole-2-
carboxamide derivatives.6,19,41–43 We found that the methyl
groups located at the indole moiety in compound 2 present
a potential metabolic liability (susceptible to metabolic oxida-
tion). Accordingly, in order to explore the effects of various
substituents on the indole ring, we synthesised several indo-
leamide derivatives 8a–h bearing a rimantadine substituent in
place of the adamantane ring. All of the tested N-rimantadine
indoleamides had single digit micro- and submicro-molar MIC
© 2021 The Author(s). Published by the Royal Society of Chemistry
21
values, with compounds 8f–h exhibiting potencies (MIC¼ 0.32–
0.70 mM) higher than compound 4.

Upon re-evaluating the activity of the unsubstituted indole
derivative 8a, it displayed an MIC value of 6.20 mM, which was
lower than the published one (MIC > 15.5 mM (ref. 20)). The 4-
methoxyindole analogue 8b showed a two-fold enhancement of
activity compared to the 5-methoxy counterpart 8c (MIC ¼ 2.84
and 5.67 mM, respectively). To further probe the effect of mon-
osubstitution at position 5, more lipophilic methyl and chloro
groups were installed. The observed activities of compounds
8d,e (MIC ¼ 2.97 and 2.80 mM, respectively) were 2-fold higher
than the respective 5-methoxy analogue 8c. This could be
attributed to the higher lipophilicity of 8d,e (Clog P ¼ 6.57 and
RSC Adv., 2021, 11, 15497–15511 | 155010
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6.89, respectively) compared to 8c (Clog P ¼ 6.09). These results
suggest the lipophilicity-driven bioactivity of this series.
Nevertheless, the fact that the 5-substituted indoles 8d,e are
equipotent to the 4-substituted analogue 8b, despite the lower
lipophilicity of the latter compared to the former derivatives,
reects the substitution preference for certain positions on the
indole ring. Interestingly, the presence of a single bromo group
at position 6 of the indole ring (8f: MIC ¼ 0.62 mM) led to an
approximately 10- and 4.5-fold increase in the activity in
comparison to the unsubstituted and 5-halosubstituted indoles
8a,e, respectively.

Next, we replaced the twomethyl groups in compound 4 with
metabolically stable halogens 8g,h. It was pleasing to nd that
compound 8g possessing 4,6-dichloro substituents on the
indole core exhibited nearly a three-fold rise in activity (MIC ¼
0.32 mM) relative to compound 4 and a comparable potency to
INH (MIC ¼ 0.88 and 0.29 mM, respectively). Of note is the fact
that compound 8g is themost lipophilic compound in our study
(Clog P ¼ 7.64) that was translated into the highest activity as
well which once again signies the apparent inuence of lip-
ophilicity on the anti-TB activity. The 4,6-diuoro analogue 8h
(MIC ¼ 0.70 mM) was more active than 4 and 2-fold less potent
than the 4,6-dichloroindole counterpart 8g. The consequential
impact of the substitution pattern in the indole ring on activity,
depicted earlier in compounds 8d,e versus 8b, was recapitulated
in compound 8h versus 8f in which both compounds exhibited
similar activities, although 8f is more lipophilic than 8h (Clog P
¼ 7.04, 6.50, respectively). Importantly, the potency rendered by
all the rimantadine analogues was comparable to or signi-
cantly higher than the rst-line anti-TB drug EMB (MIC ¼ 4.89
mM).

Similar to the other MmpL3 inhibitors, the inherent high
lipophilicity of the foregoing series (Clog P ¼ 6.07–7.64) likely
endowed them with facilitated diffusion through the lipid-rich
bilayer of M. tb where they presumably interacted with
MmpL3 and elicited potent anti-TB activity. Nonetheless, it is
worth noting that the anti-TB activities of the N-(rimantadine)-
indole-2-carboxamides in our study are generally lower than the
previously evaluated N-(1-adamantyl)-indole-2-carboxamide
counterparts. Indeed, this was counterintuitive due to the
high lipophilicity of the rimantadine derivatives compared to
the corresponding 1-adamantane analogues.43 The SAR hall-
marks of these analogues, in which substitutions at the 4- and/
or 6-positions of the indole ring was optimal for activity,
together with the apparent impact of lipophilicity on the anti-TB
activity, were consistent with our previous ndings.19,42,43

Therefore, in our subsequent evaluations in which we used the
fragment-based drug design technique, 4,6-diuoroindole 7h
was the scaffold of choice, to which we attached different
fragments from previously reported anti-TB agents with diverse
mechanism of actions 5 and 6 (Fig. 1).

First, Moraski et al. called attention to the remarkable anti-
TB potency of the N-benzyl imidazo[1,2-a]pyridine-3-
carboxamide 5 (MIC ¼ 0.37–1.9 mM in three different
media).39 This compound also maintained its excellent potency
when tested against a panel of single DR strains in addition to
several MDR and XDR clinical isolates.39 Imidazo[1,2-a]
15502 | RSC Adv., 2021, 11, 15497–15511
21
pyridines were previously found to exert their anti-TB activity via
inhibiting M. tb cytochrome b subunit of the cytochrome bc1
complex (QcrB).44,45 We, thereupon, appended a benzyl moiety
to the 4,6-diuoroindoleamide architecture. Disappointingly,
the tested benzylamide analogue 9a was bere of anti-TB
activity (MIC > 112 mM). We also presumed that incorporating
an NH or a carbonyl (C]O) group, instead of CH2, between the
carboxamide moiety and the phenyl group would result in the
formation of more hydrogen bonds with the hydrophilic resi-
dues in the S4 hydrophilic subsite of MmpL3,9 leading to an
improved binding and better activity. As reported previously,46

when we introduced a C]O group between the 4,6-diuor-
oindoleamide and the adamantane moiety, the obtained imide
derivative displayed moderate anti-TB activity (MIC ¼ 22 mM).
Unfortunately, this NH or C]O extension in compounds 9b and
11a,b, did not show any improved anti-TB activity (MIC > 96
mM).

It is noteworthy that the estimated lipophilicities of
compounds 11a,b (Clog P ¼ 4.49 and 5.06, respectively) are
higher than that of 9a,b (Clog P ¼ 3.84 and 2.42, respectively)
which did not seemingly impact the anti-TB activity. Of interest
is the fact that two N-phenyl indole-2-carboxamide analogues
exhibited good anti-TB activities in our previous work (MIC ¼
1.7 and 3.8 mM).19 This in turn suggests that introducing an
extra spacer to the amide linker tethering the indole ring and
the phenyl moiety is unfavourable. In the same report, on the
contrary, we found that adding a methylene spacer between the
amide nitrogen and a cyclohexyl ring elicited almost the same
high potency as the desmethylene analogue (MIC ¼ 0.88 and
0.93 mM, respectively).19 Evidently, the potent anti-TB activity
manifested by the N-rimantadine indoleamide analogues 8a–h
in the present study corroborated the notion that incorporating
an extra spacer next to the cycloaliphatic motifs is tolerated.

On the other hand, the nitrobenzothiazinone derivative 6,
bearing a carbonyl piperazine moiety (Fig. 1), was reported to
have a potent anti-TB activity (MIC ¼ 0.031 mM (ref. 40)). The
1,3-benzothiazin-4-ones (BTZs) are a potent class of anti-
mycobacterial agents that kill M. tb in vitro, ex vivo and in TB
mouse models via targeting decaprenylphosphoryl-b-D-ribose
20-epimerase (DprE1) enzyme. Inhibition of the DprE1 enzy-
matic activity compromises the formation of a key precursor in
the synthesis of cell wall arabinans, namely decap-
renylphosphoryl arabinose, resulting in cell lysis and bacterial
death.47 Introducing a 4-carbonyl piperazine segment into the
BTZ framework was well tolerated and led to compounds with
enhanced aqueous solubility compared to other BTZ analogues
in earlier reports.40 This prompted us to integrate the carbonyl
piperazine fragment into the N-(adamantyl)indoleamide struc-
ture core to verify its tolerability within this template. Initially,
we examined the activity of the piperazinylindole intermediate
14 which displayed an MIC value > 121 mM. This dramatic loss
in activity could be ascribed to its diminished lipophilicity
(Clog P ¼ 1.54) and the absence of the amide NH which is
a crucial element for the hydrogen bonding with Asp645 in
MmpL3.9 The NH necessity was further emphasised when we
increased the lipophilicity of 14 via attaching an adamantane
ring, furnishing the 1,4-dicarbonyl piperazine 15 which was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 In vitro cytotoxicity (Vero cells) and molecular modelling results of compounds 8f and 8g

Cpd MIC (mM) IC50
a (mM) SIb

Docking scorec

(kcal mol�1) No. of H-bonds Distance Amino acids Ligand atoms

8f 0.62 39.9 64 �13.9 2 2.51 Asp645 Amide NH
2.66 Asp645 Indole NH

8g 0.32 40.9 128 �14.4 2 2.55 Asp645 Amide NH
2.62 Asp645 Indole NH

ICA38 0.003 (ref. 42) NDd NDd �22.7 1 2.54 Asp645 Amide NH

a Cytotoxicity against Vero cells expressed as the half maximal inhibitory concentration of the drug by MABA. b Selectivity index (SI) ¼ IC50(Vero)/
MIC(H37Rv). c The lowest binding energy corresponding to the top-ranked pose. d Not determined.
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devoid of activity (MIC > 75 mM) despite having a Clog P value of
3.80 that is higher than that of 14.

A similar trend was observed in the analogous dicarbox-
amide 20, in which a phenyl motif, in lieu of piperazine, was
introduced in between the indole and adamantane rings.
Despite its higher lipophilicity (Clog P ¼ 5.29) and that the
amide NH was preserved, compound 20 was inactive (MIC > 71
mM). Hence, it could be surmised that stretching the linker
between the indole scaffold and the adamantanemoiety via ring
insertion is detrimental to the anti-TB activity, suggesting some
steric requirements of the S4 subsite of MmpL3. The abolition
of anti-TB activity pertaining to overextending the middle linker
resonates with our previous ndings.46 Overall, whilst a positive
correlation between lipophilicity and anti-TB activity was
discernible in compounds 8a–h, the rest of the tested analogues
did not conform with this trend.

Motivated by the potent in vitro anti-TB activities of the
rimantadine-derived indole derivatives 8a–h, two compounds 8f
and 8g (MIC ¼ 0.62, 0.32 mM, respectively) were selected for
further cytotoxicity assessment and their selectivity index (SI)
were subsequently calculated (Table 2). We were pleased to nd
that both compounds displayed high IC50 values against Vero
cells (IC50 ¼ 39.9 and 40.9 mM, respectively). These values
correspond to SI values of 64 and 128, respectively, indicating
Fig. 3 Re-docking of ICA38 (Cyan) in the MmpL3 active site (A), showin
same position as the original ICA38 co-crystallised ligand (purple). The tw
are marked in orange hashed ovals. The putative binding interactions of IC
panel (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
21
minimal primary cytotoxicity of these derivatives against
healthy mammalian cells.

Taking into consideration that MmpL3 is the most relevant
potential enzymatic target of our analogues, molecular docking
simulations were carried out to evaluate the possible binding
mechanism of the rimantadine-based indoles within the
MmpL3 active site (Table 2; Fig. 3 and 4). First, the co-
crystallised ligand ICA38 was re-docked into the MmpL3
binding site to validate the docking protocol as we reported
before (Fig. 3).46 In consonance with the previous ndings,9 the
indole moiety and the spirocarbocyclic group of ICA38 were
both lodged in the bulky S3 and S5 hydrophobic subsites,
respectively, forming hydrophobic contacts with the
surrounding residues. The amide linker was positioned in the
S4 hydrophilic subsite, wherein the amide NH of ICA38 formed
a hydrogen bond with Asp645. This Asp645 is a crucial part of
the two Asp–Tyr pairs implicated in proton relay. Upon binding,
ICA38 inhibits the MmpL3 by occupying S3–S5 subsites in the
proton transportation channel, disrupting the key components
of the S4 subsite, namely the two Asp–Tyr pairs (Fig. 3), thereby
blocking the PMF for substrate translocation.9

Both compounds 8f and 8g, typifying the rimantadine class,
were oriented inside the MmpL3 binding pocket in a manner
resembling ICA38 (Fig. 4). The most favourable docking pose
(i.e. lowest binding energy) retained the key interactions
g the S3–S5 subsites. The ICA38 top pose was oriented almost at the
o key Asp–Tyr pairs, implicated in proton relay, located in the S4 subsite
A38with the MmpL3 binding pocked is represented in 2D on the right

RSC Adv., 2021, 11, 15497–15511 | 155032
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Fig. 4 Superposition of the top ranked docking pose of 8f (A) and 8g (B) (brown) and the co-crystallised ligand ICA38 (purple), showing the
putative binding mode of both compounds in the MmpL3 active site.
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observed in ICA38. The S3 hydrophobic subsite accommodated
the indole nucleus, while the rimantadine moiety was
embedded in the bulky S5 hydrophobic subsite, overlapping
with the spirocyclic group of ICA38. Meanwhile, the amide NH
in 8f and 8g was inserted in the S4 hydrophilic subsite, forming
a hydrogen bond with Asp645 (distance ¼ 2.51 and 2.55 Å,
respectively). An additional hydrogen bond was formed between
the indole NH of 8f and 8g with Asp645 (distance ¼ 2.66 and
2.62 Å, respectively). They also showed high binding affinity to
the MmpL3 active site (docking score ¼ �13.9 and
�14.4 kcal mol�1, respectively). The similarities between the
binding modes of 8f and 8g and the MmpL3 inhibitor ICA38
suggest that this potent class of N-rimantadine indoleamides
likely inhibit the same target via disrupting the two Asp–Tyr
pairs that play a pivotal role in the proton translocation. It is
worth mentioning that a recent study used a combination of in
vitro and whole-cell-based approaches to determine whether
a structurally distinct panel of MmpL3 inhibitors directly target
the MmpL3 or dissipate the PMF from which this transporter
derives its energy (indirect mechanism). They provided
evidence that all compounds, including the indole-2-
carboxamides, directly inhibit MmpL3, whether or not they
exert an additional impact on the PMF that potentiate their
activity.18
2.3. Cytotoxic and antiproliferative activity against
paediatric GBM cells

All synthesised nal compounds in addition to reference
compound 3 were initially evaluated for their cytotoxicity and
antiproliferative activities against paediatric KNS42 GBM cell
line (Table 1). Compound 3, which previously showed potent
antitubercular activity against M. tb H37Rv strain (MIC ¼ 0.68
mM (ref. 20)), displayed potent cytotoxicity against KNS42 cells
with sub-micromolar inhibitory activity on cell viability (IC50 ¼
0.33 mM). The cytotoxicity of compound 3 was previously eval-
uated against human THP-1 cells in which it was non-cytotoxic
up to 50 mM.20 Similarly, compound 8f demonstrated excellent
dual antitubercular and antitumour activity [MIC (H37Rv) ¼
0.62 mM, IC50 (KNS42 viability) ¼ 0.84 mM]. Importantly,
compound 8f also exhibited minimal cytotoxicity against
healthy mammalian Vero cells with an IC50 value of 39.9 mM
15504 | RSC Adv., 2021, 11, 15497–15511
21
(Table 2). Nonetheless, both 8f and reference compound 3
showed weak antiproliferative activities against KNS42 (IC50 >
10 mM). Compounds 8b, 8c, 8e and 8h showed potent antitu-
bercular activity and reduction of KNS42 cell viability [MIC (M.
tb) and IC50 (KNS42) < 6 mM].

On the other hand, compound 9a, which was bere of
antitubercular activity, displayed good inhibitory activities
against KNS42 cells in the viability and proliferation assays with
IC50 values of 8.25 and 9.85 mM, respectively. Similarly,
compound 15 exhibited potent cytotoxic and antiproliferative
activity against KNS42 cells (IC50 ¼ 5.04 and 6.62 mM, respec-
tively). Additionally, compounds 9b, 11a, 11b and 14 displayed
high cytotoxic activities (IC50 ¼ 1.34–6.65 mM) and poor anti-
proliferative activity (IC50 > 10 mM) against KNS42 cells.
2.4. Transcriptional analysis of KNS42 cells and compound
15-induced alterations to gene expression

To shed light on the potential mechanism of action of our
indole-2-carboxamides as antitumour agents, we characterised
the gene transcriptional response of the KNS42 cells upon
exposure to compound 15, using DNBSEQ Eukaryotic Stranded
Transcriptome Resequencing. Of note, compound 15 was
chosen in this respect due to its potent activity against KNS42
cells in both viability and proliferation assays (IC50 ¼ 5.04 and
6.62 mM, respectively). When we analysed the differential
expression of the genes, in comparison to the control cells
(untreated), we found that compound 15 downregulated the
expression of 9 genes (fold change $ 8) with statistical signi-
cance (P < 0.05). Two genes, namely the carbonic anhydrase 9
(CA9) and the spleen tyrosine kinase (SYK) stood out as poten-
tial targets of this compound, whereby it exerts its antitumour
activity. Several reports previously showed that the expression
levels of CA9 and SYK in GBM tumours are positively correlated
to tumour growth/progression and negatively correlated to
survival rates.48–50 Therefore, downregulating the expression of
these two genes could be conducive to the antitumour effects
observed in compound 15.

First, we found that the expression level of CA9 was down-
regulated by 15-fold (p < 0.01) upon treating the KNS42 cells
with compound 15. CA9 is a hypoxia-responsive gene which is
used as a hypoxia marker and a regulator of the pH of tumour
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 In vitro cytotoxicity and antiproliferation activity of compounds 9a and 15 against different paediatric brain tumour cell lines (BT12, BT16
and DAOY) and non-neoplastic human fibroblasts (HFF1)

Cpd
BT12 viability,
IC50 (mM)

BT12 prolif.,
IC50 (mM)

BT16 viability,
IC50 (mM)

BT16 prolif.,
IC50 (mM)

DAOY viability,
IC50 (mM)

DAOY prolif.,
IC50 (mM)

HFF1 viability,
IC50 (mM)

HFF1 prolif.,
IC50 (mM)

9a 0.89 7.44 1.81 6.06 >10 >10 119 65
15 3.16 >10 5.89 >10 >10 >10 19.35 17.41
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cells.51 Hypoxia is a common feature of the majority of malig-
nant tumours, in which extensively expanding and proliferating
tumour tissues outgrow their blood supply resulting in
hampered oxygen diffusion and hypoxic milieus.52 CA9 expres-
sion is strongly induced by hypoxia, therefore it can serve as
a marker that signies aggressive rapidly proliferating
tumours.50 Hence, CA9 expression was found to be correlated to
tumour progression in various human cancers.53 Importantly,
strong CA9 immunoreactivity was previously detected in HGGs,
including GBM, whereas the normal brain cells showed no
expression of CA9.53 This tumour-exclusive expression pattern
establishes CA9 as a feasible antitumour target. Indeed, Pro-
escholdt et al. found that CA9 is expressed in the GBM tumours
in all of the patients they investigated, whereby the expression
levels were generally correlated with the overall prognosis.50

Their survival analysis revealed that high expression levels of
CA9 was associated with poor survival in GBM patients (15
months) compared to GBM patients with low CA9 expression
(34 months). Therefore, high CA9 expression is considered
a prognostic marker for poor survival in GBM patients.48,50

Selective gene silencing of CA9 in GBM cells resulted in
a profound reduction of cell attachment and invasion as well as
a strong enhanced susceptibility to adjuvant chemotherapy and
radiation treatment.50 This was substantiated by Boyd et al.'s
recent ndings, in which concurrently using a CA9 inhibitor
with temozolomide inhibited the growth of GBM cells and
induced cell cycle arrest in vitro.51 This combination was also
efficacious in extending the survival of GBM-bearing mice.
Taken together, the signicant downregulation of CA9 gene in
KNS42 cells induced by compound 15 suggest the involvement
of CA9 in the cytotoxic and antiproliferative activities observed
in this compound.

On the other hand, compound 15 also repressed the
expression of the SYK by 9-fold with statistical signicance (p <
0.05). SYK is a non-receptor protein tyrosine kinase which is an
essential component of the signalling machinery in the
immune system.54 It is mainly expressed in hematopoietic cells,
including macrophages, B cells, neutrophils, monocytes, and
natural killer cells.55 SYK plays a key role in the oncogenesis and
tumour promotion of various cancers, including gliomas.55

Indeed, Moncayo and colleagues have recently found that SYK is
overexpressed in the malignant gliomas, including GBM.49

Their in vitro experiments showed that inhibiting or knocking
down SYK activity resulted in blocking the proliferation and
migration of GBM cell lines. Importantly, these ndings were
mirrored in vivo in nude mice injected with human GBM cells
overexpressing SYK.49 In this respect, SYK inhibition reduced
© 2021 The Author(s). Published by the Royal Society of Chemistry
21
GBM cell proliferation and invasiveness in vivo. In addition,
blocking the activity of SYK genetically or by inhibitors in
tumour cells prolonged the life of treated mice and increased
their survival.49 Of note, our indoleamide derivative 15, which
signicantly downregulated the expression of SYK protein,
displayed the most potent antiproliferative activity in our set of
analogues. This is in fact consistent with the Moncayo et al.
ndings. Overall, the evident downregulation of CA9 and SYK
expression induced by compound 15 suggest that our observed
antitumour effects could be correlated to modulating the
activity of these two targets.

2.5. Cytotoxic and antiproliferative activities of the top
potent compounds against different non-GBM paediatric
brain tumour cells and non-neoplastic broblasts

Both compounds 9a and 15 were selected for further in vitro
viability and proliferation inhibition studies against different
grade IV paediatric brain tumour cell lines and non-neoplastic
mammalian cells (Table 3). Both compounds retained their
potent cytotoxic activities against two atypical teratoid/rhabdoid
tumour (AT/RT) cell lines BT12 and BT16. Remarkably,
compound 9a showed approximately 9- and 5-fold higher cyto-
toxic activity, respectively, when tested against the two fore-
named cell lines compared to KNS42 [IC50 ¼ 0.89 (BT12), 1.81
(BT16) and 8.25 (KNS42) mM]. Compound 9a also exhibited high
antiproliferative activities against BT12 and BT16 cells [IC50 ¼
7.44 and 6.06 mM, respectively]. Despite the potent anti-
proliferative activity of compound 15 against KNS42, this
activity was not maintained against the two tested AT/RT cell
lines (IC50 > 10 mM). On the other hand, both compounds
demonstrated a drop in both cytotoxic and antiproliferative
activities when tested against the medulloblastoma cell line
DAOY (IC50 > 10 mM). To our delight, compound 9a displayed
negligible cytotoxicity when tested against the non-neoplastic
human broblast cell line HFF1 (IC50 ¼ 119 mM), suggesting
its selective cytotoxicity with an SI value up to 134 against
tumour cells. Compound 15 displayed moderate cytotoxicity
against HFF1 cells (IC50 ¼ 19.35 mM), giving low SI values.

The physicochemical properties of compound 9a were pre-
dicted using ACD/Labs Percepta 2016 Build 2911 (13 Jul 2016).
We evaluated the compliance of this compound with Lipinski's
rule of ve (RO5) in order to evaluate its drug-likeness.56

Compound 9a showed zero violations to the RO5, indicating the
drug-like attributes of this compound, including its prospective
in vivo bioavailability. Importantly, this compound is also ex-
pected to cross the BBB, whereupon it can elicit its antitumour
activity. Overall, the aforementioned results establish
RSC Adv., 2021, 11, 15497–15511 | 155054
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compound 9a as a promising antitumour agent against various
aggressive paediatric brain cancer cells, whilst being safe
towards healthy cells.

3. Conclusions and future directions

In summary, we established a body of preliminary SAR for theN-
rimantadine indoleamides 8a–h as anti-TB agents, based on
compound 4 which was obtained from a previous screening20

against several mycobacterial strains. The SAR outcomes of this
class were in harmony with our published ndings,19,42,43 high-
lighting the signicance of both the substitution pattern of the
indole moiety and the lipophilic nature of the substituents. In
this study, a subsequent massive drop in the anti-TB activity
ensued from the structural modications implemented in
compounds 9a,b, 11a,b, 14, 15 and 20. Although lipophilicity is
a key driver for the anti-TB efficacy in 8a–h, it is not the sole
parameter inuencing the potency in our study. The most active
anti-TB compound identied in our study 8g exhibited limited
cytotoxic activity against Vero cells. A docking analysis was
performed on compounds 8g and 8f, exemplifying the binding
mode of the N-rimantadine indoleamide series. The similarity
between the binding fashion of both compounds and ICA38 in
the same MmpL3 binding pocket support the high in vitro anti-
TB potency of the amidorimantadine class. Since the indolea-
mide architecture was previously reported to have antituber-
cular and antitumour activities,22,23 all compounds in the
present study were tested for their antitumour activity against
the paediatric GBM cell line KNS42. Some of the tested
compounds demonstrated potent anti-TB activity and cytotox-
icity towards KNS42 cells. Compound 8f displayed the most
potent dual activity while showing minimal cytotoxicity against
non-neoplastic mammalian cells. Additionally, several
compounds, which were devoid of anti-TB activity, showed
potent cytotoxicity and/or antiproliferative activities against the
KNS42 cell line.

Differential expression analysis of the genes in the KNS42 cells
in response to compound 15 versus untreated cells revealed that
this compound repressed the expression of CA9 (p < 0.01) and
SYK (p < 0.05) genes by 15-fold and 9-fold, respectively. The
expression levels of these genes in GBM tumours were previously
shown to be directly correlated to the tumour growth and
progression and inversely correlated to survival rates.48–50 Indeed,
knocking down the activity of each of these two genes was also
found to inhibit the growth of GBM cells in vitro.49,51 Accordingly,
the cytotoxic and antiproliferative effects of compound 15 could
be attributed to downregulating the activity of these two genes.
Two compounds 9a and 15, which potently reduced cell viability
and proliferation of KNS42 cells, were further evaluated against
three paediatric brain tumour cell lines and non-neoplastic
human broblasts. Compound 9a stood out as the most prom-
ising antitumour agent, displaying excellent cytotoxic and anti-
proliferative activities against two AT/RT cell lines (BT12 and
BT16) in addition to the GBM KNS42 cell line. The cytotoxicity of
9a was nullied against non-neoplastic human cells, suggesting
its selective activity towards tumour cells. Overall, the high
activity against brain tumour cells, negligible cytotoxicity towards
15506 | RSC Adv., 2021, 11, 15497–15511
21
non-neoplastic cells and in silico drug-like prole of the N-benzyl
indoleamide 9a establish this compound as a potential thera-
peutic agent that merits further investigation.

These ndings foreground the indoleamides as a new class
of compounds that could be ne-tuned to modulate their dual
anti-TB and antitumour activities. In addition, our gene
expression results lay the foundation for future studies to
identify more indoleamide analogues as antitumour agents that
can modulate the expression of CA9 and SYK genes. Unlike the
conventional target identication approaches which employ
determining the activity of a small molecule at a receptor or
enzyme level, the transcriptional approach has the advantage of
identifying the compound's impact on the absolute concentra-
tion of a target protein.57 Future efforts will focus on conrming
if the observed antitumour activity of the indoleamide scaffold
in pediatric brain cancer cells is the direct consequence of
inhibiting CA9 and/or SYK.

4. Experimental
4.1. Chemistry

4.1.1. General. All indole-2-carboxylic acids 7a–h and
rimantadine hydrochloride were purchased from Fluorochem,
while the benzylamines were purchased from Sigma-Aldrich. N-
Boc-piperazine and 4-aminobenzoic acid were purchased from
AK Scientic. 1H NMR and 13C NMR spectra were recorded on
a Bruker Avance III spectrometer at 400 and 100 MHz, respec-
tively, with TMS as an internal standard. Standard abbreviations
indicating multiplicity were as follows: s ¼ singlet, d ¼ doublet,
dd ¼ doublet of doublets, t ¼ triplet, td ¼ triplet of doublets, q
¼ quadruplet, dq¼ doublet of quartets, m¼multiplet and br¼
broad. HRMS experiments were done on a Thermo Scientic Q-
Exactive Orbitrap mass spectrometer. TLC was carried out on
Analtech silica gel TLC plates (200 microns, 20 � 20 cm). Flash
chromatography was performed using a Teledyne Isco Combi-
Flash Rf system with RediSep columns or manually using Sili-
Cycle SiliaFlash® P60 Silica Gels [40–63 mm (230–400 mesh)].
The preparative HPLC (Shimadzu) employed a Phenomenex
Luna® Omega 5 mm Polar C18 100A (150 � 21.2 mm) column,
with detection at 254 and 280 nm on a Shimadzu SPD-20A
detector, ow rate ¼ 25.0 mL min�1. Method 1: 40–100%
acetonitrile/H2O in 15 min; 100% acetonitrile in 10 min; 100–
40% acetonitrile/H2O in 10 min. Method 2: 60–100% acetoni-
trile/H2O in 10 min; 100% acetonitrile in 15 min; 100–60%
acetonitrile/H2O in 10 min. Method 3: 80–100% acetonitrile/
H2O in 10 min; 100% acetonitrile in 15 min; 100–80% aceto-
nitrile/H2O in 10 min. Both solvents contained 0.05 vol% of
TFA. Purities of nal compounds were established by analytical
HPLC, which was conducted onWaters HPLC system (2487 dual
wavelength absorbance detector, 1525 binary pump, and 717
plus autosampler) with a Phenomenex Luna® 5 mm C18(2) 100
Å (150 � 4.6 mm) column. Analytical HPLC method: ow rate ¼
1 mL min; gradient elution over 30 min. Gradient 1: 20–100%
acetonitrile/H2O in 15 min; 100% acetonitrile in 10 min; 100–
20% acetonitrile/H2O in 5 min. Gradient 2: 50–100% acetoni-
trile/H2O in 15 min; 100% acetonitrile in 10 min; 100–50%
acetonitrile/H2O in 5 min. Again, 0.05 vol% of TFA was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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incorporated in both solvents. Final compounds were already
>95% pure aer column chromatography or either puried by
preparative HPLC or recrystallised from DMF to attain the
needed purity as determined by the above-stated method.

4.1.2. General procedure for amide coupling (method A).
To a solution of the appropriate carboxylic acid (1 mmol) in
anhydrous dimethylformamide (DMF, 10 mL), EDC$HCl (2
mmol), HOBt (2 mmol), the corresponding amine (1.3 mmol)
and DIPEA (3–6 equiv.) were added and the reaction mixture
was stirred at room temperature (rt) until the disappearance of
the starting material (usually 60–72 h). Aer this time water (50
mL) was added, and the mixture was extracted with EtOAc (3 �
50 mL). The combined organic layers were washed with water (5
� 50 mL), brine (1 � 25 mL), dried over anhydrous Na2SO4,
ltered, and concentrated under reduced pressure. The residue
was puried by ash chromatography or manual column using
dichloromethane/methanol (DCM/MeOH) gradient. The
purities of nal compounds 8a,b,d,g,h as well as 9a were >95%
aer column chromatography as demonstrated by analytical
HPLC. Compounds 8c, 9b, 15, and 20 were further puried by
preparative HPLC, whereas compounds 8e,f were recrystallised
from DMF to be procured in the requisite purity.

4.1.3. General procedure for imide preparation (method
B). To a solution of 4,6-diuoro-1H-indole-2-carboxamide (10, 1
mmol) in pyridine (5 mL), the appropriate benzoyl chloride
derivative (1.5 mmol) was added, and the reaction mixture was
reuxed for 16 h. Aer cooling, 2 M HCl solution (25 mL) was
added and the mixture was extracted with diethyl ether (1 � 25
mL) and EtOAc (3 � 25 mL). The organic layers were collected,
washed with brine (1 � 25 mL), dried over anhydrous Na2SO4,
ltered, concentrated under reduced pressure, and puried by
ash chromatography using DCM/MeOH gradient. The ob-
tained product was further puried by preparative HPLC to
achieve >95% purity.

4.1.4. General procedure for N-Boc deprotection (method
C). To a solution of the N-Boc protected amine (2 mmol) in
10 mL DCM, 4 mL TFA was added and the reaction mixture was
stirred at rt for 12 h. Themixture was then concentrated in vacuo
and NaHCO3 solution was added for neutralisation, followed by
extraction with DCM (3 � 50 mL). The combined organic pha-
ses were washed with brine (1 � 25 mL), dried over anhydrous
Na2SO4, ltered, and concentrated under reduced pressure. The
residue was puried by ash chromatography using DCM/
MeOH gradient.

N-(1-(Adamantan-1-yl)ethyl)-1H-indole-2-carboxamide (8a). The
title compound was obtained from indole-2-carboxylic acid (7a)
and rimantadine hydrochloride employing method A and its 1H
NMR data matched the one reported in the literature.20 White
solid, yield: 91%. 1H NMR (DMSO-d6) d 11.50 (s, 1H), 7.86 (d, J¼
9.5 Hz, 1H), 7.60 (d, J ¼ 7.9 Hz, 1H), 7.42 (dd, J ¼ 8.2, 0.6 Hz,
1H), 7.23 (d, J ¼ 1.4 Hz, 1H), 7.19–7.13 (m, 1H), 7.05–6.99 (m,
1H), 3.83 (overlapping dq, J¼ 7.0 Hz, 1H), 1.94 (s, 3H), 1.72–1.44
(m, 12H), 1.08 (d, J ¼ 7.1 Hz, 3H).

N-(1-(Adamantan-1-yl)ethyl)-4-methoxy-1H-indole-2-
carboxamide (8b). The title compound was prepared from 4-
methoxyindole-2-carboxylic acid (7b) and rimantadine hydro-
chloride employing method A. Yellow solid, yield: 95%. 1H NMR
© 2021 The Author(s). Published by the Royal Society of Chemistry
21
(DMSO-d6) d 11.49 (s, 1H), 7.83 (d, J ¼ 9.6 Hz, 1H), 7.33 (d, J ¼
1.6 Hz, 1H), 7.11–6.97 (m, 2H), 6.50 (d, J ¼ 7.5 Hz, 1H), 3.88 (s,
3H), 3.81 (overlapping dq, J¼ 7.0 Hz, 1H), 1.94 (s, 3H), 1.69–1.47
(m, 12H), 1.06 (d, J ¼ 6.9 Hz, 3H); 13C NMR (DMSO-d6) d 160.9,
154.0, 138.2, 131.0, 124.6, 118.6, 105.8, 100.8, 99.6, 55.4, 52.6,
38.6, 37.2, 36.7, 28.3, 14.5; HRMS (ESI)m/z calcd for C22H28N2O2

([M + H]+) m/z 353.2224; found 353.2217.
N-(1-(Adamantan-1-yl)ethyl)-5-methoxy-1H-indole-2-

carboxamide (8c). 5-Methoxyindole-2-carboxylic acid (7c) and
rimantadine hydrochloride were used to synthesise the title
compound employing method A. White solid, yield: 99%. 1H
NMR (DMSO-d6) d 11.34 (s, 1H), 7.81 (d, J¼ 9.5 Hz, 1H), 7.31 (d, J
¼ 8.9 Hz, 1H), 7.13 (d, J ¼ 1.5 Hz, 1H), 7.06 (d, J ¼ 2.3 Hz, 1H),
6.83 (dd, J ¼ 8.9, 2.4 Hz, 1H), 3.83 (overlapping dq, J ¼ 7.0 Hz,
1H), 3.76 (s, 3H), 1.94 (s, 3H), 1.72–1.48 (m, 12H), 1.08 (d, J ¼
7.0 Hz, 3H); 13C NMR (DMSO-d6) d 161.0, 154.1, 132.8, 132.1,
127.9, 114.6, 113.5, 103.0, 102.4, 55.7, 52.6, 38.6, 37.1, 36.7, 28.3,
14.5; HRMS (ESI) m/z calcd for C22H28N2O2 ([M + H]+) m/z
353.2224; found 353.2223.

N-(1-(Adamantan-1-yl)ethyl)-5-methyl-1H-indole-2-carboxamide
(8d). This compound was obtained from 5-methylindole-2-
carboxylic acid (7d) and rimantadine hydrochloride according
to method A. White solid, yield: 66%. 1H NMR (DMF-d7) d 11.40
(s, 1H), 7.86 (d, J¼ 9.6 Hz, 1H), 7.43 (d, J¼ 8.4 Hz, 1H), 7.40 (d, J
¼ 0.6 Hz, 1H), 7.27 (dd, J ¼ 2.0, 0.6 Hz, 1H), 7.04 (dd, J ¼ 8.4,
1.4 Hz, 1H), 3.94 (overlapping dq, J ¼ 7.0 Hz, 1H), 2.38 (s, 3H),
1.93 (s, 3H), 1.75–1.53 (m, 12H), 1.12 (d, J ¼ 7.0 Hz, 3H); 13C
NMR (DMF-d7) d 161.6, 136.0, 133.2, 129.2, 128.7, 125.7, 121.5,
112.6, 102.7, 53.2, 39.1, 37.6, 37.2, 29.1, 21.4, 14.4; HRMS (ESI)
m/z calcd for C22H28N2O ([M + H]+) m/z 337.2274; found
337.2269.

N-(1-(Adamantan-1-yl)ethyl)-5-chloro-1H-indole-2-carboxamide
(8e). The title compound was synthesised from 5-chloroindole-
2-carboxylic acid (7e) and rimantadine hydrochloride employ-
ing method A. White solid, yield: 98%. 1H NMR (DMSO-d6)
d 11.68 (s, 1H), 7.97 (d, J ¼ 9.5 Hz, 1H), 7.67 (d, J ¼ 2.0 Hz, 1H),
7.43 (d, J¼ 8.7 Hz, 1H), 7.21 (d, J¼ 0.8 Hz, 1H), 7.16 (dd, J¼ 8.7,
2.1 Hz, 1H), 3.81 (overlapping dq, J ¼ 7.0 Hz, 1H), 1.93 (s, 3H),
1.67–1.46 (m, 12H), 1.06 (d, J¼ 7.0 Hz, 3H); 13C NMR (DMSO-d6)
d 160.7, 135.2, 133.9, 128.6, 124.6, 123.7, 120.9, 114.3, 102.8,
52.8, 38.6, 37.1, 36.7, 28.3, 14.4; HRMS (ESI) m/z calcd for
C21H25ClN2O ([M + H]+) m/z 357.1728; found 357.1732.

N-(1-(Adamantan-1-yl)ethyl)-6-bromo-1H-indole-2-carboxamide
(8f). This compound was obtained from 6-bromoindole-2-
carboxylic acid (7f) and rimantadine hydrochloride according
to method A. White solid, yield: 91%. 1H NMR (DMSO-d6)
d 11.66 (s, 1H), 7.97 (d, J ¼ 9.5 Hz, 1H), 7.63–7.52 (m, 2H), 7.28
(d, J ¼ 1.4 Hz, 1H), 7.16 (dd, J ¼ 8.6, 1.7 Hz, 1H), 3.83 (over-
lapping dq, J¼ 6.9 Hz, 1H), 1.94 (s, 3H), 1.75–1.38 (m, 12H), 1.08
(d, J ¼ 7.0 Hz, 3H); 13C NMR (DMSO-d6) d 160.7, 137.5, 133.3,
126.6, 123.8, 123.1, 116.3, 115.1, 103.3, 52.8, 38.6, 37.1, 36.7,
28.3, 14.4; HRMS (ESI)m/z calcd for C21H25BrN2O ([M + H]+)m/z
401.1223; found 401.1224.

N-(1-(Adamantan-1-yl)ethyl)-4,6-dichloro-1H-indole-2-
carboxamide (8g). This compound was prepared from 4,6-
dichloroindole-2-carboxylic acid (7g) and rimantadine hydro-
chloride employing method A. White solid, yield: 87%. 1H NMR
RSC Adv., 2021, 11, 15497–15511 | 155076
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(DMSO-d6) d 12.01 (d, J ¼ 1.7 Hz, 1H), 8.13 (d, J ¼ 9.5 Hz, 1H),
7.45–7.39 (m, 2H), 7.19 (d, J¼ 1.7 Hz, 1H), 3.82 (overlapping dq,
J ¼ 6.9 Hz, 1H), 1.91 (s, 3H), 1.66–1.45 (m, 12H), 1.06 (d, J ¼
7.0 Hz, 3H); 13C NMR (DMSO-d6) d 160.2, 137.2, 134.1, 128.0,
126.7, 125.3, 119.8, 111.5, 101.2, 52.9, 38.6, 37.1, 36.7, 28.3, 14.4;
HRMS (ESI)m/z calcd for C21H24Cl2N2O ([M + H]+)m/z 391.1338;
found 391.1339.

N-(1-(Adamantan-1-yl)ethyl)-4,6-diuoro-1H-indole-2-
carboxamide (8h). 4,6-Diuoroindole-2-carboxylic acid (7h) and
rimantadine hydrochloride were used to afford the title
compound following method A. White solid, yield: 85%. 1H
NMR (DMSO-d6) d 11.93 (s, 1H), 7.96 (d, J ¼ 9.5 Hz, 1H), 7.38 (s,
1H), 7.02 (dd, J ¼ 9.4, 1.7 Hz, 1H), 6.86 (td, J ¼ 10.4, 2.0 Hz, 1H),
3.82 (overlapping dq, J ¼ 6.9 Hz, 1H), 1.94 (s, 3H), 1.76–1.45 (m,
12H), 1.07 (d, J¼ 7.0 Hz, 3H); 13C NMR (DMSO-d6) d 160.3, 159.6
(dd, J¼ 238.1, 12.1 Hz), 156.2 (dd, J¼ 248.5, 15.5 Hz), 138.0 (dd,
J ¼ 15.2, 13.3 Hz), 133.4 (d, J ¼ 3.2 Hz), 113.6 (d, J ¼ 21.6 Hz),
98.9, 95.4 (dd, J¼ 29.6, 23.3 Hz), 95.0 (dd, J¼ 25.9, 4.3 Hz), 52.8,
38.6, 37.1, 36.7, 28.3, 14.4; HRMS (ESI) m/z calcd for
C21H24F2N2O ([M + H]+) m/z 359.1929; found 359.1924.

N-Benzyl-4,6-diuoro-1H-indole-2-carboxamide (9a). This
compound was obtained from 4,6-diuoroindole-2-carboxylic
acid (7h) and benzylamine employing method A. White solid,
yield: 98%. 1H NMR (DMSO-d6) d 12.05 (s, 1H), 9.13 (t, J ¼
5.9 Hz, 1H), 7.38–7.28 (m, 5H), 7.28–7.20 (m, 1H), 7.04 (dd, J ¼
9.4, 1.3 Hz, 1H), 6.87 (td, J¼ 10.4, 1.9 Hz, 1H), 4.52 (d, J¼ 6.0 Hz,
2H); 13C NMR (DMSO-d6) d 160.8, 159.7 (dd, J ¼ 237.0, 12.0 Hz),
156.2 (dd, J ¼ 248.7, 15.6 Hz), 139.8, 138.1 (dd, J ¼ 15.2, 13.2
Hz), 133.1 (d, J ¼ 3.3 Hz), 128.8, 127.7, 127.3, 113.6 (d, J ¼ 21.7
Hz), 98.9, 95.7 (dd, J ¼ 29.6, 23.3 Hz), 95.1 (dd, J ¼ 25.9, 4.4 Hz),
42.7; HRMS (ESI) m/z calcd for C16H12F2N2O ([M + H]+) m/z
287.0987; found 287.0990.

4,6-Diuoro-N0-phenyl-1H-indole-2-carbohydrazide (9b).
Compound 7h and phenylhydrazine were reacted to deliver the
title compound following method A. White solid, yield: 93%. 1H
NMR (DMSO-d6) d 12.11 (s, 1H), 10.45 (d, J¼ 2.0 Hz, 1H), 7.99 (d,
J ¼ 1.7 Hz, 1H), 7.38 (s, 1H), 7.16 (dd, J ¼ 8.4, 7.4 Hz, 2H), 7.04
(dd, J ¼ 9.4, 1.4 Hz, 1H), 6.92 (td, J ¼ 10.4, 2.0 Hz, 1H), 6.78 (d, J
¼ 7.7 Hz, 2H), 6.73 (t, J ¼ 7.3 Hz, 1H); 13C NMR (DMSO-d6)
d 161.1, 159.8 (dd, J ¼ 237.4, 12.1 Hz), 156.2 (dd, J ¼ 248.9, 15.6
Hz), 149.8, 138.3 (dd, J ¼ 15.3, 13.0 Hz), 131.4 (d, J ¼ 3.3 Hz),
129.3, 119.2, 113.6 (d, J¼ 21.7 Hz), 112.7, 99.2, 95.9 (dd, J¼ 29.6,
23.3 Hz), 95.1 (dd, J ¼ 25.9, 4.3 Hz); HRMS (ESI) m/z calcd for
C15H11F2N3O ([M + H]+) m/z 288.0943; found 288.0939.

4,6-Diuoro-1H-indole-2-carboxamide (10). The title
compound was prepared following the procedure published in
our previous report and the 1H NMR data matched the one
therein.46 Buff solid, yield: 98%. 1H NMR (DMSO-d6) d 11.97 (s,
1H), 8.03 (s, 1H), 7.44 (s, 1H), 7.22 (s, 1H), 7.01 (dd, J ¼ 9.4,
1.9 Hz, 1H), 6.86 (td, J ¼ 10.5, 2.0 Hz, 1H).

4,6-Diuoro-N-(3-uorobenzoyl)-1H-indole-2-carboxamide
(11a). The title compound was prepared from 7h and 3-uo-
robenzoyl chloride employing method B. White solid, yield:
32%. 1H NMR (DMSO-d6) d 12.31 (s, 1H), 11.31 (s, 1H), 7.79–7.69
(m, 3H), 7.64–7.55 (m, 1H), 7.54–7.46 (m, 1H), 7.07 (dd, J ¼ 9.3,
1.3 Hz, 1H), 6.95 (td, J ¼ 10.4, 2.0 Hz, 1H); 13C NMR (DMSO-d6)
d 166.6 (d, J ¼ 2.6 Hz), 162.2 (d, J ¼ 244.7 Hz), 160.6 (dd, J ¼
15508 | RSC Adv., 2021, 11, 15497–15511
21
240.6, 12.1 Hz), 160.0, 156.7 (dd, J ¼ 250.4, 15.7 Hz), 139.1 (dd, J
¼ 15.4, 12.6 Hz), 136.8 (d, J¼ 7.1 Hz), 131.5 (d, J¼ 3.2 Hz), 131.0
(d, J ¼ 8.0 Hz), 125.3 (d, J ¼ 2.8 Hz), 119.8 (d, J ¼ 21.2 Hz), 115.9
(d, J ¼ 23.1 Hz), 113.5 (dd, J ¼ 22.0, 0.5 Hz), 103.8, 96.3 (dd, J ¼
30.0, 23.1 Hz), 95.2 (dd, J ¼ 26.0, 4.6 Hz); HRMS (ESI) m/z calcd
for C16H9F3N2O2 ([M + H]+) m/z 319.0689; found 319.0686.

N-(3-Chlorobenzoyl)-4,6-diuoro-1H-indole-2-carboxamide
(11b). This compound was synthesised from 7h and 3-chlor-
obenzoyl chloride following method B. White solid, yield: 30%.
1H NMR (DMSO-d6) d 12.30 (s, 1H), 11.35 (s, 1H), 7.95 (s, 1H),
7.85 (d, J¼ 7.8 Hz, 1H), 7.72 (s, 1H), 7.70 (d, J¼ 1.0 Hz, 1H), 7.57
(t, J¼ 7.9 Hz, 1H), 7.07 (dd, J¼ 9.3, 1.2 Hz, 1H), 6.95 (td, J¼ 10.4,
1.8 Hz, 1H); 13C NMR (DMSO-d6) d 166.7, 160.6 (dd, J ¼ 240.5,
12.2 Hz), 160.1, 156.7 (dd, J ¼ 250.4, 15.6 Hz), 139.1 (dd, J ¼
15.4, 12.6 Hz), 136.6, 133.5, 132.7, 131.5 (d, J ¼ 2.5 Hz), 130.8,
128.8, 127.8, 113.5 (d, J¼ 21.9 Hz), 103.8, 96.3 (dd, J¼ 29.9, 23.1
Hz), 95.2 (dd, J ¼ 25.9, 4.6 Hz); HRMS (ESI) m/z calcd for C16-
H9ClF2N2O2 ([M + H]+) m/z 335.0393; found 335.0393.

tert-Butyl 4-(4,6-diuoro-1H-indole-2-carbonyl)piperazine-1-
carboxylate (13). A mixture of 4,6-diuoroindole 7h (1.5
mmol), N-Boc-piperazine 12 (1.8 mmol), EDC$HCl (1.8 mmol),
and DMAP (1.8 mmol) in a 1 : 1 mixture of tetrahydrofuran
(THF) and DCM (10 mL each) was stirred at rt for 72 h. The
reaction mixture was then quenched with saturated aqueous
solution of ammonium chloride (50 mL) and extracted with
DCM (3 � 25 mL) and ethyl acetate (3 � 25 mL). The combined
organic layers were washed with brine (1 � 25 mL), dried over
anhydrous Na2SO4, ltered, and concentrated under reduced
pressure. The obtained residue was used for the next reaction
without further purication; buff solid, yield: 78%.

(4,6-Diuoro-1H-indol-2-yl)(piperazin-1-yl)methanone (14). The
crude product 13 was N-Boc deprotected employing method C
to afford the title compound which was >95% pure aer ash
chromatography. Buff solid, yield: 90%. 1H NMR (DMSO-d6)
d 7.03 (dd, J¼ 9.4, 1.4 Hz, 1H), 6.77 (d, J¼ 0.6 Hz, 1H), 6.71 (td, J
¼ 10.3, 2.0 Hz, 1H), 3.64 (s, 4H), 2.73 (s, 4H); 13C NMR (DMSO-
d6) d 161.5, 159.5 (dd, J ¼ 238.3, 12.1 Hz), 156.0 (dd, J ¼ 248.8,
15.5 Hz), 137.6 (dd, J¼ 15.2, 13.2 Hz), 131.5 (d, J¼ 3.3 Hz), 113.2
(d, J ¼ 21.7 Hz), 99.9, 95.6 (dd, J ¼ 29.6, 23.3 Hz), 94.8 (dd, J ¼
25.9, 4.4 Hz), 46.1 (br, 4C).

(Adamantan-1-yl)(4-(4,6-diuoro-1H-indole-2-carbonyl)
piperazin-1-yl)methanone (15). This compound was prepared
following method A entailing compound 14 and 1-ada-
mantanecarboxylic acid. White solid, yield: 75%. 1H NMR
(DMSO-d6) d 12.02 (s, 1H), 7.04 (dd, J¼ 9.3, 1.3 Hz, 1H), 6.92 (d, J
¼ 1.3 Hz, 1H), 6.88 (dd, J¼ 10.4, 1.6 Hz, 1H), 3.70 (s, 8H), 1.98 (s,
3H), 1.92 (s, 6H), 1.69 (q, J ¼ 12.1 Hz, 6H); 13C NMR (DMSO-d6)
d 175.1, 161.6, 159.7 (dd, J¼ 238.5, 12.0 Hz), 156.1 (dd, J¼ 248.8,
15.4 Hz), 137.7 (dd, J¼ 15.2, 13.2 Hz), 131.2 (d, J¼ 3.3 Hz), 113.3
(d, J ¼ 21.6 Hz), 100.5, 95.7 (dd, J ¼ 29.6, 23.3 Hz), 94.9 (dd, J ¼
25.9, 4.3 Hz), 45.1 (br, 4C), 41.4, 38.8, 36.5, 28.4; HRMS (ESI)m/z
calcd for C24H27F2N3O2 ([M + H]+) m/z 428.2131; found
428.2130.

4-((tert-Butoxycarbonyl)amino)benzoic acid (17). To a solution
of 4-aminobenzoic acid (16, 3 mmol) in a 1 : 2 mixture of water
(10 mL) and dioxane (20 mL), di-tert-butyl dicarbonate (Boc2O, 6
mmol) and triethylamine (Et3N, 6 mmol) were added and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction mixture was stirred at rt for 48 h. Three quarters of the
solvent were then evaporated in vacuo and the residue was
acidied with 3 M aqueous HCL solution. The formed precipi-
tate was ltered off, washed with water, and dried. The 1H NMR
data was in agreement with the reported one.58 White solid,
yield: 86%. 1H NMR (DMSO-d6) d 9.71 (s, 1H), 7.83 (d, J¼ 8.5 Hz,
2H), 7.55 (d, J ¼ 8.4 Hz, 2H), 1.48 (s, 9H).

tert-Butyl (4-((adamantan-1-yl)carbamoyl)phenyl)carbamate
(18). Compound 17 and 1-adamantylamine were reacted
according to method A and the residue, obtained aer evapo-
rating the EtOAc extract, was used in the next step without
further purication; white solid, yield: 84%.

N-(1-Adamantyl)-4-aminobenzamide (19). The crude product
18 was N-Boc deprotected following method C to deliver the title
compound. Brown solid, yield: 96%. 1H NMR (DMSO-d6) d 7.51
(dd, J ¼ 8.5, 1.8 Hz, 2H), 7.02 (s, 1H), 6.50 (dd, J ¼ 8.5, 1.9 Hz,
2H), 5.50 (s, 2H), 2.03 (s, 9H), 1.64 (s, 6H); 13C NMR (DMSO-d6)
d 166.4, 151.7, 129.2, 123.0, 112.8, 51.5, 41.6, 36.6, 29.4.

N-(4-((Adamantan-1-yl)carbamoyl)phenyl)-4,6-diuoro-1H-
indole-2-carboxamide (20). The indole 7h was coupled with 19
following method A to afford the title compound. White solid,
yield: 25%. 1H NMR (DMSO-d6) d 12.21 (s, 1H), 10.42 (s, 1H),
7.89–7.80 (m, 4H), 7.58 (d, J¼ 1.5 Hz, 1H), 7.49 (s, 1H), 7.08 (dd,
J ¼ 9.3, 1.4 Hz, 1H), 6.94 (td, J ¼ 10.4, 2.0 Hz, 1H), 2.08 (s, 6H),
2.06 (s, 3H), 1.67 (s, 6H); 13C NMR (DMSO-d6) d 165.9, 160.1 (dd,
J ¼ 239.4, 12.1 Hz), 159.5, 156.4 (dd, J ¼ 249.2, 15.6 Hz), 141.4,
138.5 (dd, J ¼ 15.3, 12.9 Hz), 132.7 (d, J ¼ 3.3 Hz), 131.4, 128.6,
119.5, 113.6 (d, J ¼ 21.8 Hz), 100.5, 96.0 (dd, J ¼ 29.7, 23.2 Hz),
95.2 (dd, J ¼ 25.9, 4.4 Hz), 51.9, 41.4, 36.6, 29.4; HRMS (ESI) m/z
calcd for C26H25F2N3O2 ([M + H]+) m/z 450.1988; found
450.1987.
4.2. Biology

4.2.1. Anti-TB activity. MIC was determined using Micro-
plate alamarBlue assay (MABA) as previously reported.59,60

MABA format was also used in the cytotoxicity evaluation on
Vero Cells.6

4.2.2. Antitumour activity
4.2.2.1. Cell culture. The four well-established paediatric

brain tumour cell lines were all derived from humans and were
used to assess the effects on proliferation and viability when
treated with the indole-2-carboxamides. KNS42 (glioblastoma
multiforme – GBM), BT-12 and BT-16 (atypical teratoid rhab-
doid tumour – AT/RT) cell lines were gis from Dr Hashizume,
Northwestern University, whereas DAOY cells (medulloblas-
toma – MB) were obtained from ATCC. The human broblasts
HFF1 (obtained from ATCC) were used as non-neoplastic
controls. The KNS42, BT-12 and BT-16 cell lines were main-
tained in Roswell Park Memorial Institute (RPMI) medium
supplemented with 10% fetal bovine serum (FBS). The DAOY
cell line was maintained in Eagle's minimal essential medium
(EMEM) supplemented with 10% FBS. The HFF1 were main-
tained in Dulbecco's modied Eagle's medium (DMEM) sup-
plemented with 15% FBS. All media contained 1% penicillin/
streptomycin. The cells were incubated at 37 �C in 5% CO2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
21
4.2.2.2. Screening. Aer extensive optimization at various
concentrations and time-points, the compounds were screened
in the GBM cell line (KNS42) to assess the impact on prolifer-
ation and viability (described below). The cells were treated with
0.5, 1, 2.5, 5, 7.5 and 10 mM of each compound and assessed
aer 72 hours of treatment, whereupon their IC50 values were
calculated. The top potent compounds with IC50 values <10 mM
were further screened in multiple paediatric brain cancer cell
lines, BT-12, BT-16 and DAOY in addition to the non-neoplastic
cell line HFF1 to assess their impact on proliferation and
viability (described below). The cells were treated with 0.5, 1,
2.5, 5, 7.5 and 10 mM of each compound and assessed aer 72 h
of treatment.

4.2.2.3. Cell proliferation assay. All cell lines were seeded in
96-well plates, at 2000 cells per well, except KNS42 which was
seeded at 4000 cell per well. Aer incubating overnight in
normal growth media, the media was aspirated off and 100 ml of
treatment media was added. Media containing 0.1% DMSO was
used as a control. Aer 72 h of incubation, the MTT prolifera-
tion assay reagents were added as previously described.61 The
absorbance of the assay (570 nm/600 nm) was measured using
the CLARIOstar (BMG Lab Tech, USA) and exported into excel,
where the data was normalized by removing the background
absorbance. The data was analysed and IC50 values were
calculated using PRISM 8 (GraphPad, USA).

4.2.2.4. Cell viability assay. All cell lines were seeded at 2000
cells per well, except KNS42 which was seeded at 4000 cell per
well, in 96-well plates. Aer an overnight incubation in normal
growth media, the media was aspirated off and 100 ml of treat-
ment media was added. 0.1% DMSO was used in the control
media. Aer 72 h of incubation, the PrestoBlue Viability
(ThermoFisher Scientic, USA) was added, per the manufac-
turer's instructions. The uorescence of the assay (560 nm/590
nm) was measured using the CLARIOstar (BMG Lab Tech, USA)
and exported into Excel, where the data was normalized by
removing the background uorescence. The data was analysed
and IC50 values were calculated using PRISM 8 (GraphPad,
USA).

4.2.2.5. Transcriptional analysis of KNS42 cells. The KNS42
cell line was maintained in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and incubated at 37 �C in
5% CO2. The cells were treated with 10 mMof compound 15. The
cells were washed with 1� PBS, scraped with a cell scraper and
centrifuged to collect cell pellets aer 72 hours of treatment.
RNA was extracted from the cell pellets using TRIzol reagent
(Thermo Fisher, USA) and following the protocol from Cold
Spring Harbor Laboratory Press.62 The RNA pellet was resus-
pended in 50 ml of sterile diethylpyrocarbonate (DEPC) treated
water. Concentration of the RNA was measured using the
standard Qubit RNA Broad-Range Assay kit (Thermo Fisher,
USA) according to the manufacturer's instructions. The RNA
samples were submitted to BGI Americas for DNBSEQ Eukary-
otic Stranded Transcriptome Resequencing.
RSC Adv., 2021, 11, 15497–15511 | 155098
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4.3. Molecular modelling

In silico molecular docking analysis was undertaken using the
Molecular Operating Environment MOE soware version
2008.10 (Chemical Computing Group, Montreal, Canada). The
crystal structure of MmpL3 in complex with ICA38 (6AJJ) was
retrieved from the protein data bank (PDB) and the docking
protocol was similar to our previous report.46
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Conclusions  

A literature review on the antitumour potential of the I2Cs was performed in this 

Chapter with the goal of: 1) analysing and comparing the impact of these compounds 

on different tumour cells, 2) highlighting the mechanisms of action, whereby the I2Cs 

elicit their antitumour activity, and 3) exploring the prospect of developing an I2C 

derivative with dual anti-TB and antitumour activities. Inspired by the well-established 

potent antitumour activities of various I2Cs against a wide array of tumour cell lines, 

we reported the anti-TB and antitumour activities of several novel I2C analogues. The 

preliminary antitumour screening was carried out using paediatric GBM tumour cell 

line KNS42. Pleasingly, some of our tested derivatives were endowed with dual potent 

anti-TB and antitumour activities. In addition, other I2C derivatives in our study 

demonstrated selective potencies towards either TB or grade IV brain tumour cells. 

Indeed, the N-rimantadine-4,6-dichloroindole analogue exhibited the most potent anti-

TB activity in our report, whilst showing no antitumour activity against KNS42 cells at 

10 µM concentration. Of note, the observed TB-related SAR trends augmented our 

earlier SAR outcomes, documented in our 2021 Bioorganic Chemistry paper (Chapter 

4). On the other hand, two compounds, which were bereft of anti-TB efficacy, showed 

potent inhibitory activities against different tested brain tumour cells. Since, to the best 

of my knowledge, no I2C analogue was previously tested against KNS42 cells, the 

mechanism by which our compounds inhibited the proliferation and viability of these 

tumour cells represented an uncharted territory. In other words, choosing any tumour-

related protein target to test our compounds against its activity would have been a 

mere conjecture. Therefore, we opted alternatively for conducting gene expression 

profiling of KNS42 cells before and after being treated with one of our two most active 

compounds. The differential gene expression analysis revealed the significant 

downregulation of two oncogenes, CA9 and SYK, indicating their likely involvement in 

the observed antitumour activity of this compound. Overall, the notion of testing the 

I2Cs against TB and cancer has proven to be a fruitful approach, as evidenced by the 

promising compounds identified in our most recently published RSC Advances article. 
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Correlation Between Modulation of Cannabinoid Receptors and the 

Antitumour Activity of Indole-2-Carboxamides  
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Background 

In ongoing efforts towards identifying novel indole-2-carboxamide (I2C) derivatives 

with polypharmacology profiles, novel I2C analogues and bioisosteres were designed, 

synthesised, and biologically evaluated for their antitumour and anti-TB activities. It 

was intriguing to find that cannabinoid receptor 1 (CB1R) is overexpressed in the 

paediatric glioblastoma (GBM) KNS42 cells, used in our preliminary proliferation and 

viability inhibition screening assays. Within this context, several synthetic cannabinoid 

receptor modulators (SCRMs) were reported in the literature as potent antitumour 

agents. In addition, upon looking into previously reported I2Cs with potent cannabinoid 

(CB) receptors 1 and 2 (CB1R and CB2R) modulatory activities, uncanny similarities in 

the chemical structures of these CB receptor modulators and our compounds were 

detected. Therefore, we were prompted to investigate the functional activities of our 

most potent antitumour compounds at CB1R and CB2R. In this regard, the decision to 

assess the CB functional profiles of our active analogues was predicated on the 

presumption that CB1R and CB2R could be involved in our observed antitumour 

activities. Accordingly, well-known CB receptor modulators were also simultaneously 

evaluated for their antiproliferative and cytotoxic activities against the tested paediatric 

brain tumour cell lines for comparison. The cytotoxicities of the most active derivatives 

and CB receptor reference ligand WIN55,212-2 against non-tumourigenic cells were 

probed in the healthy human fibroblast cell line HFF1. Additionally, the gene 

expression profile of KNS42 cells treated with one of our potent antitumour I2C hit 

compounds was analysed relative to that of the untreated control cells. A set of seven 

oncogenes were found to be significantly downregulated in comparison to the 

untreated KNS42 cells, suggesting their involvement in the observed antitumour 

activity of this I2C analogue. 
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7.1. Introduction  

The discovery and validation of many famous multi-target ligands has driven 

researchers to find new therapeutic applications for existing drugs, clinical candidates, 

and promising molecules. The concept of drug repurposing was generally correlated 

with serendipity, in which the unintended effects of chemical compounds led to the 

beneficial discovery of new indications, exemplified by sildenafil. However, it must be 

taken into consideration that a strong drug promiscuity can backfire and result in many 

undesired side effects. In the previous Chapter, several I2Cs with anti-TB and/or 

antitumour activities were identified (published in our RSC Advances 2021 article). 

Interestingly, some of these analogues showed negligible cytotoxicity towards healthy 

cells, suggesting their selective activity against TB and tumour cells. Fascinated by 

the promising results documented therein, a follow-up work on the I2Cs and some I2C 

bioisosteres was conducted (discussed later in this Chapter).  

Upon studying the characteristics of paediatric KNS42 cell line, used in our preliminary 

antitumour screening, we found that these GBM cells overexpress CB1R, which is 

encoded by the CNR1 gene (data not shown). A plethora of literature reports 

documented that CB receptors constitute viable targets for the treatment of cancer, 

owing to their ability to regulate key signalling pathways implicated in cell growth and 

survival (1). Indeed, the antitumour activities of several well-known cannabinoids were 

previously correlated to their activities at CB receptors (2). For instance, rimonabant 

(1, SR141716, Figure 7.1), a CB1R inverse agonist/antagonist was previously found 

to inhibit the growth of human breast cancer cells (overexpressing CB1R), both in vitro 

and in vivo, via CB1R-mediated mechanism (3). These findings were further 

substantiated by the lack of activity of this compound against Chinese hamster ovary 

cell (CHO), wherein CB1R expression was not detected (3).  

Similarly, Flygare et al demonstrated that several CB receptor ligands, including 

rimonabant, suppress the growth and viability in addition to inducing apoptosis in 

mantle cell lymphoma (MCL) cell lines expressing high levels of CB1R and moderate 

levels of CB2R (4). In contrast, their control cells, lacking CB1R, were not affected by 

the tested CB receptor ligands, indicating the involvement of CB receptors in their 

observed antitumour activities (4). Other studies also showed the potent 

antiproliferative and/or apoptotic effects of rimonabant against other tumour cells and 
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xenografts, such as colorectal cancer (CRC) cells and leukemia (5-9). Importantly, 

rimonabant demonstrated low/no toxicity against healthy normal cell, suggesting its 

selectivity against tumour cells (5, 8). Of note, the authors of these studies also 

proposed other different underlying mechanisms of the antitumour activity of 

rimonabant, apart from its CB1R modulation (5-8). 

 

 

Figure 7.1. Repurposing of CB receptors ligands rimonabant and cannabidiol against M. tb, M. 
smegmatis, and various tumour cells.  

 

Rimonabant 1 was found to have pleiotropic effects in various diseases (10). The most 

prominent function of rimonabant is its anorectic effect. In fact, it was approved as an 

antiobesity drug in 2006 by the European Medicines Agency (EMA), but it was 

withdrawn from the market globally in 2008 as its post marketing surveillance revealed 

that it caused serious psychiatric side effects, such as suicidal ideation (11, 12). The 

antiobesity attribute of rimonabant is derived from its ability to block the CB1R, which 

regulates food intake at both the peripheral and central levels (6). Indeed, rimonabant 

showed significantly higher affinity for CB1R (Ki = 1.8 – 12.3 nM) over CB2R (Ki = 514 

– 13200 nM) (13, 14). Interestingly, in line with the polypharmacology scope of this 
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Chapter, when rimonabant was subsequently repurposed as an antimycobacterial 

agent, it manifested an appreciable inhibitory activity against Mycobacterium 

tuberculosis (M. tb) H37Rv strain [minimum inhibitory concentration (MIC) = 25 µg/mL] 

via targeting MmpL3 (15-17). It also inhibited the growth of Mycobacterium smegmatis 

(M. smegmatis) with an MIC value of 13.56 µg/mL (15). 

Similar to rimonabant, cannabidiol (CBD, 2, Figure 7.1) is a non-psychoactive 

phytocannabinoid that acts as an inverse agonist/antagonist at CB1R and CB2R and 

was extensively reported in the literature as an antitumour agent (13, 18-20). It has a 

low affinity for both CB1R (Ki = 4350 – > 10000 nM) and CB2R (Ki = 2399 – > 10000 

nM) (13). Therefore, the antitumour effects of CBD were found to be likely attributed 

to CB receptors-independent mechanisms (2). However, McKallip et al previously 

demonstrated that CBD reduced cell viability and induced apoptosis in leukemia cells, 

both in vitro and in vivo, through CB2R-mediated mechanism (21). In fact, human 

lymphomas and leukemias were shown to express significantly higher levels of CB2R 

compared to other tumours, explaining the sensitivity of leukemia cells to CBD (18).  

Importantly, CBD inhibited the viability of human GBM cells U87 and U373 with IC50 

values around 25 µM (22). The observed antiproliferative effect of CBD in these glioma 

cells was partially counteracted by CB2R antagonist SR144528 but was not affected 

by CB1R antagonist SR141716 (rimonabant). Neither of the preceding antagonists 

was able to reverse the CBD-induced glioma cell death (22). Nonetheless, the 

antitumour attributes of CBD against gliomas are predominately reported to be 

independent of CB1R and CB2R (23-26). Of note, CBD showed potent antiproliferative 

activity against other GBM cell lines with IC50 values less than 10 µM, such as U251, 

U87, and SF126 cell lines (IC50 = 0.6 – 1.2 µM) (27-29). In addition to its activity against 

the foregoing tumours, CBD showed potent antineoplastic activities at low micromolar 

concentrations against other tumour cell lines, such as CRC, prostate cancer, breast 

cancer, lung cancer, thyroid cancer, liver cancer, and gastric adenocarcinoma (27, 28, 

30). The antitumour effects of CBD run the gamut from inhibition of 

proliferation/growth, viability, migration, invasion, and metastasis to the induction of 

tumour cell death (apoptosis) (28).  

In terms of paediatric oncology, there is a paucity of research on the activity of 

medicinal cannabinoids therein (31). In 2021, Andradas et al collated the data reported 
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in the literature on the activity of cannabinoids, including CBD, against paediatric 

tumours (31). Interestingly, in a clinical study conducted on the effects of CBD in 119 

cancer patients, a male child (5 years old) with posterior fossa ependymoma, a very 

rare brain tumour, manifested the best response to the CBD treatment (32). After 

undergoing standard treatments, including surgeries, chemotherapy, and 

radiotherapy, this child was left with no other therapeutic option (32). He was then 

prescribed CBD as a sole treatment in February 2016. Remarkably, when a magnetic 

resonance imaging was carried out on his brain in December 2016, after nearly 10 

months of CBD treatment, an approximately 60% reduction in tumour volume was 

discerned (32). Significant decreases in tumour volumes were also detected in other 

elderly patients with different types of cancer, such as oesophageal cancer, breast 

cancer, and prostate cancer. More importantly, the maximum tolerated dose of CBD 

in this study could not be determined owing to the complete absence of side effects 

(32).  

Apart from its antitumour effects, the antimicrobial potential of CBD was investigated 

in a wide range of Gram-positive and Gram-negative bacteria in a recent study, 

wherein it showed potent activities (MIC = 0.25 – 4 µg/mL) against multiple strains, 

such as Staphylococcus aureus (S. aureus) and Streptococcus pneumoniae (33). 

When the authors evaluated the antimycobacterial activity of CBD, it showed marginal 

activity against M. tb (70% inhibition against H37Rv strain at 64 µg/mL) and moderate 

potency against M. smegmatis (MIC = 16 µg/mL) (33). However, the mechanisms of 

action of CBD as antimycobacterial agent are yet to be determined. Overall, both 

rimonabant and CBD were shown to be multi-target directed agents, impacting 

different disease pathways, including TB and cancer (Figure 7.1). In addition, 

cannabinoids generally possess promising antitumour effects against a vast array of 

human neoplasms, dependently or independently of their CB receptors modulatory 

functions (2, 34, 35).  

7.2. Indole-Based SCRMs: Transition From the Indole-3-Carboxamide (I3C) 

Scaffold to The I2C   

SCRMs constitute an ever-growing class of recreational/psychoactive ʺdesigner 

drugsʺ with a wide degree of structural heterogeneity (36). Indeed, to bypass legal 

prohibitions, new unregulated psychoactive SCRMs have been produced in the illicit 
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markets of recreational drugs. These SCRMs typically act as agonists at both the 

CB1R and CB2R. The psychoactivity is attributed to the ability of these compounds to 

activate CB1R, which is predominantly located in the central nervous system (CNS) 

(36). Compared to 9-tetrahydrocannabinol (9-THC, the psychoactive constituent of 

marijuana), which is a partial agonist at CB1R, most of the SCRMs are full agonists at 

CB1R with significantly higher potency and efficacy than 9-THC, accounting for more 

dangerous side-effects (37).  

A myriad of I3C analogues have been developed and identified as potent CB1R and 

CB2R agonists (38-42). Interestingly, there were no prior reports on some of these 

I3C-based SCRMs in the literature at the time they were detected and identified in 

seized ʺSpice-likeʺ products. For instance, the N-(1-adamantyl)-1-pentyl-1H-indole-3-

caboxamide (APICA, SDB-001, 3, Figure 7.2) and 5-fluoro-APICA (STS-135, 4) were 

unprecedented before their discovery in psychotropic substances in the Japanese 

illegal market (43-45). In 2013, Banister et al performed structure-activity relationship 

(SAR) studies on APICA and reported the N-benzyl I3C cannabimimetic derivative 

SDB-006 (5), which was detected alongside its 5-fluoropentyl analogue (5-F-SDB-006, 

6) in Finland in the same year (36). The foregoing I3C analogues 3 – 6 were found to 

function as mixed CB1R and CB2R agonists with EC50 values of 13 – 134 nM (41) 

(Figure 7.2). 

In 2017, Shi et al investigated the effect of shifting the amide handle from position 3 to 

position 2 of the indole ring (46). Intriguingly, all the tested I2C analogues in their study 

behaved as selective CB2R agonists, while they failed to activate or antagonise the 

CB1R at 10 µM concentration, suggesting the lack of psychoactive effects of these 

compounds (46). The I2C-derived APICA analogue 7 (Figure 7.2) displayed an EC50 

value of 0.72 µM at the CB2R. The highlight of their study was the homologous N-

adamantyl-1-(4-hydroxybutyl)-I2C derivative 8 (Figure 7.2) which showed an EC50 

value of approximately 0.12 µM (118 nM) at the CB2R (46). Surprisingly, the functional 

activity of the N-1 unsubstituted I2C compound 9 at the CB receptors (no agonism or 

antagonism at CB1R at 10 µM concentration, CB2R EC50 = 0.98 µM) resembled that 

of the 1-pentane-I2C analogue 7 (Figure 7.2). Similarly, the despentyl APICA 

analogue (N-adamantyl-1H-I3C) behaved as a selective CB2R agonist (EC50 = 0.63 

µM), with no stimulation or antagonism showed at CB1R at 10 µM concentration (46). 

Thus far, the preceding findings indicate that switching the 3-amido pendant to position 
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2 of the indole ring brings about selectivity at CB2R over CB1R. In addition, removing 

indole N-1 substituents in the I3C and I2C SCRMs seems to help overturn the activity 

at CB1R.  

 

 

Figure 7.2. Selected I3C and I2C analogues with potent modulatory activities at CB1R and/or 
CB2R receptors.  

 

In 2019, with the intent of improving the water solubility, the same group 

bioisosterically replaced the indole ring of I2Cs with an azaindole nucleus (47). Similar 

to compound 9, the 4-, 5-, and 7-azaindole derivatives 10 – 12 (Figure 7.2) were found 

to be selective CB2R agonists [EC50 CB2R = 0.59, 2.0, and 0.29, respectively; EC50 

CB1R = not active (NA) at 10 µM]. When these three 1H-azaindoles 10 – 12 were 

substituted at position 1 of the indole ring with an n-pentyl group, the resulting N-1 

substituted derivatives remained inactive at CB1R. At CB2R, the despentyl azaindoles 

10 – 12 showed agonistic activities comparable to or higher than the corresponding 1-

pentane-azaindoles-2-carboxamides (47). In the same year, Moir et al investigated the 

functional activities of numerous N-1 substituted azaindole analogues at CB1R and 
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CB2R (48). They showed that moving the amide appendage from position 3 of the 

azaindole ring to position 2 imparts selectivity at CB2R, corroborating Shi et al findings 

(48).   

Prior to the aforementioned investigations on the I2C framework as a replacement to 

the I3C one, several N-phenylethyl-1H-I2C analogues were extensively researched 

and were found to act as allosteric modulators of CB1R. Allosteric ligands bind to a 

site topographically distinct from the binding site of the orthosteric/endogenous ligands 

(49). The therapeutic potential of the CB receptor allosteric ligands is attributed to their 

lack of intrinsic efficacy when administered alone, although there are some exceptions 

(50). Indeed, they can enhance [positive allosteric modulators (PAMs)], diminish 

[negative allosteric modulators (NAMs)], or do not affect [neutral allosteric ligands 

(NALs)] the response of orthosteric/endogenous ligands at the CB receptors. In other 

words, allosteric ligands allow for the modulation of CB receptors signalling without 

the desensitisation, dependence, or tolerance (50). CB1R allosteric modulators 

possess multiple potential advantages, such as circumventing the CB1R-mediated 

side effects (associated with some orthosteric ligands) and providing a mechanism for 

more precise regulation of the downstream events (51, 52). Accordingly, allosterically 

modulating CB1R signalling may enable the separation between the side effects and 

the therapeutic benefits (49).  

The first CB1R allosteric modulators were documented by Price et al in 2005. The three 

I2C derivatives, exemplified by Org27569 (13, Figure 7.2), investigated in their study 

were shown to allosterically modulate CB1R (53). These I2C analogues markedly 

increased the binding of the CB1R and CB2R non-selective agonist CP55940 at CB1R, 

behaving as PAMs. In contrast, the same compounds significantly decreased the 

binding of CB1R inverse agonist/antagonist SR141716 (rimonabant), acting as NAMs 

(53). Following this report, numerous research efforts were focused on incorporating 

various structural modifications into the I2C framework and investigating the impact 

thereof on the CB1R allosteric modulation (54-59). In general, the 3,5-disubstituted-N-

phenethyl-1H-indole-2-carboxamide architecture of Org27569 was retained in most of 

the subsequently designed analogues, which, expectedly, spawned a subset of new 

I2C analogues with potent allosteric modulatory activities at CB1R (54-59). Of note, 

most of these reports maintained the 5-chloro functionality on the indole ring, 

suggesting that it is critical for the allosteric activity at CB1R (54-58). Nonetheless, in 
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2016, when Kulkarni et al replaced the 5-chloro group in Org27569 with 5-

isothiocyanate (5-NCS) functionality, the resulting isothiocyanate-containing analogue 

showed an improved allosteric activity profile compared to Org27569 (59, 60). 

Interestingly, in 2012, Piscitelli et al demonstrated that compound 14 (Figure 7.2), in 

which they excised the ethyl group at position 3 of the indole ring in Org27569, 

maintained the positive allosteric modulation behaviour (61). In fact, compound 14 

potently stimulated the binding of CP55940 at CB1R in a nanomolar EC50 value, 

showing higher activity compared to that of Org27569 (EC50 = 90 nM and 0.14 µM, 

respectively) (61). On the other hand, several 5-chloro and 5-cyano I2C derivatives 

were found to behave as CB1R antagonists when different substituents were 

introduced to position 1 of the indole ring in studies carried out by Cowley et al in 2011 

(62, 63). Overall, a multitude of 1H-I2Cs were documented in the literature as potent 

CB receptor ligands with various functional activities, acting as selective CB2R 

agonists, CB1R allosteric modulators, or CB1R antagonists. 

7.3. I2Cs with Polypharmacology Profile Resembling Cannabinoids 

As mentioned in the previous section, in 2017, Shi et al documented the selective 

CB2R agonistic activity of the N-adamantyl I2C analogue 9 (EC50 = 0.98 µM) (46). In 

the same year, Franz et al discovered the potent antimycobacterial activity of this 

compound (64) (Figure 7.3). Indeed, this I2C derivative not only displayed excellent 

activity against M. tb (MIC = 0.68 µM), but it also showed potent efficacy against six 

tested non-tuberculous mycobacterial (NTM) strains (MIC = 0.85 – 5.3 µM) and 

moderate activity against Mycobacterium avium (M. avium, MIC = 27 µM). In the same 

report, when compound 9 was evaluated against other bacterial strains, namely 

Pseudomonas aeruginosa (P. aeruginosa) and S. aureus, it was devoid of activity 

(MIC > 543 µM) (64). The discrepancies in the activity of this I2C analogue against the 

foregoing microbes suggest its selective antibacterial activity against the 

mycobacterium species, which further verify the mycobacterial membrane protein 

large 3 (MmpL3) as the target of this molecule. In addition, this compound showed no 

cytotoxicity against human THP-1 cell line up to 50 µM concentration (64). In our 2021 

published article in the RSC Advances journal (Chapter 6), the I2C analogue 9 was 

synthesised and evaluated for its antitumour activity against paediatric GBM KNS42 

cell line. Pleasingly, it showed potent inhibitory activity against the viability of KNS42 
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cells (IC50 = 0.33 µM), while the proliferation of the cells remained unaffected at 10 µM 

concentration. Taken together, the polypharmacology profile of the N-adamantyl I2C 

derivative 9 (Figure 7.3) is indeed reminiscent of rimonabant and CBD activity profiles 

(Figure 7.1).  

 

 

Figure 7.3. The N-adamantyl I2C analogue 9 as a multi-target directed ligand. 

 

7.4. Multimodality of Quinolone-3-Carboxylic Acids/Carboxamides  

Quinolones represent the first set of fully synthetic anti-infective agents to be 

discovered that were not knowingly modelled after any antibacterial natural products 

(65). FQs were subsequently foregrounded, constituting a class of broad-spectrum 

antibiotics and an integral component of Gram-negative and Gram-positive bacterial 

infections therapy. FQs are privileged antibiotics that are endowed with wide 

therapeutic indices, favourable physicochemical properties, and synthetic tractability 

(65), all of which accounted for the success of the FQs. These favourable 

characteristics made the FQs ideal compounds for repurposing and development of 

new biologically active agents. Indeed, several FQs were shown to behave as 

multimodal drugs (65). For instance, an oscillation between antimicrobial and 

antitumour activities was demonstrated in CPF (Chapter 6). In addition to its 
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remarkable antibacterial activities, CPF inhibited the growth of colon cancer HT-29 cell 

line and leukemia Jurkat cell line with IC50 values of 9.46 and 25 µg/mL, respectively 

(66, 67).  

Similar to the I3C analogues, a multitude of quinolone-3-carboxamides were reported 

in the literature as CB receptor modulators (68, 69). In this regard, a group in Italy 

carried out a series of investigations on the biological potential of the 4-quinolone-3-

carboxylic acid/carboxamide framework (70-76). They highlighted numerous 4-

quinolone-3-carboxamides as selective CB2R ligands; they acted as agonists (with 

potent antinociceptive effects in vivo) or inverse agonists at CB2R, with Ki values in 

the sub-nanomolar or low nanomolar range (71-76). In 2008 (71), they discovered the 

high CB2R affinity and selectivity of the N-adamantyl-4-quinolone-3-carboxamide 

derivative 15 (CB1R Ki = 1220 nM and CB2R Ki = 6.3 nM, Figure 7.4). This compound 

produced analgesia in formalin-treated mice via acting as a potent CB2R agonist. 

Indeed, compound 15-induced inhibition of the formalin-caused nocifensive response 

in mice was attenuated when AM630, a CB2R antagonist, was administered to mice 

beforehand (71). The same group published a report in 2009, documenting the diverse 

biological activities of the quinolone analogues (77). In 2019, the prototype compound 

15, which was assigned the name COR167, was evaluated for its antitumour activity 

against human GBM and astrocytoma cells obtained from specimens collected during 

neurosurgical operations (78). Remarkably, this compound inhibited the proliferation 

of the preceding tumour cells at 10 nM concentration by 50.3 – 53% and 49.5 – 51.7%, 

respectively. Importantly, the antiproliferative effects of COR167 was completely 

reversed in the presence of the CB2R antagonist AM630, indicating that the antitumour 

potential of COR167 in these glioma cells is attributed to its binding to the CB2R 

expressed therein (78). 

In 2015, the 2-quinolone-3-carboxamide and 2-oxo-1,8-naphthyridine-3-carboxamide 

derivatives 16 and 17 (Figure 7.4) were identified as highly selective CB2R ligands 

(CB1R Ki = 227 and 138.5 nM, respectively, and CB2R Ki = 1.5 and 0.75 nM, 

respectively) (79). While compound 16 acted as a full agonist at CB2R, the 

naphthyridine analogue 17 behaved as a partial agonist at CB2R. In the same report, 

when these analogues were evaluated against prostate cancer LNCaP cell line 

expressing CB2R, potent cytotoxic activities were observed [IC50 (viability) = 3.90 and 

2.08 µM, respectively]. When the LNCaP cells were pretreated with a CB2R antagonist 
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previously synthesised by the same group, the cytotoxic activities induced by 

compounds 16 and 17 were reversed, resulting in restorations of cell viability at levels 

comparable to the control (79). Accordingly, similar to COR167, the antitumour effects 

of 16 and 17 in LNCaP cells are ascribed to their CB2R agonistic activities. The 

therapeutic utility of CB2R ligands in cancer and various other diseases is detailed in 

several review articles (80-82). Overall, while the quinolone-3-carboxylic acid 

architecture was proven to have potent antibacterial and antitumour activities, the 

quinolone-3-carboxamide framework was shown to possess affinities at CB2R higher 

than that of CB1R. The CB2R agonistic effects of some quinolone-3-carboxamides 

were correlated with potent analgesic and/or antitumour activities.  

 

 

Figure 7.4. Functional activities at CB receptors and antitumour activities of quinolone-3-
carboxamides 15 – 17. 

 

7.5. Design/Repurposing, Synthesis, and Biological Evaluation of Novel I2C 

Derivatives and Bioisosteres against M. tb and Paediatric Brain Tumour Cells   

Following the identification of several I2C analogues possessing potent anti-TB and 

antitumour activities (RSC Advances 2021 article, Chapter 6), further SAR studies 

were undertaken to identify more potent derivatives with polypharmacology profiles. 

Our results were recently published in the RSC Medicinal Chemistry journal. Using the 

N-adamantyl I2C derivative 9 as a lead compound, the design strategies (S1 – S4) of 

the new analogues are summarised in Figure 7.5. All final compounds were initially 
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tested for their growth inhibitory activities against M. tb and paediatric GBM KNS42 

cell line. Since KNS42 cells were found to be overexpressing CB1R (data not shown), 

well-known non-selective and selective CB receptor ligands were evaluated for their 

antitumour activities and used for comparison. 

 

 

Figure 7.5. Design strategies of new and repurposed analogues as antitumour agents 

 

The first strategy (S1) entailed maintaining the indole moiety and the carboxamide 

linker, while replacing the adamantane ring with an unsubstituted/substituted benzyl 

(S1a-d), a piperonyl (S1e), or a homopiperonyl group (S1f). The second strategy (S2) 

comprised stretching the linker between the indole ring and the adamantane (S2a-c). 

Next (S3), the indole ring was bioisosterically replaced with a benzimidazole (S3a), an 

indazole (S3b), or a substituted quinolone motif (S3c-g). Of note, while the 

benzimidazole-2-carboxamide and indazole-3-carboxamide motifs were previously 

shown to behave as potent CB receptor ligands (36, 47), the functional profile of the 
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quinolone-2-carboxamide scaffold at CB receptors has not been addressed yet. Finally 

(S4), miscellaneous changes were simultaneously incorporated in the I2C framework 

of 9 including: 1) while a benzimidazole ring was introduced instead of the indole 

moiety, the amide linker at position 2 was reversed and the adamantane moiety was 

either maintained (S4a,b) or replaced with a 4,6-difluoroindole ring (S4c), and 2) 

several substituted quinolones (S4d-h) were further probed, wherein the carboxamide 

moiety was shifted from position 2 to position 3 (Figure 7.5). As previously mentioned 

in this Chapter, like the I3C architecture, the quinolone-3-carboxamide framework 

modulates the activity of the CB receptors. 

All the synthesised analogues were evaluated for their growth inhibition against M. tb. 

The anti-TB activities of the quinolone-containing compounds S3c-g and S4d-h were 

documented in our 2020 RSC Advances article (Chapter 3). All the quinoloneamides 

were inactive against M. tb H37Rv strain (MIC ≥ 32 µg/mL), except for the 7-bromo 

and 5,7-dichloro-4-quinolone-2-carboxmaide derivatives S3d,e, which showed 

moderate activities (MIC = 8 and 16 µg/mL, respectively). Both compounds 

demonstrated no antiproliferative or cytotoxic activities against paediatric GBM KNS42 

cells at 10 µM concentration. Importantly, the most potent derivative against KNS42 

cells in the quinolone set of compounds was the 5,8-dichloro-4-quinolone-3-

carboxmaide analogue S4g [IC50 (viability and proliferation) = 9.06 and 2.92 µM, 

respectively]. 

The anti-TB activities of the two adamantane-based benzimidazoles, with reversed 

amide linker S4a,b, were assessed in our Bioorganic Chemistry article, published in 

2021 (Chapter 4). While S4a showed good inhibitory activity against M. tb H37Rv 

strain (MIC = 4 µg/mL), compound S4b demonstrated no activity with an MIC value > 

32 µg/mL. Conversely, compound S4a displayed no inhibitory activity against KNS42 

cells in the viability and proliferation assays, whilst compound S4b showed moderate 

antiproliferative activity with IC50 value of 6.46 µM. The rest of the final compounds 

S1a-f, S2a-c, S3a,b, and S4c were inactive when tested against M. tb H37Rv strain 

(MIC > 32 µg/mL, unpublished results). However, when tested against KNS42 cells, 

several analogues showed potent inhibitory activities against the viability and 

proliferation of KNS42 cells. Importantly, selective CB2R agonist 8 (Figure 7.2) was 

one of the reference compounds that was synthesised and evaluated for its anti-TB 

and antitumour activity. It demonstrated no inhibitory activity against M. tb H37Rv 
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strain (MIC > 64 µg/mL), in line with the previous inactivity (83) encountered when the 

indole NH was substituted. Compound 8 inhibited the viability of KNS42 cells with an 

IC50 value of 4.75 µM, while the proliferation of the cells remained unaffected at 10 µM 

concentration. In contrast, compounds S3a,b which were previously reported to act as 

selective CB2R agonists (CB2R EC50 = 0.52 and 0.086 µM, respectively, CB1R EC50 > 

10 µM (47)), failed to inhibit the viability and proliferation of KNS42 cells.  

The novel N-homopiperonyl-I2C analogue S1f showed potent cytotoxic and 

antiproliferative activities against all tested brain tumour cell lines in our study. 

Interestingly, when we evaluated S1f for its functional activity at CB receptors, it 

behaved as a selective CB1R antagonist (IC50 = 0.373 µM); it showed no activation or 

inhibition at CB2R (EC50/IC50 > 10 µM). In general, the most active compounds in our 

study were evaluated for their agonistic and antagonistic activities at both CB1R and 

CB2R. Dissonance was discerned between their antitumour activities and functional 

profiles at CB receptors. Of note, further studies will be undertaken in the future to 

examine the allosteric modulation potential of the top potent compounds at CB 

receptors. Similar to the strategy adopted in the recently published RSC advances 

article (Chapter 6), a gene transcriptional analysis of KNS42 cells before and after 

being treated with one of the most active compounds was performed. The recently 

published RSC Medicinal Chemistry article is included herein.  
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Paediatric glioblastomas are rapidly growing, devastating brain neoplasms with an invasive phenotype.

Radiotherapy and chemotherapy, which are the current therapeutic adjuvant to surgical resection, are still

associated with various toxicity profiles and only marginally improve the course of the disease and life

expectancy. A considerable body of evidence supports the antitumour and apoptotic effects of certain

cannabinoids, such as WIN55,212-2, against a wide spectrum of cancer cells, including gliomas. In fact, we

previously highlighted the potent cytotoxic activity of the cannabinoid ligand 5 against glioblastoma KNS42

cells. Taken together, in this study, we designed, synthesised, and evaluated several indoles and indole

bioisosteres for their antitumour activities. Compounds 8a, 8c, 8f, 12c, and 24d demonstrated significant

inhibitory activities against the viability (IC50 = 2.34–9.06 μM) and proliferation (IC50 = 2.88–9.85 μM) of

paediatric glioblastoma KNS42 cells. All five compounds further retained their antitumour activities against

two atypical teratoid/rhabdoid tumour (AT/RT) cell lines. When tested against a medulloblastoma DAOY cell

line, only 8c, 8f, 12c, and 24d maintained their viability inhibitory activities. The viability assay against non-

neoplastic human fibroblast HFF1 cells suggested that compounds 8a, 8c, 8f, and 12c act selectively

towards the panel of paediatric brain tumour cells. In contrast, compound 24d and WIN55,212-2 were

highly toxic toward HFF1 cells. Due to their structural resemblance to known cannabimimetics, the most

potent compounds were tested in cannabinoid 1 and 2 receptor (CB1R and CB2R) functional assays.

Compounds 8a, 8c, and 12c failed to activate or antagonise both CB1R and CB2R, whereas compounds 8f

and 24d antagonised CB1R and CB2R, respectively. We also performed a transcriptional analysis on KNS42

cells treated with our prototype compound 8a and highlighted a set of seven genes that were significantly

downregulated. The expression levels of these genes were previously shown to be positively correlated

with tumour growth and progression, indicating their implication in the antitumour activity of 8a. Overall,

the drug-like and selective antitumour profiles of indole-2-carboxamides 8a, 8c, 8f, and 12c substantiate

the versatility of the indole scaffold in cancer drug discovery.

1. Introduction

Gliomas are brain tumours that originate from non-neuronal
supportive cells, called glial cells, which are the most
abundant cell types in the central nervous system (CNS).1,2

Paediatric gliomas represent the most common CNS tumours
and the leading cause of cancer-related death in children.
The average annual incidence rate of CNS tumours in
children (0–14 years old) is 5.26 per 100000 with gliomas
accounting for approximately 53% of tumours in this age
cohort.3 Gliomas are classified based on the histological
criteria of neoplasms into a grading system of malignancy by
the World Health Organisation (WHO). The three main
categories of gliomas are low grade gliomas (LGGs, WHO
grade I and II), high grade gliomas (HGGs, WHO grade III
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and IV) and diffuse midline gliomas (DMGs).4 These three
tumour entities require different treatment and/or
management strategies. Paediatric HGGs are nearly
universally fatal brain tumours associated with dismal
prognosis, with a median survival of 1–2 years.5 A key element
hampering the development of new targeted therapies is the
relative shortage of paediatric glioma cell lines.6 Despite the
clear histopathological similarities between HGGs of all ages,
the well-established commonly used adult cell lines are not
truly representative of the distinct molecular signatures of
childhood HGGs.6–8 Hence, there is a pressing need to
develop novel therapeutic agents that effectively target
paediatric brain tumours.

We are particularly interested in paediatric glioblastoma
multiforme (GBM or grade IV astrocytoma) which is among
the most malignant, aggressive and invasive CNS tumours in
children.3 The mainstays of treatment of GBM are only
palliative, including surgical resection when applicable
followed by focal radiotherapy combined with chemotherapy.
Many chemotherapeutic agents have been tested including
temozolomide, but no remarkable improvement on survival
has been achieved in paediatric GBM.5,9 The druggable
molecular targets in paediatric HGGs and their
corresponding drug candidates that are currently in clinical
trials have been recently reviewed.10 In the adult GBM
counterpart, Guzman et al. first reported their pilot phase I
clinical trial findings on the efficacy of the phytocannabinoid
derivative Δ9-tetrahydrocannabinol (Δ9-THC, 1, Fig. 1)
delivered intracranially to nine patients.11 This cannabinoid
was found to be fairly safe (no overt psychoactive effects) and
inhibited tumour cell proliferation in a subset of patients.11

In fact, since the in vitro antitumour potential of Δ9-THC
was first reported in 1975,12 an accumulating body of research
has demonstrated the antineoplastic effects of many
endogenous, naturally occurring, and synthetic cannabinoids
against various tumour cells, including gliomas.13–20 These
compounds produce most of their biological effects by
targeting cannabinoid 1 and 2 receptors (CB1R and CB2R)
which are present in the brain and the periphery.21 In
particular, two mixed CB1R and CB2R agonists, Δ9-THC (1)
and WIN55,212-2 (2), in addition to the selective CB2R agonist
JWH-133 (3), Fig. 1, were shown to inhibit the growth of
malignant gliomas and impair tumour angiogenesis in vitro
and in animal models. They also induced apoptosis in glioma
cells in vitro and tumour regression in vivo.22–28 A number of
reports ascribed the antitumour activities of cannabinoids to
the CB receptors, whilst others demonstrated that their
antitumour activities are independent of CB
receptors.24–26,29–36 Hence, the mechanism of action of
cannabinoids as antitumour agents is still debatable.

In light of the widely reported antitumour activities of
cannabinoids, we were interested in exploring the structure–
antitumour activity relationship of the indole-containing
cannabimimetic agents, exemplified by WIN55,212-2. Indeed,
we previously reported several indolecarboxamide derivatives
as potent CB1R and/or CB2R ligands.37 The potent CB2R
agonist N-(1-adamantyl)-1-(4-hydroxybutyl)-indole-2-
carboxamide (4) was the highlight of our previous work
(CB2R EC50 = 0.12 μM) which showed no agonist or
antagonist activity at CB1R. We also found in the same report
that the N-unsubstituted indole 5 exhibited a similar selective
CB2R functional activity (EC50 = 0.98 μM) to the N-alkylated
indole 4.37 Importantly, we demonstrated the potent
inhibitory activity of compound 5 against the viability of
paediatric GBM KNS42 cells (IC50 = 0.33 μM).38 In this report,
we brought to light the cytotoxic and antiproliferative
activities of the indole-2-carboxamide 6 against different
malignant brain tumour cells.

Accordingly, in the current study, we describe the design,
synthesis, and biological evaluation of several
N-unsubstituted indoles and indole bioisosteres as
antitumour agents. All final analogues as well as reference
ligands WIN55,212-2, JWH-133, and compound 4 were
screened in vitro for their viability and proliferation
inhibitory activities against paediatric GBM KNS42 cells.
KNS42 was the cell line of choice in our primary antitumour
screening as it is reported to overexpress CB1R (encoded by
the CNR1 gene).39 The antitumour and safety profiles of the
most potent compounds were then scrutinised in non-GBM
high-grade paediatric brain tumour cells [teratoid/rhabdoid
AT/RT (BT12 and BT16) and medulloblastoma (DAOY)] as
well as non-neoplastic HFF1 cells. In addition, the functional
activities of the top active compounds at CB1R and CB2R were
assessed and a transcriptional analysis of KNS42 cells treated
with the N-benzylindoleamide analogue 8a was conducted.
The drug-likeness of the most active compounds was also
predicted using ACD/Labs Percepta.

Fig. 1 CB ligands 1–5 as well as the antitumour indoleamide analogue
6 which was identified in our previous report. Δ9-
Tetrahydrocannabinol (1) and WIN55,212-2 (2) are mixed CB1R/CB2R
agonists, while compounds 3–5 are selective CB2R agonists.
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2. Design

In compounds 8a–f, a 4,6-difluoro-1H-indole nucleus was used
instead of the unsubstituted-1H-indole in compound 5, while
the adamantane ring was replaced with benzyl, piperonyl, and
homopiperonyl motifs. The 4,6-difuoroindole was the scaffold
of choice in our study as it has higher lipophilicity (ClogP =
2.6) compared to the unsubstituted indole ring (ClogP = 2.1).
In this respect, the slight increase in lipophilicity of the
4,6-difluoroindole-containing compounds may enhance their
uptake by tumour cells40 which can lead to an improved
antitumour activity profile without significantly impacting the
drug-like properties. We also probed the activity of the
benzimidazole and indazole cores as bioisosteric replacements
to the indole moiety while retaining the adamantane
appendage in compounds 10, 12a–c, and 14. In a different
approach, we also investigated the activity of some
adamantane-derived indoles, wherein extra spacers were
introduced to the amide linker between the 4,6-difluoroindole
core and the adamantane ring, forming the diamides 18 and
23a and b. It is noteworthy that compound 23a was previously
evaluated in our recent report38 and is reincorporated herein to
be compared to compound 23b.

On the other hand, N-(1-adamantyl)-1-alkylquinolone-3-
carboxamides were widely reported in the literature as
cannabinoid receptor modulators.41–44 In addition, some
quinolone-3-carboxamides with selective CB2R affinity
previously showed potent reduction of the viability of the
LNCaP prostatic cancer cell line, displaying IC50 values
significantly lower than that of JWH-133 (3).45 Accordingly, in
line with the aforementioned strategies, we tested several
N-unsubstitutedquinolone-3-carboxamides 24a–e and their
analogous quinolone-2-carboxamide counterparts 25a–e for
their antitumour activities. Of note, all of the tested
quinolonecarboxamides 24a–e and 25a–e were previously
evaluated for their antitubercular activity, whereupon most of
them were found to be inactive.46

3. Chemistry

The synthetic strategies of all the final compounds are depicted
in Schemes 1 and 2. Reference cannabimimetic indoles 4 and 5
were synthesised according to the reported procedure.37

Indoles 8a–f, benzimidazoles 10 and 12a–c, and indazole
derivative 14 were synthesised in a one-step amide coupling
reaction (method A or B). The indole-2-carboxamides 8a–f and
benzimidazole-2-carboxamide 10 were obtained via reacting the
carboxylic acid derivatives 7 and 9, respectively, with the
corresponding amines in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl),
hydroxybenzotriazole hydrate (HOBt) and N,N-
diisopropylethylamine (DIPEA) (method A). Method B
[EDC·HCl and 4-dimethylaminopyridine (DMAP)] was
conducted between compound 11 and the corresponding
carboxylic acids to generate the benzimidazole derivatives
12a–c. The indazole-3-carboxamide derivative 14 was formed

following the amide coupling protocol A between compound
13 and 1-adamantylamine (Scheme 1).

On the other hand, the synthesis of the adamantane-
derived indole dicarboxamide derivatives 18 and 23a and
b is illustrated in Scheme 2. Compound 18 was prepared
in three steps starting from coupling 1-adamantylamine
(15) with N-(tert-butoxycarbonyl)glycine (Boc-Gly-OH)
following a reported procedure47 to give the N-(Boc)
adamantane derivative 16. Cleavage of the Boc group
thereof using trifluoroacetic acid (TFA) yielded the
aminoacetamide intermediate 17. Employing method A of
amide coupling, compound 17 was reacted with
4,6-difluoroindole-2-carboxylic acid (7) to afford the final
compound 18. Similar to our previously reported
compound 23a,38 the dicarboxamide analogue 23b was
obtained in a four-step pathway starting from the initial
protection of the amino group in the aniline 19b using
di-tert-butyl dicarbonate (Boc)2O. Thereafter, the N-Boc
derivative 20b was subjected to amide coupling (method
A) with 1-adamantylamine to provide compound 21b.
Subsequent N-Boc deprotection of the crude product 21b
under acidic conditions furnished the key intermediate
22b. Finally, amide coupling of 22b with 7 (method A)
delivered the desired dicarboxamide analogue 23b
(Scheme 2). Compounds 24a–e and 25a–e were synthesised
as reported in our previous work.46

Scheme 1 General synthetic approach for compounds 8a–f, 10,
12a–c, and 14.
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4. Results and discussion
4.1. Biological evaluation and SAR analysis

4.1.1. Cytotoxicity and antiproliferative activity against
paediatric KNS42 GBM cells. All the synthesised final
compounds 8a–f, 10, 12a–c, 14, 18, 23a and b, 24a–e, and
25a–e were evaluated for their viability inhibition and
antiproliferative activities against paediatric GBM KNS42 cells
(Table 1). CB receptor ligands WIN55,212-2 (2), JWH-133 (3),
4, and 5 were used as positive controls. Of note, WIN55,212-2
is a non-selective CB1R/CB2R agonist (CB1R EC50 = 0.284 μM,
CB2R EC50 = 0.062 μM), whereas JWH-133 (CB2R Ki = 0.0034
μM) and compounds 4 and 5 are selective CB2R agonists
(CB2R EC50 = 0.12 and 0.98 μM, respectively).37,48,49 Reference
compounds 2, 4, and 5 showed moderate to high cytotoxic
activities with low micro- and sub-micromolar inhibitory
activities on cell viability (IC50 = 8.02, 4.75, and 0.33 μM,
respectively). The selective CB2R agonist JWH-133 (3) showed
no inhibitory activity at 10 μM concentration against KNS42
cells in both viability and proliferation studies. WIN55,212-2
was the only active control that inhibited the proliferation of
KNS42 cells (IC50 = 8.07 μM). The cytotoxic effects of selective
CB2R agonists 4 and 5 versus the inactivity of JWH-133
towards KNS42 cells suggest that these compounds may be
impacting the cell viability of KNS42 cells via a CB receptor-
independent mechanism. This notion is reinforced with
many previous reports excluding the involvement of CB
receptors in the antiproliferative and apoptotic effects of
numerous cannabinoids.22,26,31–36,50

The first round of our investigations was focused on
exploring the antitumour activity of the
4,6-difluoroindoleamides 8a–f, benzimidazoleamides 10 and
12a–c, and indazoleamide 14. The N-benzyl-indoleamide
analogue 8a was previously evaluated in our recently
published report.38 It displayed an activity profile similar to
WIN55,212-2 against KNS42 cells [IC50 (viability and
proliferation) = 8.25 and 9.85 μM, respectively]. We then

probed the effect of incorporating different substituents on
the benzyl group in 8a on the antitumour activity.
Introducing a methyl group at position 3 to the N-linked
benzyl group in compound 8b diminished the antitumour
activity (IC50 > 10 μM). The N-(4-fluorobenzyl)indoleamide 8c
exhibited approximately 2-fold higher cytotoxicity and
antiproliferative activities (IC50 = 3.41 and 4.34 μM,
respectively) compared to the unsubstituted amidobenzyl
counterpart 8a. Similar to 8b, disubstituting the benzyl
moiety at positions 2 and 3 with methoxy groups 8d led to a
drop in both cytotoxic and antiproliferative activities (IC50 >

10 μM). The N-piperonyl-indoleamide analogue 8e,
containing a 1,3-benzodioxole group in lieu of the phenyl
ring in 8a, was devoid of activity in the viability and
proliferation assays (IC50 > 10 μM). Surprisingly, the
N-homopiperonyl analogue 8f, entailing an extra methylene
group between the amide linkage and piperonyl motif,
showed nearly 3.5-fold higher inhibitory activities (IC50 = 2.34
and 2.88 μM, respectively) compared to 8a against KNS42
cells' viability and proliferation, respectively.

Bioisosteric replacement of the indole ring in reference
compound 5 [IC50 (viability) = 0.33 μM] with a benzimidazole
scaffold 10 resulted in a dramatic attenuation in the cytotoxic
activity against KNS42 cells (IC50 > 10 μM). Of note,
compound 10 previously showed high selective agonistic
activity towards CB2R (EC50 = 0.52 μM), without observable
activity at CB1R.

51 Nevertheless, unlike compounds 4 and 5,
compound 10 was inactive against KNS42 cells. Next, we
evaluated the antitumour activity of benzimidazole
derivatives 12a–c, featuring a reversed amide linker. Akin to
compound 10, the benzimidazoleamide analogue 12a failed
to inhibit the viability and proliferation of KNS42 cells at 10
μM concentration. Introducing a methylene group spacer
between the amide linker and the adamantane moiety in 12b
led to an improvement in the antiproliferative activity, while
the cell viability remained unaffected (IC50 = 6.46 and > 10
μM, respectively). On the other hand, the benzimidazole-

Scheme 2 General synthetic approach for compounds 18 and 23a and b.
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indole (BZ-IND) 12c hybrid, linked through an amide group,
equally inhibited the viability and proliferation of KNS42
cells (IC50 = 4.49 and 4.03 μM, respectively). In this hybrid,
the indole-2-carboxamide framework integrated into
compounds 8a–f was preserved, while the benzimidazole
nucleus served as the N-linked moiety which may explain the
higher activity of this derivative compared to the other
benzimidazole analogues 10, 12a, and 12b.

Similar to the N-(adamantyl)benzimidazole derivative 10,
integrating an indazole scaffold, in place of the indole nucleus,
into compound 14 led to a drastic drop in the cytotoxic activity
against KNS42 cells (IC50 > 10 μM). It is worth noting that the
same report which documented the CB2R selective activity of
compound 10 showed that compound 14 has higher agonistic

activity towards CB2R over CB1R (CB2R EC50 = 0.086 μM, CB1R
EC50 = 17.1 μM).51 Thus far, the difference in the antitumour
activity of 5 versus 10, 12a, and 14 suggests that the cytotoxic
activity of the N-(adamantyl)indoleamide framework against
KNS42 cells is superior to the benzimidazole and indazole
counterparts. In addition, using the 4,6-difluoroindole scaffold
in lieu of the unsubstituted indole ring featured in compound
5, while concomitantly replacing the adamantane group
therein with a 4-fluorobenzyl or homopiperonyl motif, was
beneficial for the cytotoxic and antiproliferative activities
against KNS42 cells.

Based on these findings and the potentiation of the
antitumour activity seen in 8f (upon extending the linker
connecting the indole ring and the piperonyl motif), in our

Table 1 In vitro viability and proliferation inhibitory activities of compounds 8a–f, 10, 12a–c, 14, 18, 23a and b, 24a–e, and 25a–e as well as reference
compounds 2–6 against KNS42 cells

Cpd R R1 Viability IC50
a (μM) Proliferation IC50

b (μM)

8a Benzyl — 8.25 ± 1.25 9.85 ± 2.76
8b 3-Methylbenzyl — >10 >10
8c 4-Fluorobenzyl — 3.41 ± 0.49 4.34 ± 0.46
8d 2,3-Dimethoxybenzyl — >10 >10
8e Piperonyl — >10 >10
8f Homopiperonyl — 2.34 ± 0.19 2.88 ± 0.25
10 — — >10 >10
12a Adamantane-1-yl — >10 >10
12b 1-Methyladamantane — >10 6.46
12c 4,6-Difluoroindole-2-yl — 4.49 ± 0.63 4.03 ± 0.01
14 >10 >10
18 — — >10 >10
23a — — >10 >10
23b — — >10 4.90
24a — 6-Chloro >10 >10
24b — 7-Bromo >10 >10
24c — 5,7-Dichloro >10 9.17
24d — 5,8-Dichloro 9.06 ± 0.79 2.92 ± 0.43
24e — 7,8-Dichloro >10 8.05 ± 4.15
25a — 6-Chloro >10 6.11 ± 0.91
25b — 7-Bromo >10 >10
25c — 5,7-Dichloro >10 >10
25d — 5,8-Dichloro >10 >10
25e — 7,8-Dichloro >10 >10
WIN55,212-2 (2) — — 8.02 ± 0.25 8.07 ± 0.29
JWH-133 (3) — — >10 >10
4 — — 4.75 ± 0.93 >10
5 — — 0.33 ± 0.14 >10
6 — — 5.04 ± 0.65 6.62 ± 2.01

a Compound dose required to achieve 50% inhibition of KNS42 cell viability, reflecting cytotoxicity. b Compound dose required to achieve 50%
inhibition of KNS42 cell proliferation.
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subsequent round of evaluations, the 4,6-difluoroindole was
maintained, while extra spacers were added in between the
indole and adamantane moieties (Table 1). First, the
adamantane-based indoledicarboxamide 18 showed no
inhibitory activity against KNS42 cells in the viability and
proliferation studies (IC50 > 10 μM). Similarly, in our
previous report, compound 23a, containing a phenyl group
as a middle linker between the indole and adamantane rings,
showed no activity at 10 μM concentration in both assays.38

However, when we introduced an extra methylene spacer
between the phenyl group and the amidoadamantyl motif in
compound 23b, a reduction in KNS42 cell proliferation was
manifested (IC50 = 4.90 μM), while the cell viability remained
unaffected. It is noteworthy that the antiproliferative activity
of 23b is comparable to that of our recently reported
indoleamide 6 (IC50 = 6.62 μM), entailing a piperazine ring
connecting the indole and the adamantane rings. These
results suggest that stretching the middle linker connecting
the indole and the adamantane moieties could be tolerated
in certain structural settings.

The final modification in our study entailed replacing the
indole ring in the N-(1-adamantyl)indoleamide framework with
a quinolone moiety. Although the majority of the N-(1-
adamantyl)quinolone-3-carboxamides that were reported to
modulate the activity of CB receptors are N-alkylated at position
1 of the quinolone ring, few N-unsubstituted quinolone
analogues were endowed with high affinity and selectivity for
CB2R.

41–44 Therefore, in accordance with our foregoing
strategies, we assessed the cytotoxicity and antiproliferative
activities of the adamantane-derived 1H-quinolone-3-
carboxamides 24a–e. Monosubstituted quinolones 24a and b
failed to inhibit the viability and proliferation of KNS42 cells at
10 μM concentration. Disubstituted quinolones 24c–e, on the
other hand, demonstrated good inhibitory activities against
proliferation and/or viability of KNS42 cells. The
5,8-dichloroquinolone 24d was the most active compound in
this series with cytotoxicity (IC50 = 9.06 μM) and
antiproliferative effects (IC50 = 2.92 μM) against KNS42 cells.
The 5,7- and 7,8-disubstituted quinolones 24c and 24e
exhibited IC50 values of 9.17 and 8.05 μM, respectively, in the
proliferation assay, while they manifested lower inhibitory
activities in the viability study (IC50 > 10 μM).

Shifting the amidoadamantyl motif from the 3-position
of the quinolone scaffold to the 2-position in 25a–e
diminished the cytotoxic and antiproliferative activities
(IC50 > 10 μM), except for compound 25a. Unlike
compound 24a, the 6-chloroquinolone-2-carboxamide
analogue 25a showed only moderate antiproliferative
activity against KNS42 cells (IC50 = 6.11 μM). Overall, the
indole-2-carboxamide architecture appears to be preferable
to the benzimidazole, indazole, and quinolone counterparts
as antitumour agents.

4.1.2. Cytotoxicity and antiproliferative activities of the
most potent compounds against different paediatric brain
tumour cells and non-neoplastic fibroblasts. The top potent
compounds in the viability and proliferation assays against

KNS42 cells, 8a, 8c, 8f, 12c, and 24d (IC50 ≤ 10 μM) as well as
WIN55,212-2 (2), were selected for further cytotoxicity and
antiproliferative evaluations against a panel of grade IV
paediatric brain tumour cells and non-neoplastic human
fibroblasts (Table 2). All five compounds and WIN55,212-2
retained their viability and proliferation inhibitory activities
(IC50 ≤ 10 μM) against the two AT/RT tumour cell lines (BT12
and BT16). When tested against the medulloblastoma cells
DAOY, the N-benzylindoleamide 8a was devoid of antitumour
activity (IC50 > 10 μM), as per our previous report.38 However,
the N-(4-fluorobenzyl)indole analogue 8c demonstrated
moderate cytotoxic activity (IC50 = 4.10 μM) and weak
antiproliferative activity (IC50 > 10 μM) against DAOY cells.
Similarly, the N-(homopiperonyl)-indoleamide analogue 8f
showed appreciable reduction of cell viability and moderate
antiproliferative activity against DAOY cells (IC50 = 3.65 and
9.91 μM, respectively). Interestingly, the BZ-IND hybrid 12c
exhibited remarkable cytotoxic and antiproliferative activities
against all tested paediatric tumour cells (KNS24, BT12,
BT16, and DAOY). Compound 12c also showed the most
potent viability and proliferation inhibitory activities against
DAOY cells (IC50 = 1.02 and 2.31 μM, respectively).

A similar pan-tumour cell viability and/or proliferation
inhibition was manifested in the 5,8-dichloroquinolone-3-
carboxamide derivative 24d and WIN55,212-2. As we
previously reported,38 compound 8a, which was cytotoxic
against KNS42, BT12, and BT16 cells, exhibited limited
cytotoxicity against healthy human fibroblasts, HFF1 cells
(IC50 = 119 μM). Remarkably, compounds 8c, 8f, and 12c,
which demonstrated potent cytotoxicity against all paediatric
brain tumour cell lines in our study, showed negligible
cytotoxicity against HFF1 cells (IC50 = 281, 81, and 115 μM,
respectively). However, compounds 8f and 12c inhibited the
proliferation of HFF1 cells at concentrations < 10 μM. On
the other hand, compound 24d and WIN55,212-2
demonstrated potent viability and proliferation inhibitory
activities against non-neoplastic HFF1 cells, indicating the
non-selectivity and significant toxicity of these two
compounds. Consistent with this observation, Ellert-
Miklaszewska et al. also demonstrated that the increase of
proapoptotic Bad protein activity is linked to WIN55,212-2's
cytotoxic activity.25

4.2. Functional activity at the cannabinoid receptors

Given the structural resemblance of the synthesised
molecules to the known cannabinoids, the most active
compounds 8a, 8c, 8f, 12c, and 24d in our study in addition
to our recently reported indoleamide 6 were further evaluated
in vitro for their ability to activate or antagonise human CB1R
and CB2R expressed in mouse AtT-20 neuroblastoma cells
(Table 3). All six compounds showed no agonistic activity at
both CB receptors. These findings were in fact
counterintuitive owing to the previously reported potent
agonistic profile of the analogous two indoleamide reference
compounds 4 and 5 as well as WIN55,212-2 (2). Nonetheless,
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upon evaluating the antagonistic activity of 8a, 8c, 8f, 12c,
and 24d at CB1R and CB2R, we observed some mixed results.
The indole-based dicarboxamide analogue 6 and the two
N-(benzyl)indoleamide derivatives 8a and 8c failed to
antagonise the response of CP55940, a non-selective CB1R/
CB2R agonist. On the other hand, the N-(homopiperonyl)
indoleamide 8f potently inhibited the CP55940-mediated
CB1R activation with an IC50 value of 0.373 μM, whilst the
CP55940-mediated CB2R response remained unaffected at 10
μM concentration. The BZ-IND hybrid 12c was inactive as an
antagonist at both receptors. Contrary to compound 8f, the
quinolone-3-carboxamide 24d failed to inhibit the CP55940-
mediated response at CB1R at 10 μM concentration while
displaying potent antagonism at CB2R (IC50 = 1.28 μM).
These results suggest that the antitumour activities of our
most potent compounds are unlikely to be a direct result of
activity at CB1R or CB2R.

This was further corroborated by our previous highlights
regarding the different cytotoxicity profiles of selective CB2R
agonists JWH-133 (3), 10 and 14 versus compounds 4 and 5
against KNS42 cells. In fact, the two N-benzylindoleamides 8a
and 8c as well as the BZ-IND hybrid 12c which exhibited
potent antitumour profiles in our study showed no agonistic
or antagonistic activity at both receptors. However,
compounds 8f and 24d were shown in the functional assay to

be CB ligands. Taken together, it is plausible that the
antitumour activities observed in our compounds as well as
WIN55,212-2 are not mediated by their action on CB
receptors. Indeed, several studies have substantiated the CB-
receptor independent induction of tumour cell death and
antiproliferative effects exerted by many cannabinoids.

In this respect, in 1998, Sanchez et al. revealed that Δ9-
THC-induced apoptosis and sphingomyelin breakdown in C6
glioma cells (expressing CB1R) were not prevented by the
CB1R antagonist SR141716. Their results suggested that the
observed antitumour effects of Δ9-THC are mediated through
a CB1R-independent mechanism.22 This was further
supported by Ruiz et al.'s findings in 1999 who also inferred
that Δ9-THC-induced apoptosis in human prostate tumour
cells is independent of cannabinoid receptors.50 However,
Sanchez et al. showed in their subsequent reports that the
three cannabinoids [Δ9-THC (1), WIN55,212-2 (2), and JWH-
133 (3)] induced apoptosis in C6 glioma cells via a CB1R or
CB2R-dependent pathway, as well as sustained accumulation
of pro-apoptotic ceramide.24,29,30 Ensuing reports
demonstrated that the antitumour activities of cannabinoids
are independent of cannabinoid receptors.26,31–36 These
conflicting results highlight the elusive mechanism of action
of cannabinoids as antitumour agents. Overall, the preceding
findings suggest that the antitumour activity observed in our
most potent analogues is likely independent of CB receptors.

4.3. Differential gene expression analysis of KNS42 cells
treated with compound 8a

In order to unravel the mechanism of action of the indole-2-
carboxamides, we previously performed a transcriptional
analysis on KNS42 cells treated with compound 6 versus the
untreated control cell counterparts.38 Upon examining the
differential expression of the genes therein, we found that
compound 6 downregulated the expression of two key genes,
denominated carbonic anhydrase 9 (CA9) and spleen tyrosine
kinase (SYK), with statistical significance (p < 0.05).38 Indeed,
since knocking down the activity of each of these two genes
has been previously shown to inhibit the cell proliferation,
invasion, and/or migration of GBM tumours, we concluded
in our previous report that the antitumour activities of this

Table 2 In vitro cytotoxicity and antiproliferative effects of compounds 8a, 8c, 8f, 12c, and 24d as well as WIN55,212-2 (2) against different paediatric
brain cancer cell lines (BT12, BT16 and DAOY) and healthy human fibroblasts (HFF1)

Cpd
BT12 viability
IC50

a (μM)
BT12 Prolif.
IC50

b (μM)
BT16 viability
IC50

a (μM)
BT16 Prolif.
IC50

b (μM)
DAOY viability
IC50

a (μM)
DAOY Prolif.
IC50

b (μM)
HFF1 viability
IC5

a (μM)
HFF1 Prolif.
IC50

b (μM)

8a 0.89 ± 0.12 7.44 ± 0.59 1.81 ± 0.21 6.06 ± 0.69 >10 >10 119 ± 19.78 65 ± 8.73
8c 9.23 ± 0.35 8.87 ± 0.63 5.50 ± 0.76 9.79 ± 0.89 4.10 ± 0.50 >10 281 ± 28.42 40 ± 9.81
8f 6.08 ± 0.32 4.10 ± 0.40 2.72 ± 0.33 7.53 ± 0.46 3.65 ± 0.22 9.91 ± 0.97 81 ± 20.26 6.98 ± 1.23
12c 7.65 ± 0.38 1.79 ± 0.21 1.37 ± 0.13 5.41 ± 0.55 1.02 ± 0.07 2.31 ± 0.38 115 ± 11.85 3.03 ± 0.55
24d 5.15 ± 0.17 3.59 ± 0.27 1.96 ± 0.39 4.88 ± 5.89 1.54 ± 0.17 4.71 ± 0.24 7.04 ± 0.87 3.85 ± 0.47
2 8.60 ± 0.78 9.32 ± 0.47 4.74 ± 3.77 4.57 ± 2.71 >10 ± 3.4 6.09 ± 0.22 0.023 ± 0.04 1.82 ± 0.42

a Compound dose required to achieve 50% inhibition of tumour/healthy cell viability, reflecting cytotoxicity. b Compound dose required to
achieve 50% inhibition of tumour/healthy cell proliferation.

Table 3 Functional profile of compounds 6, 8a, 8c, 8f, 12c, and 24d as
well as cannabimimetic controls 2, 4, and 5

Cpd

Agonism EC50 (μM)
Antagonism IC50

(μM)

CB1R CB2R CB1R CB2R

6 NAa NAa NAa NAa

8a NAa NAa NAa NAa

8c NAa NAa NAa NAa

8f NAa NAa 0.373 NAa

12c NAa NAa NAa NAa

24d NAa NAa NAa 1.28
2 0.284 (ref. 48) 0.062 (ref. 48) NDb NDb

4 NAa 0.12 (ref. 37) NAa NAa

5 NAa 0.98 (ref. 37) NAa NAa

a NA: not active, defined as <50% activation or inhibition at 10 μM.
b ND: not determined.
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indoleamide molecule could be ascribed to repressing the
expression of these two genes.38 In the current study, we
investigated the gene transcriptional response of KNS42 cells
before and after they were treated with the
N-benzylindoleamide 8a, employing the DNBSEQ Eukaryotic
Stranded Transcriptome Resequencing technique.

Inspecting the differential expression of the genes in the
treated cells in comparison to the control cells revealed that
compound 8a downregulated the expression of 33 genes (fold
change ≥5) with statistical significance (p < 0.05) (Table S1,
ESI†). Seven genes were previously shown to promote the
progression, proliferation, migration, and/or invasion of
various tumours.52–69 Accordingly, compound 8a-induced
downregulation of these genes could be the reason behind
the antitumour attributes of this indoleamide against GBM
KNS42 cells. Interestingly, neither the CA9 nor SYK
expression was significantly affected in 8a-treated KNS42
cells.

These seven downregulated genes are: 1) placenta specific
protein 1 (PLAC1), 2) Rho GTPase-activating protein 9
(ARHGAP9), 3) apelin early ligand A (APELA) gene, 4) NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subunit
4-like 2 (NDUFA4L2), 5) mitogen-activated protein kinase 4
(MAPK4), 6) L-amino acid transporter 1 (LAT1 or SLC7A5), and
7) angiopoietin-related protein 4 (ANGPTL4). It is noteworthy
that the expression levels of CNR1 and CNR2 genes were not
significantly altered in KNS42 cells treated with compound 6
or 8a, further corroborating the premise that the CB
receptors are presumably uninvolved in our observed
antitumour activities. Importantly, upon retrospectively
inspecting the differential gene expression data of KNS42
cells treated with our previously reported indoleamide
analogue 6, we did not observe any significant alteration in
the expression levels of the preceding seven genes. Taken
together, these findings suggest that despite both
compounds 6 and 8a bearing the same 4,6-difluoroindole-2-
carboxamide structure core, the mechanisms through which
they exert their antitumour effects are seemingly different.

First, PLAC1, the expression of which is restricted to
placental tissues, wherein it plays a key role in the
development and function of placenta, was previously found
to be highly expressed and aberrantly activated in a wide
variety of human cancers.52–54,70 In addition, PLAC1 serves as
a biomarker signifying the presence and prognosis of certain
tumours.71–73 Indeed, apart from the placenta, no detectable
expression of the PLAC1 gene was found in any normal
human tissues; therefore it is considered a cancer/placenta-
specific gene and was designated as cancer-placenta antigen
1 (CP1).54 A growing body of evidence has demonstrated the
oncogenic potential of PLAC1 in various human
malignancies, where its expression was shown to be
attributed to tumour progression.52–54 Equally important,
these studies revealed that silencing PLAC1 in different
cancer cells resulted in an inhibition in the proliferation and
viability thereof, in addition to induction of apoptosis and
cell cycle arrest. Knocking down PLAC1 also impaired the

migration and invasion of tumour cells which are metastasis-
related phenomena that represent the hallmark of
malignancy.52–54 When the KNS42 cells were treated with 8a,
PLAC1 was the most downregulated gene with high statistical
significance (fold change = 30, p < 0.005). This profound
suppression of PLAC1 expression could have contributed to
the observed cytotoxic and antiproliferative activities of
compound 8a against GBM KNS42 cells.

Two other genes that are potentially involved in the
antitumour effects of 8a are ARHGAP9 and MAPK4. The
protein encoded by ARHGAP9 belongs to the Rho family of
GTPases which principally modulate cytoskeletal dynamics.55

Interestingly, ARHGAP9 was previously shown to serve as a
docking protein for mitogen-activated protein kinases
(MAPKs).74 Indeed, the interaction observed between
ARHGAP9 and MAPKs represents a key crosstalk mechanism
between the Rho GTPase and MAPK signalling pathways that
is potentially implicated in regulating actin remodelling.74 It
was, therefore, intriguing to find that ARHGAP9 and MAPK4
were downregulated in 8a-treated KNS42 cells with high
statistical significance (fold change = 12 and 6, respectively, p
< 0.0005). However, whether the observed suppression of
ARHGAP9 and MAPK4 expression is intertwined, or a mere
coincidence requires further investigation. Of note, similar to
PLAC1, the abnormal expression of ARHGAP9 and MAPK4 was
found to be correlated with poor patient survival as well as
the genesis and development/progression of various
tumours.55–58 Therefore, it has been proposed that both
genes can be used as prognostic biomarkers for these
tumours.55,57 Within this context, Wang et al. demonstrated
that silencing ARHGAP9 in different human breast cancer
cells resulted in a marked decrease in cell proliferation,
migration, and invasion, as well as inducing cell cycle arrest
and apoptosis thereof.56 Similarly, knocking down the
expression of MAPK4 inhibited the proliferation and growth
of different human tumour cells and xenografts.57,58 Thus
far, although the exact effects of PLAC1, ARHGAP9, and
MAPK4 expression in HGGs are yet to be determined, their
highly significant downregulation in 8a-treated KNS42 cells
suggests, for the first time, their involvement in the
tumorigenicity of the GBM tumours.

On the other hand, the oncogenic roles of APELA,
NDUFA4L2, SLC7A5, and ANGPTL4 in gliomas, including
GBM, were previously demonstrated in the
literature.59,60,62,66,75 Accordingly, these four genes were
highlighted by researchers as prospective therapeutic targets
in malignant gliomas. The protein encoded by the APELA
gene binds to the Apelin receptor and promotes the
formation of human embryonic vasculature and the growth
of embryonic stem cells.59 Since many signalling networks
function in both embryogenesis and cancers, Yi et al.
investigated the expression of the APELA gene in normal
tissues vs. cancer tissues.61 They found that this gene is
highly expressed in GBM tissues compared to LGGs. In the
same study, the APELA overexpression in ovarian cancers was
found to promote cell growth and migration as well as cell
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cycle progression. Indeed, in the APELA knockout ovarian
cancer cells, the loss of APELA led to an inhibition in cell
proliferation and migration in vitro. Similar results were
discerned in a model of ovarian cancer xenograft bearing
mice, in which the size of APELA knockout tumours was
significantly decreased compared to the wild-type tumours,
supporting the role of APELA in ovarian cancer growth and
progression and suggesting its pro-tumorigenic effects
in vivo.61

In a subsequent report by Ganguly et al., APELA was found
to be expressed at high levels in glioma patients and its
upregulation was negatively correlated with patient survival.59

In this respect, there was a significant difference between
high and low APELA expressing glioma patients, with high
APELA expression being associated with poor patient survival.
In fact, the authors showed a direct correlation between
APELA expression and glioma grade, wherein the highest
APELA expression was found in GBM tumours (grade IV), in
resonance with Yi et al.'s findings.59,61 Interestingly, unlike
the APELA gene, the expression of the Apelin receptor gene in
these patients was not associated with glioma grade or
survival rates.59 The significant downregulation of APELA in
8a-treated KNS42 cells (fold change = 11, p < 0.05) accorded
with the preceding findings, supporting the role of APELA in
the growth of GBM tumours and suggesting that its
suppression in KNS42 cells likely contributed to the observed
antitumour effects of 8a.

Similar to APELA, NDUFA4L2 was shown to act as an
oncogene in different tumours, including GBM.60 NDUFA4L2
is a subunit of the mitochondrial respiratory chain complex
I, which is implicated in oxidative stress and metabolic
reprograming in various cancers. Indeed, many interesting
findings were documented in a very recent study, published
in 2021, supporting the role of NDUFA4L2 in promoting GBM
progression.60 Chen et al. reported therein that the
NDUFA4L2 mRNA and protein were markedly upregulated in
human GBM tissues and these elevated levels were associated
with shorter survival times in GBM patients. Therefore, they
suggested that the high expression of NDUFA4L2 can be
regarded as an independent prognostic biological marker for
the overall survival of GBM patients.60 Like APELA, the
expression levels of NDUFA4L2 in GBM tissues were found to
be highly increased, compared to LGGs and normal brain
tissues. More importantly, they found that knocking down
the NDUFA4L2 gene, both in vitro and in vivo, suppressed
tumour cell proliferation and increased apoptosis, whilst
protective mitophagy was initiated. They also discovered that
apatinib, a multikinase inhibitor that displayed promising
antitumour effects in various clinical trials, can effectively
target NDUFA4L2, recapitulating the effects brought forth by
NDUFA4L2 gene knockdown.60 Indeed, apatinib efficiently
reduced the expression of NDUFA4L2, causing cell cycle
arrest, enhanced apoptosis, and initiation of protective
mitophagy, both in vitro and in vivo. This study was the first
to demonstrate the tumorigenic role of NDUFA4L2 in GBM
tumours.60 Interestingly, compound 8a inhibited the

expression of NDUFA4L2 by 7-fold with high statistical
significance (p < 0.0005). Resonating with the preceding
antitumour characteristics of apatinib, 8a-induced
downregulation of NDUFA4L2 likely contributed to the
observed antiproliferative and cytotoxic effects of 8a against
GBM cells.

The next gene that we determined to be potentially
implicated in 8a-induced antitumour effects is SLC7A5, also
referred to as LAT1. This gene belongs to system L
transporters, which is accountable for the cellular uptake of
most essential amino acids.76 LAT1 was found to be
upregulated in various types of cancer, with predominant
expression in metastatic lesions and primary tumours;
therefore it is considered a cancer-type amino acid
transporter.76 Indeed, its high expression was previously
shown to be closely related to growth, progression, and
aggressiveness of different tumours.62–65 Therefore, it was
also suggested that LAT1 can be used as an independent
marker for poor prognosis in different types of cancer.63 Its
tumour-promoting activity was proven in vivo when LAT1
knockdown metastatic prostatic cancer xenografts showed
suppressed cell cycle progression, tumour growth, and
spontaneous metastasis.64 Importantly, accumulating
literature reports have highlighted several LAT1 inhibitors
that displayed reduction of cellular uptake of leucine, tumour
cell proliferation, and cell cycle progression in various cancer
cell lines in vitro, as well as inhibiting tumour growth
in vivo.63,76,77 Within this context, Kobayashi et al.
demonstrated that 2-aminobicyclo-(2, 2, 1)-heptane-2-
carboxylic acid (BCH), a classical LAT1 inhibitor, displayed
remarkable cytostatic (reduced proliferation) and cytocidal
(increased apoptosis) effects in glioma cells overexpressing
the LAT1 gene.62 They also found that increasing the
expression of LAT1 significantly enhanced the rate of tumour
growth in glioma cells with low endogenous expression of
LAT1 in mice. Additionally, LAT1 was found to be expressed
at higher levels in human HGGs, including GBM, compared
to LGGs, while being undetected in non-neoplastic brain
tissues, correlating the expression levels of LAT1 with the
malignant status of glioma.62 This was further substantiated
by Haining et al.'s study which associated LAT1 upregulation
with the histopathological grade, proliferation, and
angiogenesis of gliomas, in addition to the poor prognosis of
glioma patients.66 The 5-fold downregulation of LAT1 with a
very high statistical significance (p < 0.0001) manifested in
8a-treated KNS42 cells, together with the aforementioned
compelling findings, supports the possible involvement of
LAT1 in the proliferation and viability inhibition of GBM cells
induced by 8a.

Finally, we found that ANGPTL4 was 5-fold downregulated
in 8a-treated KNS42 cells with statistical significance (p <

0.05). This gene is involved in numerous physiological and
pathological functions, such as lipid metabolism,
angiogenesis, cell differentiation, and tumorigenesis.78

Several studies demonstrated that high levels of ANGPTL4 are
correlated with poorer prognosis in patients with solid
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tumours, including GBM, suggesting its role in cancer onset,
angiogenesis, progression, and metastasis.67–69 Importantly,
Katanasaka et al. showed that upregulating the expression of
ANGPTL4 promotes tumour angiogenesis in GBM.75 In
addition, constitutive knockdown of the ANGPTL4 gene in
GBM cells resulted in a significant reduction in the
angiogenesis and growth of the corresponding tumour
xenografts. This in turn suggests the likely involvement of
this gene in the antitumour effects detected in compound 8a.

Overall, we identified seven genes whose expression levels
were previously correlated with growth, progression, and poor
prognosis of various tumours. Targeting the activity of each
of these seven genes genetically and/or chemically was also
shown to abrogate tumour growth in several reports.
Accordingly, the antitumour activity of 8a could be accredited
to modulating the expression levels of these oncogenes.

4.4. ADME profiling

The top potent derivatives 8a, 8c, 8f, 12c, and 24d in addition
to WIN55,212-2 (2) were evaluated for their drug-likeness
(Table 4) through assessing their conformity to Lipinski's rule
of five (RO5) using ACD/Labs Percepta 2016 Build 2911 (13
Jul 2016). The log BB values of these compounds were also
predicted in silico to examine their BBB permeability
potential. The indole-2-carboxamide derivatives 8a, 8c, 8f,
and 12c as well as WIN55,212-2 showed no violation to the
RO5, indicating the drug-like attributes of these compounds.
The small size and optimum lipophilicity (Log P = 2.69–3.23)
of the preceding four indole-2-carboxamides suggest the
prospective bioavailability of these analogues. On the
contrary, the high lipophilicity of the quinolone derivative
24d (log P = 5.07) accounted for the one minor violation
observed therein. All five compounds and WIN55,212-2 (2)
are also expected to traverse the BBB, whereupon they may
exert their antitumor activities.

5. Conclusions

Motivated by the previously reported antitumour activity of
the indole-based CB ligands WIN55,212-2 and compound 5,

several analogous arylcarboxamide derivatives were designed,
synthesised and evaluated for their cytotoxicity and
antiproliferative activities against paediatric GBM KNS42
cells. The structure–antitumour activity relationship of our
analogues led to the following highlights: (a) the indole-2-
carboxamide framework is superior to the benzimidazole,
indazole and quinolone counterparts; (b) replacing the
adamantane moiety in 5 with benzyl or homopiperonyl
groups was favourable; (c) mixed results were manifested
when the linker connecting the indole moiety and
adamantane group was overextended. Derivatives 8a, 8c, 8f,
12c, and 24d displayed the most potent inhibitory activities
against the viability and proliferation of KNS42 cells.
WIN55,212-2 and selective CB2R agonists 4 and 5 showed
potent cytotoxic activities against KNS42 cells, whilst JWH-
133 was devoid of activity. Compounds 8a, 8c, 8f, 12c, and
24d maintained their potent antitumour activities against the
other tested grade IV non-GBM paediatric brain tumour cells
BT12 and BT16 (AT/RT). When tested against the DAOY
(medulloblastoma) cells, these compounds were mostly
active, with the exception of 8a. All indole-2-carboxamides 8a,
8c, 8f, and 12c showed no cytotoxicity against non-neoplastic
human fibroblasts HFF1, suggesting their selective activity
towards tumour cells. On the contrary, the quinolone-3-
carboxamide 24d and reference compound WIN55,212-2 were
toxic towards HFF-1 cells.

Based on the structural similarities between the newly
synthesised compounds and known indole-based
cannabinoids, CB functional assays were performed. None of
our five most active compounds showed agonistic activity at
CB1R or CB2R. In the antagonist mode, compounds 8a, 8c,
and 12c failed to inhibit the CP55940-mediated response at
both receptors. On the contrary, compounds 8f and 24d
behaved as antagonists at CB1R and CB2R, respectively. The
discrepancies observed between the antitumour activities of
our compounds and their CB functional profiles suggest a
complex interplay between CB receptor modulation and CB-
independent antitumour mechanisms which remain to be
determined. This was further supported by previous reports
indicating the non-involvement of CB receptors in the
antitumour activity of several cannabinoids.22,26,31–36,50,79 We
further substantiated this premise when we performed a
transcriptional analysis on KNS42 cells, wherein neither
compound 6 nor 8a altered the expression of CNR1 and CNR2
genes. Contrary to our recent findings on compound 6,38 the
N-benzylindoleamide 8a did not show a significant
modification in the expression of CA9 and SYK genes.
Alternatively, we found a set of seven oncogenes that were
significantly downregulated in 8a-treated KNS42 cells.

The expression levels of each of these seven genes was
previously shown to be positively correlated with the growth,
progression, migration, invasion, and/or prognosis of various
tumours.52–64,66–69 Since genetically and/or chemically
inhibiting the expression of these genes has been previously
shown to suppress tumour growth, the antitumour activity of
8a could be attributed to downregulating the expression of

Table 4 Calculated drug-like properties of the top potent compounds
8a, 8c, 8f, 12c, and 24d in addition to reference compound 2 using ACD/
Labs Percepta 2016 build 2911 (13 Jul 2016)

Cpd MW HBD HBA logP NRB TPSA Log BB

8a 286.28 2 3 3.17 3 44.89 0.08
8c 304.27 2 3 3.23 3 44.89 −0.20
8f 344.31 2 5 3.02 4 63.35 −0.15
12c 312.27 3 5 2.69 2 73.57 −0.64
24d 391.29 2 4 5.07 2 58.20 0.21
2 426.51 0 5 4.13 4 43.70 −0.23

MW: molecular weight, HBD: H-bond donors, HBA: H-bond
acceptors, log P: octanol–water partition coefficient, NRB: number of
rotatable bonds, TPSA: topological polar surface area, Log BB: [log (C
brain/C blood)].
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these genes. Upon performing a retrospective examination on
the differential expression of the genes in compound 6-
treated KNS42 cells, we found that the expression levels of
the seven genes, potentially implicated in 8a antitumour
activity, are not significantly changed. This in turn suggests
that despite the structural homology between compounds 6
and 8a, both compounds seemingly inhibit the proliferation
and viability of GBM cells via different mechanisms of action.
Overall, the drug-like profile, in vitro antitumour activities,
and preliminary safety towards non-tumour cells of 8a, 8c, 8f,
and 12c establish the indole-2-carboxamides as potential
therapeutic agents that can efficiently target malignant brain
tumours.

6. Experimental section
6.1. Chemistry

General information. The following starting materials:
4,6-difluoroindole-2-carboxylic acid (7) and 1-adamantylamine
(15) were purchased from Fluorochem, while
2-aminobenzimidazole (11) was purchased from AlfaAesar.
Benzimidazole-2-carboxylic acid (9), indazole-3-carboxylic acid
(13), and 4-aminophenylacetic acid (19b) were purchased
from AK Scientific. WIN55,212-2 and JWH-133 were
purchased from Cayman Chemical. 1H NMR and 13C NMR
spectra were recorded on a Bruker Avance III spectrometer at
400 and 100 MHz, respectively, with TMS as an internal
standard. Standard abbreviations indicating multiplicity were
as follows: s = singlet, d = doublet, dd = doublet of doublets,
t = triplet, q = quadruplet, m = multiplet and br = broad.
HRMS experiments were carried out on a Thermo Scientific
Q-Exactive Orbitrap mass spectrometer. TLC was performed
on Analtech silica gel TLC plates (200 microns, 20 × 20 cm).
Flash chromatography was conducted using a Teledyne Isco
CombiFlash Rf system with RediSep columns or manually
using SiliCycle SiliaFlash® P60 silica gels [40–63 μm (230–400
mesh)]. The final compounds were purified by preparative
HPLC unless otherwise stated. The preparative HPLC
employed an Omega 5 μm Polar C18 (21.2 × 150 mm)
column, with detection at 254 and 280 nm on a Shimadzu
SPD-20A detector, flow rate = 25.0 mL min−1. Method 1: 40–
100% acetonitrile/H2O in 10 min; 100% acetonitrile in 15
min; 100–40% acetonitrile/H2O in 10 min. Method 2: 50–
100% acetonitrile/H2O in 10 min; 100% acetonitrile in 15
min; 100–50% acetonitrile/H2O in 10 min. Method 3: 60–
100% acetonitrile/H2O in 10 min; 100% acetonitrile in 15
min; 100–60% acetonitrile/H2O in 10 min. Both solvents
contained 0.05 vol% of trifluoroacetic acid (TFA). The purities
of the final compounds were established by analytical HPLC,
which was carried out using a Waters 1525 HPLC system with
a Phenomenex 5 μm C18 (2) (150 × 4.6 mm), on a Waters
2487 dual wavelength detector. Analytical HPLC method: flow
rate = 1 mL min−1; gradient elution over 35 min. Gradient:
20–100% acetonitrile/H2O in 15 min; 100% acetonitrile in 10
min; 100–20% acetonitrile/H2O in 5 min. Both solvents
incorporated 0.05 vol% of TFA. The purity of all tested

compounds was at least 95% as determined by the method
described above.

6.1.1. General procedure for amide coupling (method A).
To a solution of the appropriate carboxylic acid (1 equiv.) in
anhydrous dimethylformamide (DMF, 10 mL mmol−1), HOBt
(2 equiv.) and EDC·HCl (2 equiv.) were added at room
temperature (rt). After stirring for 10 min, the corresponding
amine (1.2 equiv.) and DIPEA (6 equiv.) were added, and the
reaction mixture was stirred at room temperature (rt) until
the disappearance of the starting material (usually 60–72 h).
After this time, water (50 mL) was added, and the mixture
was extracted with EtOAc (3 × 50 mL). The combined organic
layers were washed with water (5 × 25 mL) and brine (1 × 25
mL), dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure. The residue was purified by flash
chromatography using a dichloromethane/methanol (DCM/
MeOH) gradient prior to further preparative HPLC
purification unless otherwise stated.

6.1.2. General procedure for amide coupling (method B). A
mixture of 2-aminobenzimidazole (1 mmol), EDC·HCl (1.2
mmol), DMAP (1.2 mmol) and the appropriate carboxylic acid
(1.2 mmol) in a (1 : 1) 20 mL mixture of anhydrous DCM and
anhydrous tetrahydrofuran (THF) was stirred at room
temperature (rt) for 72 h. In compounds 12a and 12c, the
reaction mixture was quenched with saturated NH4Cl
solution (50 mL) and extracted with DCM (3 × 25 mL) and
ethyl acetate (3 × 25 mL). The combined organic layers were
washed with brine (1 × 50 mL), dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The
residue was purified by flash chromatography using a DCM/
MeOH gradient. The two compounds were then further
purified via preparative HPLC to attain >95% purity. In
compound 12b, after 72 h of stirring at rt, the solvent was
evaporated under vacuum and the residue was purified by
manual column chromatography. The obtained product was
already >95% pure.

6.1.3. General procedure for N-Boc protection (method C).
To a solution of the appropriate amine (3 mmol) in 30 mL of
water : dioxane (1 : 2), di-tert-butyl dicarbonate (Boc2O, 6
mmol) and triethylamine (Et3N, 6 mmol) were added and the
reaction mixture was stirred at rt for 72 h. Three quarters of
the solvent was then evaporated in vacuo and the residue was
acidified with 3 M aqueous HCl. The formed precipitate was
filtered off, washed with water, and dried.

6.1.4. General procedure for N-Boc deprotection (method
D). To a solution of the N-Boc protected amine (1 mmol) in 5
mL DCM, 2 mL TFA was added. The reaction mixture was
stirred for 12 h and concentrated in vacuo then Na2HCO3

solution was added for neutralisation, followed by extraction
with DCM (3 × 50 mL). The combined organic phases were
washed with brine (1 × 25 mL), dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The
residue was purified by flash chromatography using a DCM/
MeOH gradient.

6.1.5. Preparation of synthetic intermediates 20a, 21a, 22a,
and final compound 23a. The synthesis of the title
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compounds and their chemical characterisation are
delineated in our recent article.38

6.1.6. Preparation of the tested quinoloneamides. The
tested quinolones 24a–e and 25a–e were synthesised and
characterised as we previously reported.46

N-Benzyl-4,6-difluoro-1H-indole-2-carboxamide (8a). This
compound was obtained from 4,6-difluoroindole-2-carboxylic
acid (7) and benzylamine employing method A. White solid,
yield: 98%. Its chemical characterisation is detailed in our
recently published report.38 1H NMR (DMSO-d6) δ 12.05 (s,
1H), 9.13 (t, J = 5.9 Hz, 1H), 7.38–7.28 (m, 5H), 7.28–7.20 (m,
1H), 7.04 (dd, J = 9.4, 1.3 Hz, 1H), 6.87 (td, J = 10.4, 1.9 Hz,
1H), 4.52 (d, J = 6.0 Hz, 2H).

4,6-Difluoro-N-(3-methylbenzyl)-1H-indole-2-carboxamide
(8b). 4,6-Difluoroindole-2-carboxylic acid (7) and
3-methylbenzyl amine were used to deliver the title
compound following method A. It was >95% pure after flash
chromatography. White solid, yield: 90%.1H NMR (DMSO-d6)
δ 12.04 (s, 1H), 9.09 (t, J = 6.0 Hz, 1H), 7.30 (s, 1H), 7.22 (t, J =
7.5 Hz, 1H), 7.17–7.00 (m, 4H), 6.87 (td, J = 10.4, 1.8 Hz, 1H),
4.49 (d, J = 6.0 Hz, 2H); 13C NMR (DMSO-d6) δ 160.8, 159.7
(dd, J = 237.0, 12.0 Hz), 156.2 (dd, J = 248.7, 15.5 Hz),
139.7138.1 (dd, J = 15.2, 13.2 Hz), 137.9, 133.1 (d, J = 3.2 Hz),
128.7, 128.3, 128.0, 124.8, 113.6 (d, J = 21.9 Hz), 98.8, 95.7
(dd, J = 29.7, 23.2 Hz), 95.1 (dd, J = 25.9, 4.4 Hz), 42.7, 21.5;
HRMS (ESI) m/z calcd for C17H14F2N2O ([M + H]+) m/z
301.1147; found 301.1141.

4,6-Difluoro-N-(4-fluorobenzyl)-1H-indole-2-carboxamide (8c).
The title compound was obtained from 4,6-difluoroindole-2-
carboxylic acid (7) and 4-fluorobenzyl amine employing
method A. This compound was purified by crystallisation
from DMF and was obtained in >95% purity. Off white solid,
yield: 76%.1H NMR (DMSO-d6) δ 12.04 (s, 1H), 9.13 (t, J = 6.0
Hz, 1H), 7.46–7.33 (m, 2H), 7.27 (s, 1H), 7.21–7.11 (m, 2H),
7.03 (dd, J = 9.4, 1.5 Hz, 1H), 6.88 (td, J = 10.4, 2.0 Hz, 1H),
4.49 (d, J = 5.9 Hz, 2H); 13C NMR (DMSO-d6) δ 161.7 (d, J =
242.3 Hz), 160.8, 159.7 (dd, J = 237.0, 12.0 Hz), 156.2 (dd, J =
248.8, 15.6 Hz), 138.1 (dd, J = 15.0, 13.3 Hz), 136.0 (d, J = 3.0
Hz), 133.0 (d, J = 3.1 Hz), 129.7 (d, J = 8.1 Hz), 115.5 (d, J =
21.3 Hz), 113.6 (d, J = 21.8 Hz), 98.9, 95.7 (dd, J = 29.7, 23.3
Hz), 95.1 (dd, J = 25.9, 4.3 Hz), 42.0; HRMS (ESI) m/z calcd for
C16H11F3N2O ([M + H]+) m/z 305.0896; found 305.0894.

N-(2,3-Dimethoxybenzyl)-4,6-difluoro-1H-indole-2-
carboxamide (8d). This compound was synthesised from
4,6-difluoroindole-2-carboxylic acid (7) and
2,3-dimethoxybenzyl amine following method A. White solid,
yield: 78%.1H NMR (DMSO-d6) δ 12.05 (s, 1H), 9.07 (t, J = 5.9
Hz, 1H), 7.29 (s, 1H), 7.03 (dd, J = 9.4, 1.3 Hz, 1H), 6.97 (d, J =
1.5 Hz, 1H), 6.85–6.92 (m, 3H), 4.44 (d, J = 5.9 Hz, 2H), 3.74
(s, 3H), 3.72 (s, 3H); 13C NMR (DMSO-d6) δ 160.7, 159.6 (dd, J
= 238.3, 12.1 Hz), 156.2 (dd, J = 248.6, 15.6 Hz), 149.1, 148.3,
138.1 (dd, J = 15.2, 13.3 Hz), 133.2 (d, J = 3.2 Hz), 132.2,
120.0, 113.6 (d, J = 22.0 Hz), 112.3, 112.0, 98.9, 95.6 (dd, J =
29.7, 23.2 Hz), 95.1 (dd, J = 25.9, 4.4 Hz), 56.0, 55.9, 42.5;
HRMS (ESI) m/z calcd for C18H16F2N2O3 ([M + H]+) m/z
347.1202; found 347.1202.

N-(Piperonyl)-4,6-difluoro-1H-indole-2-carboxamide (8e). This
compound was obtained from 4,6-difluoroindole-2-carboxylic
acid (7) and piperonylamine following method A. It was 95%
pure after flash chromatography. Buff solid, yield: 93%.1H
NMR (DMSO-d6) δ 12.03 (s, 1H), 9.05 (t, J = 6.0 Hz, 1H), 7.26
(s, 1H), 7.02 (dd, J = 9.4, 1.5 Hz, 1H), 6.93–6.84 (m, 3H), 6.81
(dd, J = 8.0, 1.5 Hz, 1H), 5.98 (s, 2H), 4.41 (d, J = 6.0 Hz, 2H);
13C NMR (DMSO-d6) δ 160.7, 159.7 (dd, J = 238.4, 12.2 Hz),
156.2 (dd, J = 248.7, 15.5 Hz), 147.7, 146.6, 138.1 (dd, J = 15.3,
13.2 Hz), 133.7, 133.1 (d, J = 3.3 Hz), 121.0, 113.6 (d, J = 22.5
Hz), 108.5, 108.4, 101.3, 98.8, 95.7 (dd, J = 29.7, 23.3 Hz), 95.1
(dd, J = 25.8, 4.4 Hz), 42.5; HRMS (ESI) m/z calcd for C17H12-
F2N2O3 ([M + H]+) m/z 331.0889; found 331.0881.

N-(Homopiperonyl)-4,6-difluoro-1H-indole-2-carboxamide
(8f). The title compound was synthesised from
4,6-difluoroindole-2-carboxylic acid (7) and
homopiperonylamine following method A. It was >95% pure
after flash chromatography. White solid, yield: 73%.1H NMR
(DMSO-d6) δ 11.97 (s, 1H), 8.60 (t, J = 5.6 Hz, 1H), 7.19 (d, J =
1.1 Hz, 1H), 7.02 (dd, J = 9.4, 1.4 Hz, 1H), 6.88 (overlapping
td, J = 10.4, 2.0 Hz, 1H), 6.84 (d, J = 1.6 Hz, 1H), 6.81 (d, J =
7.9 Hz, 1H), 6.69 (dd, J = 7.9, 1.6 Hz, 1H), 5.95 (s, 2H), 3.47
(q, J = 6.7 Hz, 2H), 2.77 (t, J = 7.2 Hz, 2H); 13C NMR (DMSO-
d6) δ 160.7, 159.6 (dd, J = 238.3, 12.1 Hz), 156.1 (dd, J = 248.5,
15.6 Hz), 147.7, 146.0, 138.0 (dd, J = 15.2, 13.2 Hz), 133.6,
133.3 (d, J = 3.3 Hz), 122.0, 113.6 (d, J = 21.1 Hz), 109.5,
108.6, 101.1, 98.5, 95.6 (dd, J = 29.6, 23.3 Hz), 95.1 (dd, J =
25.9, 4.4 Hz), 41.1, 35.2; HRMS (ESI) m/z calcd for C19H20F2-
N2O2 ([M + H]+) m/z 345.1045; found 345.1038.

N-(1-Adamantyl)-1H-benzimidazol-2-carboxamide (10). The
title compound was synthesised from benzimidazole-2-
carboxylic acid (9) and 1-adamantylamine following method
A. The 1H NMR data matched the one reported in the
literature.51 It was >95% pure after flash chromatography.
White solid, yield: 66%. 1H NMR (DMSO-d6) δ 13.11 (s, 1H),
7.74 (s, 1H), 7.61 (s, 2H), 7.31–7.24 (m, 2H), 2.10 (s, 6H), 2.08
(s, 3H), 1.67 (s, 6H).

N-(1H-Benzimidazol-2-yl)adamantane-1-carboxamide (12a).
The title compound was synthesised from
2-aminobenzimidazole (11) and 1-adamantanecarboxylic acid
according to method B and its 1H NMR data matched the
one we reported before.80 White solid, yield: 41%. The 1H
NMR (DMSO-d6) δ 7.61 (s, 2H), 7.32 (s, 2H), 2.05 (s, 3H), 1.97
(s, 6H), 1.72 (s, 6H).

2-(1-Adamantyl)-N-(1H-benzimidazol-2-yl)acetamide (12b).
This compound was obtained from 2-aminobenzimidazole
(11) and 1-adamantaneacetic acid employing method B and it
was >95% pure after flash chromatography. Its 1H NMR data
matched the one we reported before.80 White solid, yield:
72%.1H NMR (DMSO-d6) δ 12.05 (s, 1H), 11.41 (s, 1H), 7.43 (s,
2H), 7.15–6.95 (m, 2H), 2.19 (s, 2H), 1.91 (s, 3H), 1.74–1.49
(m, 12H).

N-(1H-Benzimidazol-2-yl)-4,6-difluoro-1H-indole-2-
carboxamide (12c). This compound was obtained via amide
coupling 2-aminobenzimidazole (11) and 4,6-difluoroindole-
2-carboxylic acid (6) following method B. White solid, yield:
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35%. 1H NMR (DMSO-d6) δ 12.34 (s, 1H), 7.67 (s, 1H), 7.62 (s,
2H), 7.32 (dd, J = 5.3, 2.2 Hz, 2H), 7.14 (dd, J = 9.3, 1.8 Hz,
1H), 6.96 (td, J = 10.3, 2.0 Hz, 1H); 13C NMR (DMSO-d6) δ

160.8, 160.6 (dd, J = 240.5, 12.0 Hz), 156.6 (dd, J = 250.3, 15.6
Hz), 146.3, 139.1 (overlapping dd, J = 14.0 Hz, 1H), 131.4,
124.0, 113.9, 113.8, 113.7, 102.8, 96.4 (dd, J = 30.0, 23.0 Hz),
95.4 (dd, J = 26.0, 4.1 Hz); HRMS (ESI) m/z calcd for C17H14F2-
N2O ([M + H]+) m/z 301.1147; found 301.1141.

N-(1-Adamantyl)-1H-indazole-3-carboxamide (14). The title
compound was synthesised from indazole-3-carboxylic acid
(13) and 1-adamantylamine following method A. It was >95%
pure after flash chromatography. The 1H NMR data matched
the one reported in the literature.51 White solid, yield: 62%.
1H NMR (DMSO-d6) δ 13.47 (s, 1H), 8.14 (d, J = 8.2 Hz, 1H),
7.59 (d, J = 8.4 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.27–7.17 (m,
2H), 2.11 (s, 6H), 2.07 (s, 3H), 1.68 (s, 6H).

tert-Butyl (2-(adamantan-1-ylamino)-2-oxoethyl)carbamate
(16). The title compound was prepared from
1-adamantylamine (15) according to the reported
procedure.47 The obtained crude residue was used without
further purification in the next step; white solid, yield: 80%.

N-(1-Adamantyl)-2-aminoacetamide (17). This compound was
synthesised using the crude product 16 employing method D.
The 1HNMR data matched the one reported in the literature.47

White solid, yield: 92%. 1H NMR (DMSO-d6) δ 7.48 (s, 1H), 3.12
(s, 2H), 2.01 (s, 3H), 1.92 (d, J = 2.6 Hz, 6H), 1.62 (s, 6H).

N-(2-((Adamantan-1-yl)amino)-2-oxoethyl)-4,6-difluoro-1H-
indole-2-carboxamide (18). This compound was prepared from
compound 17 and 4,6-difluoroindole-2-carboxylic acid (7)
following method A. White solid, yield: 82%.1H NMR (DMSO-
d6) δ 12.02 (s, 1H), 8.71 (t, J = 5.9 Hz, 1H), 7.38 (s, 1H), 7.25
(d, J = 1.7 Hz, 1H), 7.04 (dd, J = 9.3, 1.5 Hz, 1H), 6.88 (td, J =
10.4, 1.8 Hz, 1H), 3.85 (d, J = 5.9 Hz, 2H), 2.01 (s, 3H), 1.94 (s,
6H), 1.62 (s, 6H); 13C NMR (DMSO-d6) δ 168.0, 161.0, 159.7
(dd, J = 238.5, 12.1 Hz), 156.2 (dd, J = 248.7, 15.5 Hz), 138.1
(dd, J = 15.2, 13.2 Hz), 133.0 (d, J = 3.3 Hz), 113.6 (d, J = 21.7
Hz), 99.0, 95.7 (dd, J = 29.6, 23.3 Hz), 95.0 (dd, J = 25.9, 4.4
Hz), 51.3, 42.8, 41.5, 36.5, 29.3; HRMS (ESI) m/z calcd for C21-
H23F2N3O2 ([M + H]+) m/z 388.1831; found 388.1830.

2-(4-((tert-Butoxycarbonyl)amino)phenyl)acetic acid (20b).
This compound was obtained via N-Boc protection of
4-aminophenylacetic acid 19b following method C. The 1-
HNMR data matched the one reported in the literature.81

White solid, yield: 84%.1H NMR (DMSO-d6) δ 7.89 (d, J = 8.2
Hz, 2H), 7.45 (t, J = 6.0 Hz, 1H), 7.34 (d, J = 8.2 Hz, 2H), 4.18
(d, J = 6.1 Hz, 2H), 1.39 (s, 9H).

tert-Butyl (4-(2-((-adamantan-1-yl)amino)-2-oxoethyl)phenyl)
carbamate (21b). The title compound was prepared via amide
coupling 20b and 1-adamantylamine employing method A.
The collected crude product after evaporating the EtOAc
extract was used without further purification in the next step;
buff solid, yield: 70%.

N-(1-Adamantyl)-2-(4-aminophenyl)acetamide (22b). This
compound was obtained via N-Boc deprotection (method D)
of the crude product 21b. Buff solid, yield: 90%.1H NMR
(DMSO-d6) δ 10.06 (t, J = 5.7 Hz, 1H), 7.74 (d, J = 8.2 Hz, 2H),

7.54 (s, 1H), 7.31 (d, J = 8.2 Hz, 2H), 4.42 (d, J = 5.8 Hz, 2H),
2.06 (s, 9H), 1.65 (s, 6H); 13C NMR (DMSO-d6) δ 170.8, 147.3,
129.7, 124.4, 114.3, 51.1, 42.9, 41.5, 36.5, 29.3.

N-(4-(2-((-Adamantan-1-yl)amino)-2-oxoethyl)phenyl)-4,6-
difluoro-1H-indole-2-carboxamide (23b). This compound was
obtained via amide coupling 4,6-difluoroindole-2-carboxylic
acid (7) and 22b employing method A. The product was
further crystallised from a 70% DCM/30% MeOH mixture
and was obtained in >95% purity. White solid, yield: 96%.1H
NMR (DMSO-d6) δ 12.15 (s, 1H), 10.24 (s, 1H), 7.68 (d, J = 8.6
Hz, 2H), 7.52 (s, 2H), 7.23 (d, J = 8.6 Hz, 2H), 7.07 (dd, J = 9.4,
1.4 Hz, 1H), 6.91 (td, J = 10.4, 2.1 Hz, 1H), 3.32 (s, 2H), 1.98
(s, 3H), 1.92 (s, 6H), 1.59 (s, 6H); 13C NMR (DMSO-d6) δ 170.0,
159.9 (dd, J = 239.0, 12.1 Hz), 159.3, 156.3 (dd, J = 249.0, 15.5
Hz), 138.4 (dd, J = 15.3, 13.0 Hz), 137.3, 133.0 (d, J = 3.2 Hz),
132.9, 129.6, 120.6, 113.6 (d, J = 21.9 Hz), 99.9, 95.9 (dd, J =
29.8, 23.2 Hz), 95.1 (dd, J = 25.9, 4.4 Hz), 51.2, 43.0, 41.4,
36.5, 29.3; HRMS (ESI) m/z calcd for C27H27F2N3O2 ([M + H]+)
m/z 464.2144; found 464.2138.

6.2. Biological evaluation

6.2.1. Antitumour activity. The four well-established
paediatric brain tumour cell lines were all derived from
humans and were used to assess the effects on proliferation
and viability when treated with the indole and indole
bioisostere carboxamide derivatives. KNS42 (glioblastoma
multiforme – GBM), BT-12 and BT-16 (atypical teratoid
rhabdoid tumour – AT/RT) cell lines were gifts from Dr.
Hashizume, Northwestern University, whereas DAOY cells
(medulloblastoma – MB) were obtained from ATCC. The
human fibroblasts HFF1 (obtained from ATCC) were used as
non-neoplastic controls. The cells were cultured and the
compounds were screened for their proliferation and viability
inhibitory activities following the protocol described in our
previous report.38 Each experiment was executed in triplicate.

6.2.2. Transcriptional analysis of KNS42 cells. The KNS42
cells were maintained in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and incubated at 37 °C
in 5% CO2. The cells were treated with 10 μM compound 8a.
The cells were washed with 1× PBS, scraped with a cell scraper
and centrifuged to collect cell pellets after 72 hours of
treatment. The RNA samples were then prepared according to
our previous report38 and were submitted to BGI Americas for
DNBSEQ Eukaryotic Stranded Transcriptome Resequencing.

6.2.3. In vitro functional activity assay at CB1R and CB2R.
Mouse AtT-20 neuroblastoma cells stably transfected with
human CB1R or human CB2R were used for evaluation of
membrane potential responses as previously reported.82,83 In
antagonist mode, cells were pre-incubated with the vehicle or
compounds for 60 minutes, before addition of 500 nM CP
55940. Data were analysed with PRISM (GraphPad Software
Inc., SanDiego, CA), using four-parameter non-linear
regression to fit agonist (EC50) and antagonist (IC50)
concentration response curves.
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Conclusions 

When paediatric GBM KNS42 cells were found to be overexpressing CB1R, a closer 

look at the antitumour potential of cannabinoids was taken. Numerous natural and 

synthetic-based cannabinoids, including 9-THC, CBD, WIN55,212-2, JWH-133, and 

rimonabant, were demonstrated to have potent antitumour activities. Some reports 

showed that the antitumour potential of cannabinoids is attributed to modulating the 

activity of CB receptors. Nonetheless, numerous studies attested that the antitumour 

activities of several cannabinoids are independent of CB receptors. Similar to the 

foregoing cannabinoids, the I2C architecture was proven to act as a potent modulator 

of CB receptors. In addition, some I2C analogues were shown to have dual 

pharmacology profiles as potent anti-TB and anti-tumour agents in our 2021 RSC 

Advances article (Chapter 6). Accordingly, several I2C analogues and bioisosteres 

were designed, synthesised, and evaluated for their anti-TB and antitumour activities. 

When assessed for their anti-TB activities, all the newly designed I2C analogues, 

benzimidazoles, and indazole-3-carboxamide were devoid of anti-TB activity. 

Therefore, the focus of our RSC Medicinal Chemistry was directed towards the 

antitumour potential of these I2C analogues and bioisosteres. The top potent 

compounds were evaluated for their agonistic and antagonistic activities at CB1R and 

CB2R. No correlation was clearly discerned between the antitumour activities and CB 

receptor modulation profiles of our tested compounds. Differential gene expression 

analysis was performed on KNS42 cells treated with one of the top potent compounds 

versus the untreated cells. A set of seven oncogenes were found to be downregulated 

in the I2C-treated KNS42 cells compared to the control cells. Overall, the I2C 

architecture seems to be a multi-target directed ligand, in which it can be structurally 

modified to obtain molecules with specific biological activities or polypharmacology 

profiles.   

 

In Chapters 1 – 7 of this thesis, "every reasonable effort has been made to 

acknowledge the owners of copyright material. I would be pleased to hear from 

any copyright owner who has been omitted or incorrectly acknowledged." 
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8.1. Conclusions 

Despite the discovery of the tubercle bacilli more than a century ago by Robert Koch 

as the causative agent of TB, this infectious disease remains one of the leading causes 

of deaths worldwide, especially in underprivileged societies. The two monumental 

hurdles thwarting the global TB control efforts are the HIV epidemic and the growing 

ubiquity of the drug-resistant (DR) Mycobacterium tuberculosis (M. tb) strains. 

Therefore, new anti-TB agents with novel mechanisms of action are desperately 

needed to outmanoeuvre the mycobacterial resistance mechanisms against current 

antibiotics.  

This project was mainly focused on the development of novel anti-TB agents effective 

against both drug-sensitive (DS) and DR M. tb strains. In addition, several molecules 

were repurposed/designed as antitumour agents. The major aims achieved in this 

project are the following: 

1- Investigating the role of phosphorylation and dephosphorylation in the 

biosynthesis of mycolic acids (MAs) in M. tb as part of the mycobacterial 

mechanism in eluding the host’s immune response. 

2- Designing, synthesising, and biologically evaluating various indole-2-

carboxamide (I2C) analogues and bioisosteres as potent anti-TB agents. 

3- Structurally modifying isoniazid (INH), pyrazinamide (PZA), and ciprofloxacin 

(CPF) to optimise their physicochemical properties and discover new anti-TB 

analogues. 

4- Highlighting the polypharmacology profile of the I2C framework through the 

identification of several I2C analogues and bioisosteres showing potent anti-TB 

and antitumour activities. 

Chapter 1 entails a general introduction on TB statistics, pathogenesis, current 

treatment regimens, and hot targets in M. tb with their related drug candidates. This 

introduction is intended to be later prepared as a manuscript to be submitted for 

publication as a review article. The first major aim was rigorously addressed in a review 

article published in 2019 in Current Molecular Pharmacology journal (Chapter 2). The 

ability of M. tb to modulate the functional activity of several enzymes involved in the 

MAs synthesis was summarised therein. In this respect, M. tb uses phosphorylation 

and dephosphorylation machineries to modify its cell wall composition in response to 
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different environmental conditions, allowing for the bacterial virulence and survival 

within the host. Prior to incorporating the review article in this Chapter, the role of M. 

tb-secreted kinases and phosphatases in establishing infection inside the granuloma 

and evading the phagosome-lysosome fusion was thoroughly discussed. This 

unpublished part is also intended to be later submitted as a review article. Taken 

together, targeting mycobacterial protein kinases and phosphatases that are 

implicated in the M. tb survival mechanisms represents a novel and unorthodox 

approach that could be further exploited in the future to develop new anti-TB agents. 

The second major aim entailed the rational design and synthesis of novel anti-TB 

compounds employing the I2C framework as a template (Chapter 3; RSC Advances 

2020 article). To this end, the indole ring was replaced by various bioisosteres or 

scaffold hops, while the carboxamide and the N-linked cycloaliphatic moiety were 

maintained. The most successful replacement in this strategy was the naphthalene 

moiety [minimum inhibitory concentration (MIC) = 3.27 – 13.10 µM (1 – 4 µg/mL)] 

against DS and DR M. tb strains. These naphthalene analogues showed no 

cytotoxicities against normal mammalian cells (Vero cells), suggesting their selective 

activities against M. tb. Since the indole scaffold proved to be superior to the other 

structural subunits used in its place, the next strategy was to retain the indole moiety 

and the N-linked moiety, while modifying the central amide linker. Introducing a 

carbonyl group between the amide group and the cycloaliphatic tail (imide linker) was 

the most tolerated change to the amide connector [MIC = 22.32 µM (8 µg/mL)]. 

Docking studies using the MmpL3 crystal structure were conducted to shed light on 

the potential mode of action of the top potent compounds. The virtual binding modes 

of the new active analogues within the MmpL3 active site were similar to the co-

crystallised I2C ligand.  

On the other hand, the main structural modification entailed in Chapter 4 (Bioorganic 

Chemistry 2021 article) was the introduction of a hydroxyl group to the N-linked 

adamantane moiety, while the indole ring and the amide group were preserved. The 

reason behind this approach was to improve the water solubility of the N-cycloaliphatic 

I2C framework while maintaining optimum lipophilicity for eliciting good anti-TB 

activity. Three N-adamantanol I2C analogues showed potent activities against DS, 

multidrug-resistant (MDR), and extensively drug-resistant (XDR) M. tb isolates (MIC = 

0.66 – 5.77 µM). These derivatives also displayed negligible cytotoxicities against 
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Vero cells, indicating their preliminary safety profiles as well as their selectivity towards 

M. tb. Expectedly, the binding profiles of the most active N-adamantanol I2C 

analogues were similar to the co-crystallised I2C ligand. Upon experimentally 

determining the water solubility of some representative analogues, the adamantanol 

containing compounds demonstrated 2- to 3-fold improvement in their kinetic aqueous 

solubility compared to the homologous bare adamantane derivatives. In addition, an 

overall improvement in the in silico physicochemical parameters of the adamantanol 

analogues was observed in comparison to the unsubstituted adamantane 

counterparts. Accordingly, the adamantanol ring constitutes a valid replacement to the 

less polar adamantane moiety, wherein a potent anti-TB activity was retained while 

the drug-like properties were improved. 

Contrary to the aforementioned strategies applied to the I2C framework, the third 

major aim involved increasing the lipophilicity of some TB antibiotics, namely INH, 

PZA, and CPF, via attaching an adamantane moiety (Chapter 5; Chemical Biology 

and Drug Design 2021 article). In addition, several hybrids were synthesised, in which 

two pharmacophores from various anti-TB agents with different mechanisms of action 

were conjugated. The hybrid incorporating both INH and PZA was shown to be the 

most active compound in this study (MIC = 2 – 4 µg/mL against DS M. tb), while 

displaying no cytotoxicity against Vero cells (MIC ≥ 64 µg/mL). Unfortunately, this 

hybrid was stripped of its activity when tested against DR M. tb isolates (MIC > 32 

µg/mL), suggesting that it targets a mechanistic pathway similar to INH and PZA. 

Tethering the I2C framework with INH and PZA resulted in a drastic drop in the anti-

TB activity (MIC > 64 µg/mL). 

Since the I2C architecture was integrated in several reported antitumour agents, a 

comprehensive literature review was conducted to highlight their mechanisms of 

action in addition to the structural features required to elicit potent antitumour activities 

(Chapter 6). These findings prompted the design and synthesis of numerous I2C 

analogues to be evaluated for their anti-TB and antitumour activities (RSC Advances 

2021 article; Chapter 6). This repurposing strategy revealed the dual pharmacology 

profile of several N-rimantadine I2C derivatives. In fact, all the rimantadine-containing 

compounds showed potent anti-TB activities against DS M. tb H37Rv strain (MIC = 

0.32 – 6.20 µM). All derivatives were preliminary evaluated for their antitumour 

activities against paediatric glioblastoma (GBM) KNS42 cell line. The N-rimantadine-

268



6-bromo-I2C analogue showed the most promising multi-target activity profile [MIC 

(H37Rv) = 0.62 µM and IC50 (KNS42 viability) = 0.84 µM]. Apart from the rimantadine 

derivatives, the other tested I2C analogues in our study were devoid of anti-TB activity, 

while most of them displayed potent inhibitory activities against the viability of KNS42 

cells (IC50 = 1.34 – 8.25 µM). The most potent antitumour I2C derivative entailed a 

piperazine ring as the middle linker between the indole ring and the adamantane 

moiety. Upon analysing the differential gene expression of KNS42 cells treated with 

this piperazine derivative versus the untreated control cells, two oncogenes were 

found to be significantly downregulated (fold change = 9 and 15; p < 0.05). While this 

piperazine-linked I2C compound retained its potent antitumour activity against the 

viability of teratoid/rhabdoid (AT/RT) BT12 and BT16 tumour cell lines, it showed 

moderate cytotoxicity against non-tumourigenic human fibroblasts HFF1 cells.   

Intriguingly, KNS42 cells were reported to overexpress cannabinoid receptor 1 gene 

(CNR1). Therefore, a thorough literature search was conducted, wherein compounds 

with polypharmacology activities against M. tb, tumour cells, and cannabinoid (CB) 

receptors were highlighted (Chapter 7). Equally important, the correlation between the 

antitumour activities of several cannabinoids and their CB receptor modulatory effects 

was discussed. The polypharmacology potential of the I2C framework, discussed in 

the first half of both Chapters 6 and 7, is intended to be later prepared and submitted 

as a review article. In the second half of Chapter 7, several I2C analogues were 

designed, synthesised, and biologically evaluated for their antitumour activities (RSC 

Medicinal Chemistry 2021). The anti-TB activities of the new derivatives in this article 

were also determined, in which they were devoid of potency against M. tb H37Rv 

strain. Several I2C analogues demonstrated potent antiproliferative and cytotoxic 

activities against KNS42 cells and a panel of paediatric grade IV brain tumour cells, 

namely AT/RT BT12 and BT16 tumour cell lines and the medulloblastoma DAOY cell 

line (IC50 < 10 µM). Importantly, the top potent I2C analogues in our study exhibited 

limited cytotoxic activities against non-tumourigenic HFF1 human fibroblasts, 

suggesting their selective cytotoxicities against tumour cells. The next logical step was 

to test the activities of the most active compounds at cannabinoid receptors 1 and 2 

(CB1R and CB2R). No direct correlation between the antitumour activities of these 

analogues and CB receptor agonism/antagonism or lack thereof was observed. 

Accordingly, gene sequencing analysis of KNS42 cells treated with one of the most 
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potent I2Cs versus the untreated control cells was performed. A set of seven 

oncogenes was found to be downregulated in response to this I2C analogue. 

Overall, the research outcome in this thesis points to the following highlights: 1) the 

quinolone and the naphthalene rings may serve as potential replacements for the 

indole moiety in the I2C-derived MmpL3 inhibitors, 2) substituting the 4 and/or 6 

positions at the indole ring is favourable for the anti-TB activity, 3) extending the amide 

linker between the indole ring and the cycloaliphatic group in the I2C framework led to 

unfruitful anti-TB activities, 4) the I2C-appended adamantanol moiety is superior to the 

bare adamantane ring in terms of water solubility, while maintaining appreciable anti-

TB activity, 5) while attaching an adamantane ring to INH, PZA, and CPF increases 

the lipophilicity of these drugs, the in vitro anti-TB activities of the resulting derivatives 

were disappointing, 6) the I2C skeleton possesses the potential to hit multiple targets 

and can be fine-tuned to elicit a particular biological activity, and 7) differential gene 

expression analysis represents a viable approach that can be employed to identify 

potential mechanisms of action of novel antitumour agents. These findings pave the 

way for possible future investigations aimed at determining the in vivo anti-TB and 

antitumour activities of the most potent compounds that were pinpointed throughout 

this thesis. 

8.2. Future Directions 

Although several promising research avenues were unfolded in the present work, 

some important facets could not be investigated due to time constraints. First, like 

most of the antibiotics in the market, all the tested compounds in this work were 

evaluated against actively replicating M. tb. Therefore, it would be interesting to 

develop novel anti-TB agents effective against the non- or slowly replicating persistent 

mycobacteria. These recalcitrant mycobacterial subpopulations prevail during latent 

TB infections and are phenotypically tolerant towards antibiotics, accounting for the 

long-drawn-out treatment course of TB. One way to target these mycobacterial 

persisters is to modulate the phosphorylation/dephosphorylation-based immune 

evasion mechanisms of M. tb which could extricate the macrophages from the M. tb 

counterforces (Chapter 2). Indeed, targeting M. tb-secreted kinases and 

phosphatases using chemical probes, would result in unbridled macrophages with 

restored inherent killing qualities. This underexploited approach represents a new 
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horizon for the development of novel anti-TB agents effective against the quiescent 

mycobacteria. 

Interestingly, the skeleton of AX20017 (Figure 8.1) bears some outward resemblance 

to the multi-target directed ligand N-adamantyl I2C molecule (NAI2C, Figure 8.1). 

AX20017 is a potent protein kinase G (PknG) inhibitor that killed the M. tb cells residing 

inside the macrophage while displaying no activity against mycobacterial growth in 

vitro (Chapter 2). In contrast, NAI2C exhibited potent anti-TB activity against M. tb 

H37Rv strain in vitro (MIC = 0.68 µM) through blocking the flippase activity of MmpL3 

that translocates the MAs precursor from cytoplasm to the periplasm. It would 

therefore be intriguing to investigate the anti-TB activity of some hybrid molecules 

possessing structural features of both AX20017 and NAI2C. In this respect, some 

examples of future explorations are summarised in Figure 8.1 which involve the 

following: 1) replacing the 4,5,6,7-tetrahydrobenzo[b]thiophene moiety of AX20017 

with an indole ring while maintaining the rest of AX20017 functional groups (S1), 2) 

integrating the whole I2C architecture (with unreversed amide-linked cyclopropyl at 

position 2) with the amide group at position 3 (S2), 3) shifting the amide moiety from 

position 3 of the indole ring to position 4 (S3,4), and 4) replacing the amide group at 

position 3 or 4 of the indole ring with a carbohydrazide moiety (S1-4). These newly 

designed derivatives are proposed to be evaluated for their anti-TB activities both in 

vitro and intramacrophage. Indeed, depending on the activity profiles of these new 

analogues, further studies may be initiated to determine whether they target PknG, 

MmpL3, both PknG and MmpL3, or a totally different protein.  

 

 

Figure 8.1. Design of new potential anti-TB analogues via conjugating fragments from AX20017 
and NAI2C. 
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Regarding the promising antitumour derivatives (Chapters 6 and 7), the likelihood of 

blood brain barrier (BBB) penetration should be experimentally examined. 

Additionally, in the future design strategies of antitumour agents, the central nervous 

system multiparameter optimisation (CNS MPO) tool will be taken into consideration 

to increase the chances of compound’s nomination for clinical development. One of 

the main criteria required to attain desirable CNS MPO scores is that the ClogP of the 

designed molecule should be ideally ≤ 3. Since lowering the ClogP value generally 

compromises the anti-TB efficacy of the I2C framework (Chapter 4), implementing the 

CNS MPO paradigm will help tailor unique I2C drug candidates with selective 

antitumour activities. Further functional studies at CB receptors will be also conducted 

on several I2C analogues (synthesised herein in addition to others that will be 

prepared in the future). In this respect, since several I2C derivatives identified in this 

thesis structurally resemble the I2C-based positive allosteric modulator (PAM) of CB1R 

Org27569 (Chapter 7), the allosteric modulation potential of our homologous I2Cs at 

both CB1R and CB2R will be scrutinised. 

On the other hand, while in silico predictions of the drug-like properties were performed 

on the top potent compounds identified herein, experimental determination of such 

parameters would paint a more accurate picture of their drug-likeness.  In this regard, 

the most active analogues highlighted in the five research articles incorporated in this 

thesis merit further investigations into their pharmacokinetic (PK) properties, including 

absorption, distribution, metabolism, and excretion (ADME). In addition, more 

toxicological assessments should be undertaken to ensure the safety of these 

compounds towards normal human cells, including cytochrome P450 (CYP) inhibition 

studies, cardiotoxicity (hERG channel inhibition), hepatotoxicity, and genotoxicity. The 

most promising analogues that show acceptable ADME/PK and toxicology profiles can 

then be subjected to in vivo anti-TB and/or antitumour screenings. If successfully 

developed, these preclinical candidates may amount to new arsenals that could be 

utilised in combating DR-TB and grade IV brain cancers. Indeed, the provision of such 

potent, safe and orally bioavailable molecules could be invaluable in rejuvenating the 

TB and cancer drug discovery field.  
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Table S1. Downregulated genes in 8a-treated KNS42 cells 

Gene Symbol Descriptiona Fold 

Change 

P value Functiona 

PLAC1 Placenta specific protein1 30 0.0028 Placental development  

CLECL1 C-type lectin-like domain family 1 19 0.0123 Immune response regulation  

ETV7 ETS Variant Transcription Factor 7 19 0.0057 Transcriptional repressor 

TNS1 Tensin-1 

18 

0.0100 Fibrillar adhesion and crosslinking 

actin filaments  

KCNJ12 ATP-sensitive inward rectifier 

potassium channel 12 17 

0.0060 Potassium ion transfer 

NT5C1B Cytosolic 5'-nucleotidase 1B 14 0.0124 Adenosine level regulation  

TREH Trehalase 13 0.0154 Trehalose hydrolysis 

FAM186A Family with sequence similarity 186, 

member A 13 

0.0286 NDb 

LOC105377622 A non-coding RNA (ncRNA) gene  13 0.0221 NDb 

OPCML Opioid-binding protein/cell adhesion 

molecule-like 13 

0.0204 Cell contact regulation 

DNASE2B Deoxyribonuclease-2-beta 13 0.0254 DNA degradation 

ARHGAP9 Rho GTPase-activating protein 9 12 1.23E-12 Cytoskeletal dynamics regulation1 

APELA Apelin receptor early endogenous 

ligand 11 

0.0159 Cardiovascular homeostasis 

MISP Mitotic interactor and substrate of 

PLK1 10 

0.0181 Cell division and migration 

JSRP1 Junctional sarcoplasmic reticulum 

protein 1 10 

0.0215 Modulation of Skeletal muscle 

excitation-contraction coupling 

CCDC42 Coiled-coil domain-containing 

protein 42 10 

0.0104 Sperm development 

KNCN Kinocilin 10 0.0374 Vacuolar trafficking 

FLG Filaggrin 9 3.05E-88 Keratinisation 

ADM2 Adrenomedullin 2 

8 

1.08E-47 Gastrointestinal and cardiovascular 

homeostasis 

CHAC1 Glutathione-specific gamma-

glutamylcyclotransferase 1 8 

2.69E-76 neuronal differentiation and 

Glutathione level Modulation 

IRX3 Iroquois Homeobox 3 7 0.0329 Neural development  

GPR45 G Protein-Coupled Receptor 45 7 0.0306 Mediation of Signalling processes 

NDUFA4L2 NADH dehydrogenase [ubiquinone] 

1 alpha subcomplex subunit 4-like 2 7 

0.0002 Cell survival regulation2 

TESC Tescalcin or Calcineurin B 

homologous protein 3 6 

0.0009 Cell pH regulation 

MAPK4 Mitogen-Activated Protein Kinase 4 

6 

0.0001 Phosphorylation of microtubule-

associated protein 2 (MAP2)3 

SH2D3C SH2 domain-containing protein 3C 

6 

0.0237 Mediation of cell signalling 

pathways implicated in cell 

adhesion, migration, and invasion 

CABP1 Calcium-binding protein 1 5 0.0254 Signal transduction 

SLC7A5 

(LAT1) 

Large neutral amino acids transporter 

small subunit 1 5 

5.30E-

217 

Amino acid exchanger  

ANGPTL4 Angiopoietin-related protein 4 

5 

0.0106 Regulation of insulin sensitivity, 

glucose homeostasis, and lipid 

metabolism 

MIOX Myo-Inositol Oxygenase 5 4.55E-08 NDb 

PLIN5 Perilipin-5 

5 

0.0017 Maintaining the balance between 

lipolysis and lipogenesis.  

ACTN3 Actinin Alpha 3 

5 

0.0221 Crosslinking actin with various 

intracellular structures (a bundling 

protein) 

CCKAR Cholecystokinin receptor type A 

5 

0.0346 Mediator of smooth muscle 

contraction of stomach and 

gallbladder, as well as pancreatic 

enzyme secretion and growth. 

Regulation of satiety and release of 

dopamine and ꞵ-endorphin  
a All descriptions and functions were retrieved from uniprot (https://www.uniprot.org/) and/or genecards 

(https://www.genecards.org/) websites. In addition, other relevant references are interspersed therein. b ND: not determined. 
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