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Abstract: The concerning rise in emergence and prevalence of resistant strains to drugs of M. 
tuberculosis has ,the prompted researchers to look for new and effective treatments. With this motive, 
biscoumarins were identified as the lead molecules on a whole-cell-based screening of several less 
explored low molecular weight bioactive compounds against M. tuberculosis strains. Among the 
screened biscoumarins, the highest dock score derivatives were synthesized (a-h) using a 
programmable microwave synthesizer for better yields and reaction control. The synthesized 
derivatives were evaluated against H37Rv, H37Ra, M. smegmatis, an MDR surrogate model, and 
other bacterial strains for the structure-activity response. Assessment of the synthesized library 
against mycobacterial strains led to the identification of compounds (f and d) as lead anti-
tuberculosis agents. Compounds (f and d) exhibited less toxicity against human cell lines. At the 
same time, it displayed enjoyable activity wherein MIC concentrations were observed to be 16- and 
32 µg/mL against the susceptible H37Rv, and H37Ra strains of M. tuberculosis and MIC value of 128 
µg/mL for M. smegmatis, respectively. For mechanistic insights and identification of drug binding 
targets, molecular docking and dynamic simulations were employed for a panel of 16 mycobacterial 
enzymes essential for mycobacterial growth and survival. These in silico studies revealed the DprE1 
enzyme as a druggable target for the anti-tuberculosis activity of the selected biscoumarins 
derivatives. Further investigation is underway in our laboratory, leading to its development as an 
anti-tuberculosis drug (animal model studies). 

Keywords: tuberculosis; biscoumarins; ligand molecules; DprE1; anti-tuberculosis activity; 
molecular docking; MD simulation; cytotoxicity 

 

1. Introduction 

Mycobacterium tuberculosis (Mtb) is a bacterium responsible for developing tuberculosis 
infections in humans. Tuberculosis represents a highly contagious disease, se, a concerning global 
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health issue [1]. Annual TB mortality is estimated to be around 2 million. One-third of the global 
human population has tuberculosis in an asymptomatic latent state and is at higher risk for disease 
reactivation during its lifetime [2]. It is expected that 5–10% of people with latent tuberculosis (LTBI) 
may develop active tuberculosis (TB) in their lifetime, with the risk being higher in immune-
compromised people such as those with acquired immunodeficiency syndrome (AIDS) [3–5]. Despite 
advancements in TB therapy, recurrence is still a big issue in developed countries [4,6]. In-depth 
research on tuberculosis over the last few decades has resulted in identifying new drug candidates 
currently undergoing pre-clinical and clinical studies. Because of their strong lipophilic nature, these 
medicines are potent in vitro but have poor in vivo pharmacokinetic characteristics. As a result, they 
are ineffective enough to meet the existing requirements for TB drug development [7,8]. TB drug 
development is currently focused on developing newer chemical moieties and therapeutic scaffolds 
that can increase pharmacological efficacy [7,9–11]. However, the new class of drugs challenges to 
meet the criterion for drug desirables, and the management of evolving resistant strains has become 
more difficult  [5,11,12]. As a result, developing novel, potent drugs that meet the drug-likeness 
parameters is critical in the fight against serious illnesses and virulent pathogens. Currently, available 
anti-tuberculosis treatment for M. tuberculosis has several drawbacks, including toxicity and the need 
for extended therapy [13–15]. As a result, there is an immediate need for tuberculosis therapeutics 
that are both more reliable and associated with fewer adverse effects (TB). As a result, medicinal 
plants could be a viable option for combating tuberculosis. Alternatives to standard tuberculosis 
treatment include plant metabolites with high therapeutic promise [8]. Natural compounds are 
essential for discovering and developing novel antiviral, antibacterial, and anticancer chemical 
entities as they possess the properties of substantial bioavailability and most minor side effects. 
Natural antibiotics encompass the secondary metabolites released by microorganisms, which 
essentially stop the growth of bacteria by specifically targeting some of the cell's essential processes, 
which may include cell wall biosynthesis, RNA/DNA, as well as proteins. D[16]. Natural products 
derived from secondary metabolites of medicinal plants contain a variety of fascinating therapeutic 
qualities, including antimycobacterial activity; thus, natural derivatives and their synthetic analogs 
could be promising for finding new anti-TB leads [17]. 

Benzene rings fused to six-membered lactone rings form coumarins, an oxygen heterocycle 
compound. Many fungal species convert coumarin into dicoumarol natural anticoagulant, and 
vitamin K antagonist. Dicumarol is a potential antimicrobial entity, and it is chemically represented 
as [3,3'-methylenebisphenol] (4-hydroxy-2H-chromen-2-one] (Scheme 1). Biscoumarins have a 
dicoumarol-type ring system that can be produced by reacting 4-hydroxycoumarin with different 
aldehydes [18]. 

The biological activities of compounds with a biscoumarin scaffold encompass inhibiting 
enzymes and antibacterial, antifungal, anthelmintic, antiviral, and insecticidal activity [19]. 
Additionally, biscoumarins are believed to have anti-inflammatory, hypnotic, and spasmolytic effects 
[20,21]. Further, it has been stated that biscoumarins are anti-HIV compounds that act against HIV-1 
integrase [22]. Functionalized biscoumarin structures have attracted attention in the pharmaceutical 
area because of their wide structural diversity, capacity to scavenge microorganisms, modulated 
lipophilicity for bioavailability and intriguing pharmacokinetic features [23]. Biscoumarins can also 
make hydrogen bondsbecause they possess the hydroxyl groups in their structure . Including the 
halogen group, particularly fluorine and bromine substituents, into the biscoumarin moiety increases 
its lipophilicity for efficient bacterial cell membrane permeability [24]. As a result, it becomes a crucial 
metric for cell permeability while studying antimicrobial propensity  [25]. 

Inspired by all the parameters mentioned above, in the present study, biscoumarins were chosen 
as the target entities against different mycobacterial strains, including H37Ra, H37Rv strain, and M. 

smegmatis, among other bacterial strains (through broth dilution method), because of their structural 
diversity, increased potency, and ease in synthesis. From the drug compatibility point of view, the 
molecules were also screened for their toxic effect on several human cell lines. A molecular docking 
correlation to investigate the binding affinity of the selected biscoumarins with  drug target 
Decaprenylphosphoryl- β-d ribose 2′-epimerase (DprE1) (with PDB-ID 4FEH), an essential enzyme 
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involved in the biosynthesis of the cell wall, that displays its vital contribution in the synthesis of 
arabinogalactan and lipoarabinomannan was also carried out. s. 

2. Methods and materials  

During the current study, Merck (India) supplied the chemicals required for synthesis.   
Reaction monitoring was performed over TLC Silica gel 60F Aluminium sheets using a hexane-ethyl 
acetate (8:2) solvent system, and the reaction spots were located in a UV chamber under both short 
(254 nm) and long (365 nm) UV light. Perkin Elmer 2400 Series II CHN Elemental Analyzer was used 
for elemental analyses. Infrared spectra were obtained on a Perkin Elmer-Spectrum RX-FTIR 
instrument. 1H NMR spectra were obtained using CDCl3/DMSO-d6 as solvent and tetramethylsilane 
(TMS) as internal standard over a Bruker Avance II 400 MHz NMR Spectrometer. Mass Spectra were 
obtained on Waters Micromass Q-Tof Micro instrument. A programmable microwave synthesizer 
(Anton Paar mono wave 300) was used for microwave-assisted synthesis [26]. Perfit melting point 
apparatus was used to take the melting points in open capillaries.  

2.1. Procedure for the  synthesis of Bis (4-hydroxy-2H-chromen-2-ones) a-h (refluxing conditions) 

Aldehydes (2mmol) and 4-hydroxycoumarin (I) (0.648g,4mmol) with a 1:2 molar ratio mixture 
in a 2:1 water-ethanol mixture were refluxed in the round-bottomed flask (25 mL) over a water bath 
at 70⁰C. Thin-layer chromatography was used to monitor the progress of the reaction for 3 hours 
periodically. As the TLC evidenced the completion of the reaction process, the mixture of the reaction 
was soon cooled down to the room temperature and filtered under suction. The ethanol-washed 
residue was then dried as a crude sample. Re-crystallization from the ethanol chloroform (7:3) 
mixture allowed for the purification of the crude sample.  

2.2. Synthesis of Bis(4-hydroxy-2H-chromen-2-ones) a-h through Method A 

4-hydroxycoumarin (0.648g,4mmol) and selected aldehydes (2mmol) were added to 3.5 mL of 
the 2:1 v/v water-ethanol system. A domestic microwave oven irradiated this mixture after sealing it 
in a Teflon tube. A series of heating-cooling cycles were programmed into the microwave heating of 
the reaction mixture to prevent pressure build-up until the reaction period was complete. To mitigate 
pressure build-up and overheating, a 30-second irradiation period at an average power of 1000W was 
preceded by a two-minute rest period. The heating-cooling cycles continued until the reaction was 
completed, as indicated by TLC. After the reaction's completion, the mixture was brought up to room 
temperature, and the end product was suction-filtered, ethanol-washed, and air-dried. .   

2.3. Synthesis of Bis(4-hydroxy-2H-chromen-2-ones) through Method B 

A reaction mixture comprising aldehydes (2 mmol) and 4-hydroxycoumarin (4 mmol) in 4 mL 
of ethanol solvent were mixed in a 10 mL borosilicate glass vial (G10) sealed with a PTFE-coated 
silicone septum snap cap. This reaction mixture was irradiated in a microwave synthesizer under 
controlled conditions of 150°C at 600 rpm stirring speed for the optimized 3 min hold time. The 
cooling temperature of 55°C was set for reactions before the start of the next cycle. After completion 
of the reaction, the product was filtered, washed with ethanol, and dried. The crude product was re-
crystallized from ethanol to obtain a percent yield. The desired compounds were characterized 
spectroscopically using FTIR, 1H NMR, and 13C NMR. 
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Figure 1. The microwave irradiation program for the biscoumarin synthesis under catalyst-free 
aqueous phase in Anton Paar Monowave 300 Synthesizer. 

2.4. Antibacterial activity spectrum of biscoumarin 

• Drugs, chemicals, and media 

Drugs including levofloxacin (LVX), isoniazid (INH), ethambutol (EMB), rifampicin (RIF), 
amikacin (AMK), and ciprofloxacin (CIP) were procured from the USA based Sigma-Aldrich 
platform. Media like 7H9 broth,7H11 agar, Muller Hinton Broth (MHB), Muller Hinton agar (MHA), 
and supplements including ADC and OADC were procured from HI Media (India) Merk (India) 
platform was chosen to procure Tween 80 detergent. Thermo Fisher Scientific, Waltham, MA, the 
United States, provided the penicillin-streptomycin, Dulbecco's Modified Eagle's Medium (DMEM), 
and fetal bovine serum (FBS) for experimentation purposes.  

The National Centre for Cell Science (NCCS) in Pune provided the cell lines, including 
M.D.Anderson-Metastatic Breast-231 (MDA-MB-231) Michigan Cancer Foundation-7 (MCF-7), and 
human embryonic kidney cells-293 (HEK-293) for use in the current study. Furthermore, the test 
compound stock solution was prepared separately using dimethyl sulfoxide (DMSO), wherein 
different solvents were used for other standard or control drugs. Methanol was used as a solvent for 
RIF, Milli-Q water was used as a solvent for LVX and INH, and all the prepared solutions were kept 
at -20°C.  At the time of experimentation, fresh preparation of working solution was carried out 
using Middlebrook 7H9 broth for anti-TB agents. For other antibacterial agents, Muller Hinton Broth 
was used accordingly.  

• Bacterial strains, compound dissolving, and dilution 

The microorganisms used in this study were procured from Hi-Media (India), of which 2 were 
Gram-positives: B. subtilis (ATCC 6633), E. faecalis (ATCC 29212), and Gram-negative, P. aeruginosa 
(ATCC 9027) and Escherichia coli (ATCC 11105). Glycerol stocks of these strains were prepared in 
Müller Hinton Broth (MHB) supplemented with 10% (v/v) glycerol at -20°C and were routinely 
cultured in MHB. M. tuberculosis H37Rv (ATCC 27294), M. tuberculosis H37Ra (ATCC 25177), and M. 

smegmatis (ATCC 607-0114P) were obtained from American Type Culture Collection (USA). Gram-
negative and gram-positive bacterial cultures  were kept in a bacterial incubator at 370 C for balanced 
growth. This was followed by the preparation of 1mL aliquots using glycerol (40%) in the 1:1 ratio 
were kept in the freezer for future use at -20 0C. On the other hand, the sub-culturing of bacterial 
cultures of mycobacterial strains was also carried out. Middlebrook 7H9 broth enriched with ADC 
(Albumin, Dextrose, and Catalase) was used to grow mycobacterial strains to 108 CFU/mL cell 
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density. Subsequently, glycerol stocks of different strains were prepared and stored at -20°C in 1.0 
mL aliquots. To achieve a concentration of 1000 µg/mL, compounds (10 mg) were dissolved in 10 mL 
DMSO. Utilizing media, the working concentration of 128 µg/mL was prepared.  

• Determination of minimum inhibitory concentration (MIC) against Mycobacterial strains 

The conventional broth dilution method was applied  to calculate the MIC for the strains of 
mycobacteria. Drug stock solutions were dissolved in Middlebrook 7H9 broth (consisting of 10%ADC) 
in the absence of Tween 80. Drug solutions were made in 96-well plates (Nest Biotech, China), 
employing two-fold serial dilutions so that the test compounds concentrations ranged from 0.125 to 
128 µg/mL while maintaining a growth and media control column (200 µl in each well) [27]. Except 
for the media control column, an equivalent volume (50 µl) of bacterial inoculum comprising mid-
log phase growing M. tuberculosis was added so that the final cell density in each well equals 
approximately 1x105 CFU/mL. After three weeks of incubation at 370C, the plates were visually 
inspected, and the results were recorded. Minimum inhibitory concentration was considered the 
lowest molecule concentration that  suppressed the observable bacterial growth. Positive controls 
for mycobacterial strains included isoniazid, ethambutol, and levofloxacin. The negative control for 
mycobacterial species was drug-free broth and the incubation period was for seven days at 37°C. The 
experiments were carried out three times (in triplicates). . A similar verification process was carried 
out for mycobacterial inoculums by plating a 10-fold dilution of the sample on Middlebrook 7H11 
agar plates that had been supplied with OADC (oleic acid, albumin, dextrose, and Catalase). The 
plates were incubated at 37°C for four weeks and the results read. [27]. 

• Determination of (MIC) against gram-positive and gram-negative bacteria 

In a 96-well microplate, dilution of compounds was performed in geometrically increasing 
concentrations (0.25 µg/mL to 128 µg/mL) with 200 µL of liquid growth medium. The inoculum was 
prepared to contain 105 CFU/mL of bacterial culture in 50 µL. As a positive control, levofloxacin was 
utilized for both gram-negative and gram-positive microbial strains. For gram-positive and gram-
negative bacteria, the presence of turbidity or sediment after 24 hours of incubation at 37°C indicates 
the growth of microorganisms. The MIC was calculated based on the concentration of no turbidity.  
Original CFU for gram-positive and gram-negative bacterial strains was determined by plating serial 
10-fold dilutions of the inoculum onto the nutrient agar plates kept at 37°C for 24 Hours [28]. 

2.5. Cytotoxicity assay 

MCF-7, MDA-MB-231, HEK-293, and 4T1 cell lines were used in the present study to check the 
toxicity of compounds. Prof Annapoorni Rangarajan, IISC, Bangalore, kindly supplied the 4T1 cell 
line. Regularly, the identification of these cells was confirmed using cell morphology. DMEM was 
used to culture cells. 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin were added to the 
medium. The cells were cultured in a CO2 incubator (5%) at 37°C. MTT (dimethylthiazol-
diphenyltetrazolium bromide) assay was performed to analyze the cytotoxicity of compounds in in 

vitro human models. Cells were seeded in 96 well plates at 3000 x 103 cells/well. Next, the cells were 
treated with a single dose of 50 µM of compounds in four replicates. The test compounds were freshly 
prepared and treated for 72 hrs. The medium was replaced with MTT solution (Vybrant MTT cell 
proliferation assay kit Invitrogen) after 72 hours of incubation, and each well's absorption was 
assessed at 490 nm. Graph Pad software (version 8) was utilized to calculate cell viability and 
cytotoxicity, as well as plot graphs. 

2.6. Molecular docking and MD simulation studies 

• Molecular Docking 

This work aimed to insight into the binding properties of the ligand with DprE1 (PDB ID: 4FEH) 
protein using geometrically optimized ligand (f). Protein was further vetted for missing side-chain 
residues using the open Molecular Mechanics (MM) simulation program (https://openmm.org/) 
before being used in molecular interaction investigations. Auto dock v 4.2.6 was used for molecular 
docking investigations[30].  the binding cavity was determined by using the co-crystallized X-
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ray structure of the DprE1 protein from the RCSB PDB. The positions of residues within three spaces 
of the co-crystallized ligand were calculated. . The energy was reduced following cavity selection 
using the steepest descent and conjugate gradient algorithms. The energy was reduced following 
cavity selection using the steepest descent and conjugate gradient algorithms. After putting the 
nonpolar hydrogens together, the receptor and target molecules were saved in pdbqt format. Grid 
boxes were made with a space of 0.3 between them. Docking experiments of the protein-ligand 
complex were conducted using the Lamarckian Genetic Algorithm (LGA) to determine the lowest 
free energy of binding (G). [30]. Experiments with molecular modeling were carried out three times 
with the same default settings for parameters such as the number of solutions (50 in each experiment), 
the number of evaluations (2.500.000), and the maximum number of generations (2,700), among other 
settings. The Root Mean Square Deviation (RMSD) clustering maps were produced following 
docking by re-clustering with clustering tolerances of 0.25, 0.5, and 1 to find the optimal cluster with 
the lowest energy score and the higher number of populations, respectively. 

• Molecular dynamics simulation (MD)  

The Desmond 2020.1 from Schrodinger LLC was used for the MD simulation studies on the 
docked complexes for DprE1 with Compound (f). This system used the OPLS-2005 force field and 
the explicit solvent model with the SPC water molecules [31–33]. To simulate the physiological 
environment, NaCl solutions were added to the system along with Na+ ions to neutralize the charge 
of 0.15 M. To retrain the system over the protein-ligand complexes, the system was initially 
equilibrated using an NVT ensemble for 15 ns. An NPT ensemble was used to complete a brief run 
of equilibration and minimization for 20 ns following the previous step. The NPT ensemble was 
established utilizing the Nose-Hoover coupling scheme, with the temperature at 37 0C, the pressure 
at 1 bar, and the relaxation time at 5.0 ps. being kept constant throughout all simulations [34]. A 2fs 
time step was also utilized. The pressure was controlled using the Martyna-Tuckerman-Klein chain 
coupling scheme barostat method with a relaxation time of 2 ps [34]. Long-range electrostatic 
interactions were calculated using the particle mesh Ewald method, and the Coulomb interaction 
radius was set at 9 Å [35]. The bonded forces were calculated for each trajectory using the RESPA 
integrator for a time step of 2 fs.  

Calculations were performed to determine the Root Mean Square Fluctuation (RMSF), Root 
Mean Square Deviation (RMSD), the number of hydrogen bonds (H-bonds), the Radius of gyration 
(Rg), and the Solvent Accessible Surface Area (SASA). All of these variables were used to evaluate 
the stability of the MD simulations.  

3. Results 

3.1. Chemistry/Synthesis 

4-hydroxycoumarin (1) on reaction with various aldehydes (a-h) leads to the formation of 
desired products either in minimal yield or no product formation under the pure water and catalyst-
free conditions due to limited reactant solubility. Therefore, ing an aqueous ethanol solvent system 
was used to increase the yield as the required reactants have appreciable solubility in ethanol. For 
optimization, 4-hydroxycoumarin (1) and benzaldehyde (a) were initially reacted under different 
H2O: EtOH system concentrations and refluxed for 9 hours. It was observed that on reacting the 4-
hydroxycoumarin (1) with benzaldehyde in a 2:1 molar ratio in the solvent system, H2O: EtOH in a 
2:1 ratio increases the product yield significantly (Scheme I). Employing these optimized reaction 
conditions, 4-hydroxycoumarin (2) was reacted with other aldehydes (b-h), and a library of 
biscoumarins was prepared in appreciable yield (Figure 2 ). 
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Scheme I. Synthesis of biscoumarins. 
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Figure 2. A library of eight biscoumarin motifs with their time and % yield. 

3,3'-(Phenyl-methylene) bis(2H-chromen-2-one) (a); mp: 229–231 °C; light cream solid; IR 
spectrum (KBr), ν/cm–1: 757  (C-H out of plane bending vibrations of benzene ring), 1566, 1496, 1450 
(C=C stretching of aromatic ring), 1654, 1618 (C=O stretching of lactone ring of coumarin), 3064, 3023 
(O-H stretching); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 11.53 (s, 1H, OH), 11.30 (s, 1H, OH), 
7.20-8.07 (m, 13H, Ar-H), 6.09 (s, 1H, CH); 13C NMR (100 MHz, CDCl3) δ (ppm): 56.8, 116.1, 120.2, 
125.4, 125.7, 126.3, 127.7, 127.9, 128.6, 140.8, 144.4, 153, 161.9; ESI-MS for C25H16O6H2 calculated: 410.3, 
found: 410.9.  

3,3'-((4-Hydroxyphenyl) methylene) bis (2H-chromen-2-one) (b); mp: 207–210 °C; White 
crystalline solid; IR spectrum (KBr), ν/cm–1: 3020, 3076, 3356 (O–H),  1616, 1648 (C=O), 1441, 1512, 
1565 (C=C), 762 (C–H); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 11.45 (2H, s, OH), 6.74–8.03 
(13H, m, H Ar), 6.01 (1H, s, CH);13C NMR (100 MHz, CDCl3) δ (ppm): 56.8, 116.1, 120.2, 125.4, 126.3, 
127.9, 128.3, 130.4, 137, 140.8, 153.9, 155.5, 161.9; ESI-MS for C25H14O7 calculated: 426.3, found: 426.9. 

3,3’-(Ethane-1,1-diyl)bis(4-hydroxy-2H-chromen-2-one) (c); mp: 225–228 °C; White crystalline 
solid; IR spectrum (KBr), ν/cm–1: 3062 (O–H), 2800, 2904 (C–H), 1599, 1639 (C=O), 1453,1501 (C=C), 
769, 750 (C–H); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 11.20 (2H, s, OH), 7.39–7.95 (8H, m, H 
Ar), 3.82 (2H, s, CH2);  13C NMR (100 MHz, CDCl3) δ (ppm): 11.2, 23.5, 103.8, 116.4, 123.3, 125.4, 128, 
152.5, 162, 167; ESI-MS (m/z) for C19H10O6 calculated: 351.2, found: 350.33. 
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3,3'-((3-Nitrophenyl)methylene)bis(2H-chromen-2-one) (d); mp: 230 °C; Light yellow crystalline 
solid; IR spectrum (KBr), ν/cm–1: 3022, 3077 (O–H), 1610, 1663 (C=O), 1449, 1496, 1566 (C=C), 1347, 
1530 (NO2), 764 (C–H); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 8.86 (2H, s, OH), 7.34–8.08 (12H, 
m, H Ar), 6.58 (1H, s, CH);  13C NMR (100 MHz, CDCl3) δ (ppm): 55.8, 120.2, 120.9, 121.1, 121.8, 126.3, 
127.9, 128.3, 134.2, 140.8, 145.2, 147.9, 153, 161.9; ESI-MS (m/z) for C25H13NO8 calculated: 455.3, found: 
455.9. 

3,3'-((3-Chlorophenyl)methylene)bis(2H-chromen-2-one) (e); mp: 220–224 °C; White crystalline 
solid; IR spectrum (KBr), ν/cm–1: 3019, 3074 (O–H), 1617, 1658 (C=O), 1452, 1496, 1568 (C=C), 761 (C–
H), 651 (C–Cl); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 11.57 (1H, s, OH), 11.30 (1H, s, OH), 
7.09–8.07 (12H, m, H Ar), 6.04 (1H, s, CH);  13C NMR (100 MHz, CDCl3) δ (ppm): 56.3, 116.1, 120.2, 
125.4, 125.8, 128.3, 130, 134.2, 140.8, 143.6, 153, 161.9; ESI-MS (m/z) for C25H13ClO6 calculated: 444.8, 
found: 444.9. 

3,3'-Methylenebis(4-hydroxy-2H-chromen-2-one) (f); mp: 275–279 °C; White crystalline solid; IR 
spectrum (KBr), ν/cm–1: 3062 (O–H), 2800, 2904 (C–H), 1599, 1639 (C=O), 1453,1501 (C=C), 769, 750 
(C–H); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 8.20 (2H, s, OH), 7.33–7.95 (8H, m, H Ar), 3.82 
(2H, s, CH2);  13C NMR (100 MHz, CDCl3) δ (ppm): 18.7, 110.2, 116.4, 123.4, 125.4, 128.3, 152.5, 160.8, 
169.6; ESI-MS (m/z) for C25H13ClO6 calculated: 334.2, found: 334.8. 

3,3'-((2-Nitrophenyl)methylene)bis(2H-chromen-2-one) (g); mp: 194–197 °C; Light yellow 
crystalline solid; IR spectrum (KBr), ν/cm–1: 3022, 3078 (O–H), 1616,1655 (C=O), 1454, 1495, 1565 
(C=C), 1352, 1525 (NO2), 763 (C–H); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 8.18 (2H, s, OH); 
7.17–7.95 (12H, m, H Ar), 6.71 (1H, s, CH); 13C NMR (100 MHz, CDCl3) δ (ppm): 52.2, 116.1, 120.2, 
125.4,  126.3, 126.9, 128.3, 130.4, 134.6, 140.8, 147.8, 153.9, 161.9, ESI-MS (m/z) for C25H13NO8 
calculated: 455.3, found: 455.9. 

3,3'-((2-chlorophenyl)methylene)bis(2H-chromen-2-one) (h); mp: 197–199 °C; White crystalline 
solid; IR spectrum (KBr), ν/cm–1: 2981, 3072 (O–H), 1617, 1646 (C=O), 1451, 1496, 1564(C=C), 761 (C–
H), 641 (C–Cl); 1H NMR spectrum (400MHz, CDCl3) δ (ppm): 11.63 (1H, s, OH), 10.93 (1H, s, OH), 
7.21–8.03 (12H, m, H Ar), 6.14 (1H, s, CH); 13C NMR (100 MHz, CDCl3) δ (ppm): 51.7, 116.1, 120.2, 
125.4, 125.8, 126.9, 127.7, 128.3, 128.7, 131.2, 140.8, 143.6, 153, 161.9; ESI-MS (m/z) for C25H13ClO6 
calculated: 444.8, found: 444.9. 

3.2. Antibacterial activity spectrum of biscoumarin 

• The anti-tuberculosis activity of compounds 

To evaluate the in vitro efficacy and the anti-tuberculosis potential of a series of compounds, they 
were surveyed against various strains of mycobacteria, including the standard H37Rv, and 
H37Rastrains of M. tuberculosis and M. smegmatis, a surrogate MDR model. The series showed a 
similar activity spectrum as with the avirulent strain of Mtb (H37Ra). Compound (f) was most active 
in the series with MIC value16 µg/mL[36]. The compound (f) exhibited the best activity against the 
virulent M. tuberculosis (H37Rv) with MIC values of 16 µg/mL. This MIC value was followed by the 
compound (d) with 32 µg/mL. The other compounds showed activity at MIC 64 µg/mL against 
H37Ra and H37Rv strains. The series of compounds were active against M. smegmatis, the surrogate 
screen of MDR-TB at higher concentrations with a MIC value of 128 µg/mL. These compounds were 
active against these panels of microbes at varied concentrations. Results revealed that compound (f) 
was the most active compound at the concentration of 16 µg/mL[36], followed by compound (d) with 
the MIC value of 32 µg/mL against Mtb. 

In contrast, other  series compounds were active at the concentration of 32-64µg /mL against 
virulent and avirulent strains of Mtb, which is regarded as significant owing to their low cytotoxicity 
effect. However, after the in vitro screening, two compounds (a and c) were not active against any 
mycobacterial strain; if active at significantly higher concentrations, these two compounds were not 
carried out for further investigations. (Table 1). 
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Table 1. A comparative account of the Biscoumarin synthesis under conventional refluxing and 
microwave irradiation. 

Aldehyde Product 

Refluxing 
(2:1 v/v) 

H2O: EtOH 

Microwave (2:1 
v/v) H2O: EtOH 

Time 
(hrs) 

Yield (%) 
Time 
(min) 

Yield (%) 

Benzaldehyde  
 

12 75.24 2.5 79.00 

p-Hydroxybenzaldehyde  

 
 

24 64.95 3 65.65 

 

 
 

3 79 2 80 

m-Nitrobenzaldehyde 

  

4 80 3 83.7 

m-Chlorobenzaldehyde  

  

2 92.72 2 78.94 

Formaldehyde  

  

4 81.84 2 86.45 

o-Nitrobenzaldehyde 

  

7 76.80 2.5 83.15 

o-Chlorobenzaldehyde  

  

13 84.54 3 77.26 

• Determination of MIC against gram-positive and gram-negative bacterial strains 

The synthesized biscoumarins were then evaluated for their antimicrobial activity upon various 
representative gram-positive and gram-negative bacteria, such as E. coli, E. faecalis, B. subtilis, and 

Pseudomonas aeruginosa.  variousThe moderate activity of compounds was observed against bacteria 
E. faecalis, P. aeruginosa, and E. coli, with MIC values of 64-128µg/mL. At the same time, the 
compounds exhibited good activity against B. subtilis with a MIC value of 64 µg/mL[37]. But in 
accordance with anti-TB evaluation, two compounds (a and c) did not display any activity against 
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these gram-negative and gram-positive strains. Therefore, the MIC value of compounds of the series 
against different bacterial strains was very high, ranging from ≥128 µg /mL, which indicates that the 
compounds show much more good MIC values against the mycobacterial strains rather than other 
bacterial strains; hence, an essential parameter for the anti-tuberculosis drug discovery process. 

Wherein INH, ETB, and LVX represent the isoniazid, ethambutol, and levofloxacin, which are 
standard antibacterial drugs approved by FDA. 

3.3. Compound cytotoxicity  

The ability of a molecule to differentiate between bacterial and mammalian cells is one of the 
most crucial aspects of the drug discovery process. This ability allows the molecule's activity and 
toxicity to be distinguished.  [37]. Therefore, using the MTT cell viability assay, we investigated the 
compound's cytotoxicity against the human embryonic cell line 293 (HEK-293) and three other cell 
lines (MCF-7, MDA-MB-231, and 4T1). At a concentration of 50 µM, it was noted that none of the 
compounds significantly affected the growth of any of the four cell lines (about <30% growth 
inhibition). Table 2 displays the outcomes at 50 µM for all the chemicals against the four cell lines. 
Compounds (e) and (h) showed more than 30 % growth inhibition in 4T1 cells. At this concentration, 
all the compounds inhibited cell growth by <50% in all the tested cell lines. At a concentration of 50 
µM, compounds b and f, deemed the best leads, were found to be non-toxic to all of the cell lines that 
were evaluated, exhibiting an inhibition of <20%. .  

Table 2. Antibacterial activity evaluation of biscoumarins through broth microdilution method. 

 
S. No 

Compound E. coli E. faecalis B. subtilis P. aeruginosa Mtb H37 Rv Mtb H37Ra 
 

M. smegmatis 

1 b 128 128 64 128 64 64 128 
2 d 128 128 64 128 32 32 128 
3 e 128 128 64 128 64 64 128 
4 f 128 64 64 128 16 16 128 
5 g 128 128 64 128 64 64 128 
6 h 128 128 64 128 64 64 128 
 INH NA NA NA NA 0.325 0.325 1.25 
 ETB NA NA NA NA 1.25 1.25 0.039 
 LVX 0.031 0.156 0.125 0.078 0.15 0.15 0.039 

Given that their MIC ranged from 16-128 µg/mL against various mycobacterial strains and that 
they have no effect on human cells even at concentrations of 50 µM, these chemical entities have a 
therapeutic index that is remarkably suited and deserves in vivo testing. In conclusion, the present 
study describes synthesizing and evaluating a series of biscoumarin molecules (a-h) against 
mycobacterial strains. This study identified biscoumarin molecules as anti-TB agents in general and 
(f and d) as potential lead molecules whose MIC falls close to standard anti-TB drugs. Further, the 
activity of most of these molecules is highly selective against virulent and avirulent strains of M. 

tuberculosis compared to other microbes. These also proved to be non-toxic to human cell lines.  
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Figure 3. Cell viability assay of four cell lines treated with 50µM of biscoumarins (a-h) and DMSO as control. 

3.4. Molecular Docking 

Most binding energy scores (95%) are derived from the cluster with the lowest RMSD, 0.25 Å, 
based on the best cluster. With the lowest binding energy (ΔG – 9.3 kcal/mol) and inhibitory 
concentration, Ki (0.4 µM), Compound (f) showed a considerable binding affinity for the DprE1 
(Figure 4A). His 132 and Lys418 residues at the protein binding cavity engaged in conventional 
hydrogen bonding when the ligand (f) interacted with it. In addition to hydrogen bonds, the ligand 
and amino acid residues interacted non-covalently through interactions like Vander Waal's 
interactions and Pi-alkyl interactions with Pro116, Ile131, and Lys134. (Figure 4). 

 

Figure 4. Binding pose of docked 4FEH+ compound (f) complex. A left panel displays the molecular 
surface of 4FEH (purple) associated with compound (f) in the ball and stick model (yellow). A right 
panel displays (f) 2D interaction at the binding cavity in the wireframe. 
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Molecular Dynamics Simulation 

The stability and convergence of the DprE1-ligand (f) complex are investigated using molecular 
dynamics simulation (MD). When comparing data based on the root mean square deviation (RMSD), 
, a simulation of 100 ns revealed stable conformation (Figure 5A). The RMSD of the Cα-backbone of 
DprE1 bound to (f) exhibited a deviation of 0.9 Å and ligand RMSD of 2.5 Å (Figure 5A). The ligand-
bound protein, s RMSD indicated stable conformations and the least perturbations. It can therefore 
be inferred that the DprE1-ligand (f) is relatively stable in the complex as a result of the higher affinity 
of the ligand. 

 

Figure 5. Analysis of MD simulation trajectories of 100 ns time scale. (A) RMSD plot displaying the 
molecular vibration of Cα backbone of DprE1-compound (f). (B) RMSF plots show the fluctuations of 
respective amino acids throughout the simulation time of 100 ns for DprE1-(f). (C)  Several hydrogen 
bonds formed between DprE1-(f) during the 100 ns simulation time scale. (D) The radius of gyration 
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plots for the deduction of compactness of protein DprE1-(f) Energy plots of DprE1 while complexed 
with ligand (E) (f). Solvent accessible surface area (SAS Area) displaying the ligand-bound (black) and 
unbound area (red) at the binding pocket of complex (F) DprE1-(f). 

Except for amino acid residues 210 (2.6 Å) and 280 (5.7 Å) in the DprE1-ligand (f) complex, the 
plots for Root Mean Square Fluctuations (RMSF) showed small spikes of fluctuation, indicating that 
the amino-acids were in stable conformations during the simulation time (100 ns). (Figure 5B). 

High protein residue fluctuations may be a result of loop confirmation. The number of hydrogen 
bonds between the ligand and the protein points to the complex's potential stability and strong 
interaction. During the 100 ns of simulation, a significant number of hydrogen bonds existed between 
DprE1 and ligand (f). (Figure 5C). Reliable numbers of hydrogen bonds (3 on average) are observed 
between DprE1 and its ligand, which could aid in forming a stable complex (Figure 5C). The radius 
of gyration quantifies the compactness of a protein. In this research, the radius of gyration (Rg) of the 
DprE1Cα-backbone was found to be reduced and stable from 21.55 Å to 21.5 Å when bound to the 
ligand (Figure 5D). Stable and decreasing Rg values indicate that protein-ligand complexes are 
compact. It was determined from the energy profiles of DprE1-ligand systems that the entire system 
is stable. (Figure 5E) shows that the total energy of the DprE1-ligand system is very stable, with an 
average of -6.5 kcal/mol. .However, the coulombic interaction energy seemed to be stronger than van 
der Waal's, with an average energy of -48 kcal/mol, contemplated as a principal contributor to the 
stability of the DprE1-ligand complex (Figure 5E). The high negative values represent the lowest 
potential energy in the individual systems to reach the global minima of DprE1-ligand complexes. 
Similar patterns in the Solvent Accessible Surface Area (SASA) in both the ligand-bound and 
unbound states were observed following Rg analysis. The DprE1-ligand in its unbound exhibited a 
substantial Solvent-Accessible Surface Area (Figure 5F, red), but binding with ligand (f) resulted in a 
lower SASA value than the unbound state (Figure 5F, red, black).  

4. Discussion 

The development of antibiotics against tuberculosis infection has been complicated as most of 
the strains of Mtb become resistant to already-known antibiotics that were once effective against these 
strains. Other bacterial diseases that emerged  later than tuberculosis no longer exist due to the 
development of effective antibiotics against these strains [37]. Anti-tuberculosis regimens of the first 
line, such as isoniazid (INH), rifampin (RIF), and pyrazinamide (PZA), are either completely 
ineffective or only partially effective against other types of bacteria. Although M. smegmatis is a fast-
growing, non-virulent mycobacterial strain, INH and RIF have shown almost no activity against it, 
as evidenced by their 500–1000-fold higher MIC against this strain than against M. tuberculosis [38]. 
The development of novel chemotherapeutic agents against various drug-susceptible and drug-
resistant bacterial diseases, including tuberculosis, requires the discovery of biologically active new 
chemical entities [11,39]. Medicinal plants could be a viable option for combating tuberculosis. 
Natural products derived from secondary metabolites of medicinal plants and their synthetic 
derivatives contain a variety of fascinating therapeutic qualities, including antimycobacterial activity; 
thus, natural products could be a promising field for finding new anti-TB leads. Coumarin is found 
in several plants, including sweet woodruff, tonka bean, sweetgrass, and vanilla grass. Coumarin 
contains a simple structure, benzopyrone, which is linked to  various reactive centers. Coumarin is 
a robust scaffold with exceptional biological potential that has played an essential role in medicine. 

Anticancer, antioxidant, and antimicrobial properties of benzopyran-2-one ring-containing 
heterocycles are well reported. The benzopyran-2-one ring-carrying heterocycles have anti-
inflammatory, antioxidant, antithrombotic, anticancer, antimicrobial, and anti-tubercular properties 
[40–47]. M Nibin Joy et al. synthesized coumarin derivatives and tested them for antimicrobial 
activity against bacterial strains (P. aeruginosa, E. coli, and S aureus) [48]. The antimicrobial properties 
of these synthesized compounds were good (MIC 5–150 µg/mL). Recently, Bhagat et al. synthesized 
novel indolinedione-coumarin derivatives and tested the effectiveness of their antibacterial 
properties against a variety of bacterial strains (M. smegmatis, S. enteric, E. coli and S. aureus. [49]. 
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Rongcui Zhong et al. 2021 synthesized amphiphilic coumarin compounds and evaluated their 
antibacterial activity. Godge et al. developed new coumarin analogs and tested them for anti-
tubercular activity, wherein all synthetic compounds displayed good anti-tubercular potency. One of 
the compounds exhibited potent anti-tubercular activity against M. tuberculosis (H37Rv strain). The 
study concluded that this activity might be due to the pyrazole ring and methoxy group [50]. Samina 
Khan Yusufzai et al. synthesized and evaluated novel thiazolyl coumarin derivatives for their anti-
tubercular activity against M. tuberculosis and reported that compounds exhibited activity due to the 
thiazolyl and lipophilic methoxy substituents [51]. Kumbar et al. developed novel coumarin Schiff 
bases and tested them for biological activity, finding that one of the compounds had good anti-
tubercular activity against M. tuberculosis (H37Rv) and that this action was attributable to the presence 
of chloro- at the para and meta of the phenyl ring [51]. 

Therefore, these studies show that chemistry employs synthetic methods and analytical 
techniques to discover and isolate natural compounds and synthesize small molecules with diverse 
hydrocarbon skeletons for pre-clinical investigations [52]. To aid in the hunt for fresh anti-
tuberculosis agents, a battery of 8 synthetic compounds (a-h) (Figure 2) were synthesized and 
evaluated against various strains of M. tuberculosis. The library contained compounds with diverse 
chemistries. The synthesized molecules belonging to coumarins, in general, and biscoumarins, in 
particular, were evaluated against different mycobacterial strains, including Mtb H37Ra, Mtb H37Rv, 
and M. smegmatis and an assortment of a gram-negative and gram-positive  to assess their spectrum 
of activity. Indeed, the test compounds were evaluated against Mtb H37Ra and Mtb H37Rv and non-
virulent mycobacterial strain M. smegmatis. Most compounds except (a and c) were active against Mtb 

H37Ra and Mtb H37Rv at varying concentrations of 16-64 µg/mL. But compounds f and d were most 
active against Mtb H37Ra and Mtb H37Rv. The MIC of compounds f and d against these mycobacterial 
strains was 16 µg/mL and 32 µg/mL, which was very interesting and significant as it was substantially 
close to the MIC value of standard anti-TB drugs. 

Interestingly, most of the compounds were not significantly active when these compounds were 
tested and evaluated against the non-virulent strain of Mycobacteria, i.e., smegmatis. Even if there was 
some activity, it was observed to be at a higher concentration of 128 µg/mL. (Table 2). All the bacterial 
strains in the current study, both gram-negative and gram-positive, were exposed to the test 
chemicals at concentrations ranging from 0.25 to 128 µg/mL. Levofloxacin (LVX), a common 
antimicrobial drug, was employed as a control. Muller-Hinton Broth was used to determine the MIC, 
and the findings were read after 24 hours at 37 0C [53].  Most of the test compounds were ineffective 
against the majority of gram-negative bacterial strains (Pseudomonas aeruginosa and Escherichia coli, ), 
as MIC was not noticed until the highest test concentrations were used (128 µg/mL). Subsequently, 
the majority of the test compounds showed no activity against gram-positive bacterial strains 
(including primarily Enterococcus faecalis) up to the highest tested concentrations, 128 µg/mL,   
except for Bacillus subtilis, where chemical entities were inactive below or equal to 64 µg/mL, but 
moderately active in the concentration range of 64-128 µg/mL. However, one of the compounds (f) 
showed poor activity against Enterococcus faecalis in 64-128 µg/mL [53]. Therefore, as evident from 
our observations, it is noteworthy that the biscoumarin compounds synthesized in general and 
compounds f and d in particular, like standard anti-tuberculosis drugs INH, RIF, and PZA, are 
specifically active against M. tuberculosis [55]. 

Furthermore, several cell lines of humans, including human embryonic kidney cell line HEK 
(HEK-293), MCF-7, MDA-MB-231, and 4T1, were subjected to the compound under study for the 
evaluation of the cytotoxic potential of compounds using the MTT cell viability assayto check the 
toxicity of the compounds. At 50 µM, it was found that, on average, all the compounds had little 
impact on the four cell lines (roughly a <30% growth inhibition). At a concentration of 50 µM, 
compounds (b) and (f) were found to be non-toxic to all of the tested cell lines, inhibiting the growth 
by less than 20%. Graph Pad software (v8) was used to estimate the cell viability and cytotoxicity and 
plotting of graphs. (Table 3). 
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Table 3. The cytotoxicity profile of different compounds at 50 µM concentration depicted as % age 
growth inhibition in human cell lines. 

Compound MCF-7 HEK-293 MDA-MB-231 4T1 
b 5.15 6.02 13.72 7.76 
d 18.91 26.36 7.456 21.73 
e 14.69 24.07 22.97 32.80 
f 14.13 12.75 20.46 11.13 
g 27.20 18.13 29.08 30.93 
h 24.95 27.92 28.33 36.48 

Molecular docking of biscoumarin derivatives (a-h) with different mycobacterial drug targets 
was performed using Autodock vina to calculate the binding affinity and find the mycobacterial drug 
target with which these synthesized analogs bind and inhibit bacterial growth. The structures of the 
different drug targets of Mtb were obtained from the Protein Data Bank(PDB) and were further 
prepared for docking purposes using specific Auto dock tools [56]. Water molecules and the 
inhibitors were taken out of the protein before preparing its pdbqt file. The protein structure was 
then changed into a pdbqt file, an input file for the AUTOGRID programAuto dock Tools 
incorporated polar hydrogen atoms and assigned Koullman charges. [56]. 

With the lowest binding energy (ΔG – 9.3 kcal/mol) and inhibitory concentration, Ki (0.4 µM), 
(f) showed a considerable binding affinity for the DprE1 drug target of M. tuberculosis. During the 
ligand (f) interaction, His132 and Lys418 residues at the binding cavity of the protein were involved 
in conventional hydrogen bonding. The best compound (f) pose was considered for analyzing the 
interactions between DprE1 and the inhibitor. The stability and convergence of the DprE1-ligand (f) 
complex were investigated using molecular dynamics simulation (MD). Since M D simulation can 
analyze the physical motions of atoms, it has become an essential tool for computer-aided drug 
design (CADD). M D simulation is used to assess drug candidates' stability in relation to the protein 
of interest.[58]. Our lead compound with the lowest MIC value, i.e., compound (f), underwent MD 
simulation and was validated via RMSD, RMSF, and Rg values and calculated hydrogen bonds. 
However, more in vivo experiments are needed because it could take many years of clinical trials 
before these compounds are proven to be effective drugs and made available to people.  

5. Conclusion 

In conclusion, the present study reports syntheses of a library of eight (a-h) biscoumarins and 
evaluates their anti-tuberculosis propensity against M. tuberculosis strains. Owing to their medicinal 
importance, Biscoumarins (a-h) were synthesized in good to excellent yield using conventional 
refluxing and domestic and scientific programmable microwave synthesizers. These compounds 
showed exceptional activity against the H37Rv, H37Ra, and M. smegmatis strains. Six synthesized 
compounds (b, d-h) showed MIC values ranging between 16-64µg/mL, among which the MIC value 
of compounds (f) and (d) is closer to the MIC of commercially available anti-tubercular drugs 
pyrazinamide, ciprofloxacin, and streptomycin. This study more specifically identified (f) and (d) as 
potential lead molecules. Cytotoxicity and molecular docking studies revealed that the activity of the 
compound (f) is highly selective against M. tuberculosis and its specific protein DprE1 compared to 
other microbes. On human cell lines, compound (f) was shown to be non-toxic. To the best of our 
knowledge, this study identified a novel chemical compound that c could be a future drug candidate 
for TB. Thus, Biscoumarin derivatives can be promising scaffolds against M. tuberculosis strains and 
exciting systems for TB-resistant drug development. 
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