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We identified lead compound for M. tuberculosis glutamate racemase by thermal shift assay. We 
further synthesize further compounds and tested against various model of M. tuberculosis 
together with docking studies.  
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SHORT COMMUNICATIONS 1 

Identification and development of benzoxazole derivatives as novel bacterial 2 

glutamate racemase inhibitors 3 

Prasanthi Malapati, Vagolu Siva Krishna, Radhika Nallangi, Rudraraju Reshma Srilakshmi, 4 

Dharmarajan Sriram* 5 

Department of Pharmacy, Birla Institute of Technology & Science-Pilani, Hyderabad Campus, 6 

Shameerpet, Jawaharnagar, RangaReddy District, Hyderabad 500 078, India 7 

Abstract 8 

In the present study, we attempted to develop novel class of Mycobacterium tuberculosis (Mtb) 9 

inhibitors by exploring the pharmaceutically underexploited enzyme targets which are majorly 10 

involved in cell wall biosynthesis of mycobacteria. For this purpose glutamate racemase was 11 

selected which racemizes D-glutamate from L-glutamate, a key step in peptidoglycan synthesis. 12 

Furthermore, enzyme is neither expressed nor its product, D-glutamate is produced in mammals, 13 

and hence inhibiting this enzyme will have no vulnerable effect in host organism. A library of 14 

our in-house compounds were screened against glutamate racemase using a biophysical 15 

technique; thermal shift assay and further by enzyme inhibition assay to identify Lead 1 16 

molecule. Lead 1 optimization and expansion resulted in twenty four compounds. Among the 17 

synthesized compounds twelve compounds shown good enzyme inhibition than Lead 1 (IC50 18 

20.07±0.29 µM).  Among all the compounds; compound 22 (IC50 1.1±0.52 µM) showed potent 19 

non-competitive mode of inhibition in enzyme assay. Further showed good susceptibility (in 20 

replicating bacteria) of MIC 8.72 µM and bactericidal time dependant kill on dormant culture. It 21 
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also exhibited significant activity in Mtb nutrient starvation model (2.5) and Mtb biofilm model 22 

(2.4) and in vivo M. marinum infected Zebra fish model studies (3.6) reduction at logarithmic 23 

scale. 24 

Key words: Tuberculosis, glutamate racemase, racemization, benzoxazole, thermal shift assay 25 

screening 26 
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1. Introduction 49 

Tuberculosis (TB) is considered to be one of the deadly diseases in world. It’s an air borne 50 

disease primarily infecting lungs caused by Mycobacterium tuberculosis (Mtb).  Despite of 51 

potent drugs and treatment regimen available, emergence of drug tolerant strains led to the report 52 

of millions of deaths and new cases every year [30, 31]. As soon as the Mtb enters the body 53 

bacteria will be phagocytized by macrophages initiating the host immune system [1]. If the 54 

virulence of the bacteria is high Mtb can survive and replicate in host spreading to other organs 55 

through lymphatic system [2, 3]. Cellwall contributes to a major part for the virulence nature of 56 

Mtb. Synthetic mechanism of Mtb cellwall is complex and has been divided into three phases I, 57 

II, III characterized by synthesis of peptidoglycan, lipid lined intermediates and polymerization 58 

respectively. Majority of active drugs reported act on cellwall target phase III [4]. Pertaining to 59 

the development of tolerance to these drugs there is an urgency to look for alternative valid 60 

targets against Mtb. Phase I in cellwall formation was under exploited in drug research. Insertion 61 

of D-glutamate is very essential for the peptidoglycan formation; glutamate racemase (GR) is 62 

responsible for catalyzing racemization of L-glutamate (L-glu) to D-glutamate (D-glu).  GR is an 63 

important enzyme conserved in most of the bacterial species depicting the importance of the 64 

enzyme for survivability of bacteria. There were reports for GR inhibitors against various 65 

bacteria naming few like 8-benzyl pteridine-6,7-diones, pyridodiazepine amines acting against 66 

Staphylococcus aureus and Helicobacter pylori respectively [4, 5].  67 

In this regard this co-factor independent enzyme can be exploited as a potent target in Mtb. We 68 

have attempted to develop the inhibitors against GR by designing, synthesizing followed by valid 69 

screening and evaluation of compounds resulting in active drug like molecules targeting GR. 70 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Designing of compounds started with the identification of lead compound from our in-house 71 

database using one of the biophysical technique thermal shift assay.  72 

Results and Discussion 73 

1.1. Lead identification by fluorescence thermal shift screening: 74 

Ligand screening using biophysical techniques has gained popularity in current research owing 75 

to their broad range of applicability and functional relevance [6]. The fluorescence thermal shift 76 

(FTS) assay is a technique that improves the outcome of novel drug pipeline and provides a fast 77 

and reliable platform for screening and further identifying ligands in protein function or drug 78 

discovery domain[20].  In this study, we have screened our in-house ligand library of 650 79 

molecules with structural diversity. We conducted the assay with purified Mtb glutamate 80 

racemase enzyme with substrate D-glu in bound and free forms against test compounds. Melt 81 

curve of protein in its free state has shown Tm at ~43.6 oC and in complex with D-glu at ~44.8 oC.  82 

Screened compounds showed a varied range ∆Tm of which lead 1 compound has shown Tm at 83 

~46.8 oC, which is showing a ∆3.2 oC with unbound protein and ∆2.0 oC with protein bound to 84 

D-glu. This result shows the competence of compound lead 1 in stabilizing the protein from rest 85 

of the library and showing more chances for considering it as a lead compound. 86 

Recent reports have stated that obtaining pure form of recombinant Mtb GR enzyme with good 87 

catalytic activity wasn’t successful even by trying with different optimal purification procedures 88 

[8]. Therefore we have considered performing activity assay on same enzyme from different 89 

bacteria having more similarities with Mtb in terms of genetic makeup. Following the recent 90 

literature, we have considered Bacillus subtilis (Bsb) having 40% and 56% of respective 91 

sequence identity and similarity with Mtb and carried out the enzyme inhibitory assay for library 92 
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compounds screened by FTS method [9]. Compound Lead 1 has shown an IC50 of 20.7±0.29 93 

µM against Bsb glutamate racemase (Fig.1). In both FTS and inhibitory assay compound Lead 1 94 

has shown good activity, hence it was taken as a lead molecule and further optimized through 95 

structural modifications using chemical procedures. 96 

1.2. Chemistry: 97 

The target molecules were synthesized by two step synthetic protocol (Scheme 1); in first 98 

step 4-substituted-2-aminophenols (1a-b) were treated with 3-aminobenzoicacid (2) to produce 99 

corresponding substituted cyclized compounds 3a-b (3-(benzo[d]oxazol-2-yl)aniline). In next 100 

step, the primary amine group of phenyl ring was reacted with various substituted 101 

arylisocyanates using ethanol as solvent to produce N, N-substituted urea derivatives (4-16); but 102 

using similar conditions for the preparation of N, N-substituted thiourea derivatives, the 103 

reactions were not successful, then we employed K2CO3 as base and DMF/xylene as solvents to 104 

produce N, N-substituted thiourea derivatives (17-28). All the analytical data (1H NMR, 13C 105 

NMR, and mass spectra) of synthesized compounds (both intermediates and finals) were on par 106 

with designed structures. A total twenty four compounds were synthesized as represented in 107 

(Table 1). 108 

1.3. Enzyme activity assay: 109 

Enzyme activity analysis was performed for the twenty seven compounds synthesized during hit 110 

expansion. The recombinant gene from Bsb was cloned, expressed and purified as described in 111 

experimental section, using pET28a+plasmid and BL21 cells as expression vector followed by 112 

purification and confirmation through SDS-PAGE. A reaction mixture containing glutamate 113 

racemase, D-glu and test compounds was incubated and the product resulted (L-glu) was reacted 114 
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with L-Glutamate dehydrogenase (GDH) and NAD+ where the inhibitory activity was 115 

determined by employing an coupled assay by measuring the absorption readings of NADH 116 

formed after GDH mediated conversion from NAD+ at λ340. The IC50 values of compounds were 117 

shown in Table 1. A total of thirteen compounds have shown activity less than 25 µM, of which 118 

except two compounds rest were active below 10 µM concentration. Compounds 16, 19, 21 and 119 

22 have shown activity <5 µM. Most of the compounds showing good activity have thiourea 120 

substitution, out of twelve compounds belonging to thiourea group, eight compounds have 121 

shown less than 10 µM activity and one has shown activity of 22.8±0.42 µM.  Most potent of the 122 

series, compound 22 showed an IC50 of 1.1±0.52 µM which is less inhibitory concentration than 123 

lead compound (IC50 of 20.7±0.29 µM) by twenty times. The log dose response curve of most 124 

potent compound 22 of series was shown in (Fig. 2). 125 

1.4. Molecular docking and dynamic studies: 126 

Molecular docking is one technique which gives the all the possible interactions of ligand 127 

with the protein and suggests the possibility of a compound to accept as an inhibitor. In this 128 

study we have performed the inhibitory activity on glutamate racemase of Bsb, stillthere is 129 

requirement for further validation of results. We performed all the docking analysis using 130 

Schrodinger software.  We have selected substrate (D-glu) bound glutamate racemase crystal 131 

structures of both organisms from protein data bank namely PDB ID: 5HJ7 (Mtb) and 1ZUW 132 

(Bsb), the protein alignment of both proteins has an root mean square deviation (rmsd) 1.33 Å. 133 

We tried docking of energy minimized ligands into substrate binding site but was unsuccessful, 134 

hence we have tried docking in allosteric sites (assuming the inhibitors act through allosteric site) 135 

generated using an in-built program called SiteMap. SiteMap is considered to be a tool that helps 136 

in interpreting the additional important sites of the protein which help in increasing the 137 
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probability of finding the drugs in drug research areas. In the present study, five sites were 138 

identified in the each crystal structures of proteins. Among all generated sites considering the 139 

site-scores, site 1 in both the proteins was selected for further docking studies. Site 1 of Mtb has 140 

the site-score 0.8203 and was surrounded by hydrophobic residues namely Pro43, Pro46, Pro146, 141 

Val149 and Leu250 and few polar amino acid residues Glu 153, Ser13, Thr39, Thr119 and 142 

His187. In Bsb site 1 having site-score 0.6982 was boarded by hydrophobic residues Pro41, 143 

Pro44, Pro146, Val149 and Cys40 and also by polar residues like Thr37, Thr118 and Gln245 144 

respectively.  The allosteric sites considered in both the bacteria are lined by the identical 145 

residues (Supplementary Fig. 1). Therefore the  compounds show similar kind of action in both 146 

the bacteria binding in these sites. 147 

Compounds were docked into allosteric sites of both the crystal structures. We have 148 

superimposed both the proteins bound with ligand 22 using superimposition module in 149 

Schrodinger shown in Fig. 3. In this study, we have studied the docking orientation of most 150 

active compound 22 in both the crystal structures. The binding orientation showed a two H-bond 151 

interactions with allosteric residue Glu153 in both the crystal structures with NH moiety of 152 

compound (Fig. 4). Along with previous interactions, the orientation was stabilized by 153 

hydrophobic and polar interactions. The compound was very well fit into the cavity of both 154 

proteins retaining similar kind of interaction with docking scores of -5.075 kcal/mol and -3.457 155 

kcal/mol respectively in Bsb and Mtb. Hence we infer that there established a correlation of 156 

inhibitory activity of compound 22 in both the organisms.  157 

Molecular dynamics simulations help in understanding the structure and function of 158 

macromolecules at basic level. Simulations provide every minute detail about every 159 

particle/atom movement with respect to time. This will help in answering the questions arising 160 
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on deviation and fluctuation pattern of protein. [We have subjected the Compound 22 bound in 161 

5HJ7 and 1ZUW protein complexes to a 10 ns simulation using Desmond. The deviation and 162 

fluctuation patterns were measured in terms of rmsd and rmsf (root mean square fluctuation). 163 

Rmsd of protein (Cᾳ) and ligand obtained during 10 ns simulation for the 1ZUW crystal structure 164 

were within average of ~1.21 Å and ~0.9 Å and for 5HJ7 both Cᾳ and ligand were within an 165 

average of ~1.35 Å and ~0.82 Å respectively (Supplementary Fig. 2). Rmsf analysis inferred 166 

that proteins and ligand at their binding site have shown negligible fluctuations with ~1.36 Å and 167 

1.41 Å respectively for 5HJ7 and 1ZUW (Supplementary Fig. 3).  168 

1.5. Thermal shift assay: 169 

FTS is known majorly for establishing the stability data of a protein. Based on the principle 170 

involved, this tool can also be used to characterize the compound or ligand and its effects on 171 

protein by studying the shift in melt temperature (∆Tm) in the presence of different ligands. A 172 

positive shift in (Tm) in comparison with protein in its free state (unbound) indicates the stability 173 

enhancement of protein and a negative shift indicates the destabilization of protein. Based on this 174 

principle, mode of inhibition can be categorized into three [22]. First is competitive mode of 175 

inhibition, where the inhibitor induces a negative shift in Tm. Second, uncompetitive inhibition 176 

showing a positive ∆Tm only in the presence of substrate-bound state and in the absence of 177 

substrate no change is recorded. Third is the non-competitive way of inhibition, here a positive 178 

shift in melt temperature will be seen irrespective of substrate existence in protein [22]. 179 

We have analysed inhibitor characterization in Mtb glutamate racemase. The thermal shift 180 

analysis of active compound 22 shows a clear non-competitive mode of inhibition. The protein 181 

unbound form showed Tm ~43.7 oC and bound form at ~45.1 oC respectively. The compound 22 182 

showed Tm ~49.8 oC with unbound protein and Tm ~51.9 oC with protein bound with substrate 183 
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(Fig. 5). These melt temperature shifts (∆Tm) were higher compared to that of lead 1 (reported 184 

above). This infers that the protein and protein-substrate complex were more stabilized in the 185 

presence of compound 22 when compared to lead 1. 186 

1.6. Mtb susceptibility testing: 187 

Determining whole cell activity against Mtb is an important factor in drug development research 188 

against tuberculosis. Microplate Alamar Blue Assay (MABA) is an economic and expeditious 189 

assay determining the drug susceptibility against replicating Mtb in quantitative terms [23]. 190 

MABA assay was performed for all the synthesized compounds to determine the minimum 191 

inhibitory concentration (MIC) of each compound when tested at concentrations varying from 50 192 

µg/mL to 0.78 µg/mL. MIC values of the test compounds and the standard drugs (Isoniazid, 193 

Ethambutol and Rifampicin) were represented in Table 1. Compounds 17, 18, 19, 22 and 23 194 

having thiourea substitution, have shown inhibition below 10 µM. Of which four compounds 195 

(17, 18, 19 and 23) were more active than standard drug Ethambutol (MIC 7.89 µM). 196 

Compounds 17, 18, 23 have shown more whole cell inhibition compared to that of enzyme 197 

inhibition. To our assumption, this conjugate effect might be due to an additional pathway 198 

inhibition. Few compounds in spite of having good activity profile in enzyme assay failed to 199 

inhibit the whole organism, where the reason could be the efflux of compound by the complex 200 

cellwall of bacteria. Efflux mechanism of bacteria is the major hurdle for drug susceptibility 201 

mediated by major facilitator superfamily (MFS) proteins or antibiotic-modifying, degrading 202 

enzymes and transporters [26].  Reports were available stating that combining efflux pump 203 

inhibitors verapamil and piperine has increased the intake of drug by the bacteria than in their 204 

absence [28, 29]. Assuming that the failure of compounds in replicating bacteria might be due to 205 

efflux of drug, the compounds 4, 6, 13, 14, 16, 20, 21, 22 and 24 active in enzyme assay were 206 
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tested for their susceptibility in the presence of verapamil and piperine. Compounds 16, 20, 21 207 

and 22 have shown drastic increase in activity against Mtb than as individual drugs (Table 1). 208 

The remaining compounds haven’t showed any difference in their activities and the reason might 209 

be the lack of permeability of compounds across the complex lipid bacterial cellwall. The most 210 

active molecule in enzyme assay, compound 22 (IC50 of 1.1±0.52 µM) has shown an MIC of 211 

8.72 µM in the absence of efflux pump inhibitors and 2.01 µM with a difference of four times in 212 

the presence of efflux pump inhibitors.  213 

1.7. Mycobacterium tuberculosis nutrient starved dormancy model: 214 

Mtb attains dormancy and phenotypically develop drug resistance when it undergoes stress 215 

within the host. Inability of currently available and developing drugs to kill persistent Mtb is a 216 

major hindrance to find therapeutic possibility to diminish tuberculosis (TB). An in vitro stress 217 

model that generates dormancy in Mtb cells is required to reveal the essential metabolics that 218 

allow bacteria to undergo into latent phase in turn help in identification and screening of novel 219 

drugs to kill persistent bacteria. Nutrient starvation is one such model which creates the 220 

dormancy in bacteria by starving culture in phosphate buffer saline (PBS) for 6 weeks. The 221 

dormant culture was tested with selected compounds at concentration of 10 µg/mL [14].  Based 222 

on enzyme and MABA assay activities, compounds 17, 18, 19 and 22 were selected to test 223 

against dormant assays. Rifampicin (RIF), Isoniazid (INH) and Moxifloxacin (MOXI) were used 224 

as reference compounds. The comparative inhibitory activity plots in nutrient starvation model 225 

were shown in Fig. 6. Compounds 17, 18 and 22 have shown a similar inhibition with a log 226 

reduction of 2.5 (with control), 1.4 (with INH), 0.8 (with RIF) and 0.3 with (MOXI). Compound 227 

19 has shown a difference of 0.2 log reduction when compared to other test compounds. Test 228 
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compounds have shown similar inhibition with less variation with good activities in active and 229 

dormant model.  230 

1.8. Mtb time-Kill Kinetics determination: 231 

It’s essential to study the pharmacodynamics of novel drug molecules by analyzing the kill of 232 

drug molecule at different concentrations against time.  This aids in determining the 233 

concentration-dependent and time-dependent bactericidal activities of drug molecules. Minimum 234 

bactericidal concentration (MBC) is defined as the concentration at which inhibitor shows three 235 

fold inhibition of bacteria, incubated for 21 days. To determine MBC, the compound at different 236 

concentrations (decided according to MIC value) was incubated for 21 days and recorded the 237 

readings at different time points (0, 7, 15 and 21 days).  A compound is said to be bactericidal if 238 

MBC is within 4 folds of its MIC and bacteriostatic if it’s more than four folds [15]. Bactericidal 239 

compounds exhibit two types of kill namely time dependant and concentration dependant. We 240 

have used starved culture (depleted of nutrients for 2 weeks) for assay. Compounds 17, 18, 19 241 

and 22 were tested for determining their kill kinetics. Compounds 19 and 22 have shown 242 

bactericidal mode of inhibition with their MBC values 27.47 µM and 25.38 µM respectively. We 243 

have represented the kinetics study of compound 22 in Fig. 7. It shows a time dependant kill, 244 

where one can observe the kill increased with time irrespective of concentration.  245 

1.9. Mtb biofilm assay: 246 

Mtb forms organized biofilm containing mycolic-acid-rich extracellular matrix. Assessment of 247 

Mtb biofilm cultures to available potent antibiotics (INH and RIF) resulted in the survival of 248 

cells confirming that these biofilms harbor the drug-tolerant cells [24]. Compounds 17, 18, 19 249 

and 22 were tested for their activity on biofilm at concentration of10 µg/mL. Reference drugs 250 
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INH, RIF and MOXI have shown a log reduction of 1.2, 1.5 and 2.0 respectively compared to 251 

control. Test compounds 17, 18 have shown 0.8 and compounds 19 and 22 have shown log 252 

reduction of 0.4 and 2.4 respectively (Fig. 8). These values infer that compound 22 is active in 253 

both active and dormant forms of bacteria. 254 

1.10. In-vivo activity testing assay by Mycobacterium marinum infected adult zebrafish: 255 

Identification of novel antimicrobial compounds can be accelerated using the zebrafish model, 256 

especially in tuberculosis. Activity and dosage of antibiotics in zebrafish closely be like 257 

characteristics in humans. This model has emerged to be the most economic and reliable model 258 

for researches to study the in vivo activity of new drug compounds [25]. In this study, zebrafish 259 

is infected with Mycobacterium marinum (belongs to same family genetically). Active molecule 260 

22 at in vitro level was tested for in vivo inhibitory activity using adult zebra fish model. 261 

Standard compounds INH and MOXI have shown reductions of 2.5 and 2.4 in log scale and test 262 

compound 22 has shown 3.4 log reduction with control, which is more than standards (Fig. 9). 263 

1.11. Cytotoxicity determination: 264 

Toxicity testing of new compounds is very much essential for drug development process, can be 265 

observed by in vivo and in vitro models. In this study, we have tested toxicity using in vitro 266 

technique employing cell lines by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 267 

Bromide) assay. RAW 246.7 cell lines were used for experimental studies [18]. All the 268 

compounds were tested at a concentration of 25 µM and the percentage inhibition were found to 269 

be in different ranges as shown in table 1. Hence most of the compounds are devoid of effects on 270 

metabolism.  271 

2. Conclusion 272 
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In the current scenario persistence, resistance and co-infection are the foremost drawbacks that 273 

hinder the tuberculosis treatment regimen. In present work, we have focused on combating 274 

persistence and resistance by targeting a novel enzyme vital for the bacterial survival. We have 275 

we have identified and optimized through hit expansion. Compounds which showed good in 276 

vitro and in vivo activities belong to thiourea family. Compound 22 (1-(4-chlorophenyl)-3-(3-(5-277 

methylbenzo[d]oxazol-2-yl)phenyl)thiourea) was proven to be the most potent molecule of series 278 

in both in vitro and in vivo evaluation studies. This data was supported by molecular docking and 279 

simulation studies, both the compounds retained similar kind of interactions with amino acid 280 

residues. There were some compounds which are active in vitro but were unsuccessful on whole 281 

cell organism, one of the drawback can be the strong efflux nature of cell wall. Further, there 282 

were few compounds showing very food whole organism inhibition than enzyme inhibition, 283 

these might be targeting an additional pathway for inhibition. These compounds need further 284 

studies to answer all questions in drug discovery. Further optimization of compounds can results 285 

in still better compounds for treating tuberculosis. 286 

3. Experimental Section 287 

3.1. Thermal shift assay: 288 

 289 

Thermal stability assays were performed as reported in literature [7]. The reaction was carried 290 

out in 0.2 mL PCR tubes (Bio-Rad) containing a  25 µL mixture of Mtb glutamate racemase 291 

(0.2 mg/mL concentration), test compounds (diluted in DMSO < 2 %v/v),  2 mM D-glutamate 292 

and buffer (100 mM Tris HCl, 100 mM NaCl, pH 8.0) and 6.25x SYPRO orange dye (Sigma). 293 

The reaction was using real-time PCR thermal cycler (Bio-Rad). The protocol was set with 294 

heating from 20 to 80 oC with a gradient of 0.02 oC/s. All the reactions were carried in 295 

duplicates. Changes in fluorescence of SYPRO orange dye were monitored, to determine the 296 
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unfolding pattern of protein. Tm values were obtained from the minima of the first derivative 297 

(−dF/dt) plots of unfolding protein curves using an in-built function in Bio-Rad prime PCR 298 

software. 299 

  300 

3.2. Chemistry : 301 

Reagents obtained from commercial sources were used directly without further purification. 302 

Reactions were carried out under inert atmosphere of nitrogen or argon. All the reactions were 303 

monitored by thin layer chromatography (TLC) on silica gel 40 F254 (Merck, Darmstadt, 304 

Germany) coated on aluminium plates. 1H and 13C NMR spectra were recorded on a Bruker 305 

AM-400 NMR spectrometer, Bruker BioSpin Corp., Germany. Chemical shifts are in parts per 306 

million (ppm) using tetramethylsilane as internal standard. Temperatures are reported in degrees 307 

Celsius and are uncorrected. Compounds were analysed for C, H, N and analytical results 308 

obtained were within ±0.4% of the calculated values for the formula shown. Molecular weights 309 

of the synthesised compounds were checked by (Shimadzu, LCMS-2020) ESI-MS method. 310 

 311 

3.2.1. General procedure for the preparation of 3a-b: 3-amiobenzoicacid (2) (1.0 equiv), 312 

compound 1a-b (1.1 equiv) and PPA (10 volumes) mixture was allowed to reflux at 185 °C for 313 

6 hours. After the completion of reaction, the contents were cooled and neutralized with cold 314 

6N NaOH solution. The precipitate formed was filtered and further continued for heating in 315 

DMF at 60 °C for 15 minutes, and contents were transferred into crushed ice. The solid was 316 

filtered and washed with cold ethanol and diethyl ether to get the corresponding recrystallized 317 

compound 3a-b respectively.  318 

3.2.2. Synthesis of 3-(benzo[d]oxazol-2-yl)aniline (3a): The compound was synthesized 319 

according to above general procedure using 2-aminophenol (1 g, 9.17 mmol), 3-320 
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amiobenzoicacid (0.9 g, 6.84 mmol) and PPA (10 mL) to obtain 3-(benzo[d]oxazol-2-yl)aniline 321 

(1.6 g,73%) as pale yellow solid. 1H NMR (400 MHz, CDCl3): δ 8.29 (s, 1H), 8.11-7.89 (m, 322 

3H), 7.58-7.39 (m, 4H), 6.87 (s, 2H). 13C NMR (100 MHz, CDCl3): δ 163.3, 151.3 (2C), 143.6, 323 

132.7, 128.6, 124.9 (2C), 119.5 (3C), 116.3, 109.9. MS(ESI) m/z 211 [M+H]+. Anal calcd for 324 

C13H10N2O: C, 74.27; H, 4.79; N, 13.33; Found: C, 74.34; H, 4.78; N, 13.35.  325 

3.2.3. Synthesis of 3-(5-methylbenzo[d]oxazol-2-yl)aniline (3b): The compound was 326 

synthesized according to above general procedure using 2-amino-4-methylphenol (1g, 327 

8.13mmol), 3-amiobenzoicacid (0.9 g, 6.84 mmol) and PPA (10 mL) to obtain 3-(5-328 

methylbenzo[d]oxazol-2-yl)aniline (1.8 g,71%) as white solid. 1H NMR (400 MHz, CDCl3): δ 329 

8.42 (s, 1H), 8.22 (s, 1H), 7.92-7.52 (m, 5H), 6.94 (s, 2H), 2.45 (s, 3H). 13C NMR (100 MHz, 330 

CDCl3): δ 162.9, 149.2, 145.6, 140.8, 135.2, 132.7, 127.6 (2C), 118.5 (3C), 113.8, 108.7, 22.3. 331 

MS(ESI) m/z 225 [M+H]+. Anal calcd for C14H12N2O: C, 74.98; H, 5.39; N, 12.49; Found: C, 332 

74.82; H, 5.38; N, 12.47. 333 

3.2.4. General procedure for the preparation of compounds 4-15: To the mixture of 334 

compounds 3a-b (1.0 equiv), DIPEA (2.0 equiv) was added with the corresponding 335 

arylisocyanate (1.25 equiv) in DMF. After the reaction has completed, mixture was added to 336 

EtOAc followed by washing with water, Brine solution and distilled under reduced pressure to 337 

obtain product. The crude product was purified by column chromatography using 338 

EtOAc/hexane as eluent to obtain pure compounds 4-15. 339 

3.2.5. Synthesis of 1-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)-3-phenylurea (4): The 340 

compound was synthesized according to above general procedure using 3-(5-341 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), DIPEA (1. 8 g, 12.62 mmol)  and 342 

isocyanatobenzene (1.2 g, 10.05 mmol) to yield 1-(3-(5-methylbenzo[d]xazol-2-yl)phenyl)-3-343 
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phenylurea (1.8 g, 77%) as grey solid. Mp: 240-243 oC. 1H NMR (400 MHz, CDCl3): δ 10.87 344 

(s, 2H), 8.31 (s, 1H), 7.92 (d, J = 7.6 Hz, 1H), 7.84–7.72 (m, 4H), 7.63 (d, J = 7.2 Hz, 2H), 345 

7.58–7.49 (m, 4H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3): δ 174.6, 160.2, 144.9, 141.4, 346 

140.6, 135.2, 135.0, 133.3, 132.4(2C), 130.8, 129.4, 127.8(2C), 125.9, 125.6, 125.2, 124.6, 347 

120.3, 116.3, 22.9. MS(ESI) m/z 344 [M+H]+. Anal calcd for C21H17N3O2: C, 73.45; H, 4.99; N, 348 

12.24% Found C, 73.58; H, 4.98; N, 12.26%. 349 

3.2.6. Synthesis of 1-(4-chlorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)urea (5): 350 

The compound was synthesized according to above general procedure using 3-(5-351 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-352 

chloro-4-isocyanatobenzene (1.3 g, 8.51 mmol) to yield 1-(4-chlorophenyl)-3-(3-(5-353 

methylbenzo[d]oxazol-2-yl)phenyl)urea (1.9 g, 73%) as white solid. M.p:181-183 oC. 1H NMR 354 

(400 MHz, DMSO-d6): δ 9.34 (s, 2H), 8.52 (s, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.8 (d, J = 8.4 Hz, 355 

1H), 7.75 (t, J = 8.0 Hz, 1H), 7.71–7.62 (m, 5H), 7.43 (d, J = 8.0 Hz, 2H), 3.82 (s, 3H); 13C 356 

NMR (100 MHz, DMSO-d6): δ 176.3, 163.3, 154.3, 146.4, 139.6, 137.5, 135.6, 134.8, 133.2, 357 

132.0(2C), 131.8, 131.3, 129.9(2C), 128.6, 127.4, 126.0, 120.4, 113.8, 60.4, 23.2. MS(ESI) m/z 358 

379 [M+H]+. Anal calcd for C21H16ClN3O2: C, 70.76; H, 5.13; N, 11.25 Found C, 70.88; H, 359 

5.14; N, 11.23. 360 

3.2.7. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-methoxyphenyl)urea (6): The 361 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-362 

yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-isocyanato-4-methoxybenzene 363 

(1.2 g, 8.02 mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-methoxyphenyl)urea (1.9 g, 364 

86%) as grey solid. M.p:228-230 oC. 1H NMR (400 MHz, DMSO-d6): δ 10.25 (s, 2H), 8.40 (s, 365 

1H), 7.89 (d, J = 8.0 Hz, 2H), 7.76–7.63 (m, 3H), 7.56–7.48 (m, 4H), 7.18 (t, J = 7.6 Hz, 2H), 366 
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3.96 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 172.4, 162.4, 150.2, 145.8, 141.3, 138.2, 367 

136.4, 135.1, 134.6, 134.1(2C), 133.2, 131.4, 128.2(2C), 126.4(2C), 125.3, 124.2, 119.4, 114.6. 368 

MS(ESI) m/z 360 [M+H]+. Anal calcd for C21H17N3O3: C, 70.18; H, 4.77; N, 11.69 Found C, 369 

70.28; H, 4.76; N, 11.66. 370 

3.2.8. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-nitrophenyl)urea (7): The 371 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-372 

yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-isocyanato-4-nitrobenzene 373 

(1.3 g, 7.98 mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-nitrophenyl)urea (1.9 g, 374 

84%) as yellow solid. M.p:250-252 oC. 1H NMR (400 MHz, DMSO-d6): δ 10.08 (s, 2H), 8.45 375 

(s, 1H), 8.19 (d, J = 8.4 Hz, 2H), 7.94 (d, J = 8.0 Hz, 2H), 7.88 (d, J = 7.6 Hz, 1H), 7.82 (d, J = 376 

8.0 Hz, 2H), 7.78–7.71 (m, 3H), 7.69 (t, J = 7.6 Hz, 1H); 13C NMR (100 MHz, DMSO-d6): δ 377 

167.4, 156.3, 152.3, 146.6, 143.5, 139.3, 136.4, 134.8(2C), 133.2, 132.8(2C), 131.2, 130.5, 378 

130.0, 128.4, 126.2, 125.9, 120.9, 116.7. MS(ESI) m/z 375 [M+H]+. Anal calcd for C20H14N4O4: 379 

C, 64.17; H, 3.77; N, 14.97 Found C, 64.28; H, 3.78; N, 14.95. 380 

3.2.9. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-benzylurea (8): The compound was 381 

synthesized according to above general procedure using 3-(benzo[d]oxazol-2-yl)aniline (1.3 g, 382 

6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and (isocyanatomethyl)benzene (1.1 g, 9.6 mmol) to 383 

yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-benzylurea (2.0 g, 88%) as brown solid. M.p:243-384 

245 oC. 1H NMR (400 MHz, CDCl3): δ 10.27 (s, 2H), 8.48 (s, 1H), 7.94 (d, J = 8.0 Hz, 1H), 385 

7.88 (t, J = 7.6 Hz, 2H), 7.72 (d, J = 7.6 Hz, 1H), 7.68–7.56 (m, 3H), 7.42–7.26 (m, 5H), 5.08 386 

(s, 2H); 13C NMR (100 MHz, CDCl3): δ 183.9, 163.4, 154.3, 144.3, 142.4, 137.9, 135.6, 135.1, 387 

134.3(2C), 129.4, 128.7(2C), 127.1, 126.2, 125.4, 125.0, 124.3, 120.4, 113.8, 62.6. MS(ESI) 388 
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m/z 360 [M+H]+. Anal calcd for C21H17N3O2: C, 73.45; H, 4.99; N, 12.24 Found C, 73.52; H, 389 

4.98; N, 12.21. 390 

3.2.10.  Synthesis of 1-(4-methoxyphenyl)-3-(3-(5-methylbenzo[d]oxazol-2-391 

yl)phenyl)urea (9): The compound was synthesized according to above general procedure using 392 

3-(5-methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-393 

isocyanato-4-methoxybenzene (1.5 g, 9.1 mmol) to yield 1-(4-methoxyphenyl)-3-(3-(5-394 

methylbenzo[d]oxazol-2-yl)phenyl)urea (2.1 g, 87%) as grey solid. M.p:228-230 oC. 1H NMR 395 

(400 MHz, DMSO-d6): δ 9.25 (s, 2H), 8.44 (s, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 8.4 396 

Hz, 1H), 7.72 (t, J = 8.0 Hz, 1H), 7.67–7.60 (m, 5H), 7.21 (d, J = 7.6 Hz, 2H), 3.94 (s, 3H), 2.46 397 

(s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 176.3, 163.3, 154.3, 146.4, 139.6, 137.5, 135.6, 398 

134.8, 133.2, 132.0(2C), 131.8, 131.3, 129.9(2C), 128.6, 127.4, 126.0, 120.4, 113.8, 60.4, 23.2. 399 

MS(ESI) m/z 374 [M+H]+. Anal calcd for C22H19N3O3: C, 70.76; H, 5.13; N, 11.25 Found C, 400 

70.88; H, 5.14; N, 11.28. 401 

3.2.11. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-chlorophenyl)urea (10): 402 

The compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-403 

2-yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-chloro-4-isocyanatobenzene 404 

(1.3 g, 8.51 mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-chlorophenyl)urea (1,9 g, 405 

85%) as white solid. M.p:175-177 oC. 1H NMR (400 MHz, CDCl3): δ 10.29 (s, 2H), 8.46 (s, 406 

1H), 7.94 (t, J = 8.0 Hz, 2H), 7.82 (d, J = 7.6 Hz, 1H), 7.76 (t, J = 8.0 Hz, 1H), 7.69–7.60 (m, 407 

3H), 7.56 (d, J = 7.6 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 174.4, 408 

160.5, 148.7, 144.9, 137.5, 136.4, 135.3, 134.9, 134.3, 133.2(2C), 132.7, 131.6, 130.2(2C), 409 

127.3, 125.2(2C), 120.6, 117.0. MS(ESI) m/z 364 [M+H]+. Anal calcd for C20H14ClN3O2: C, 410 

66.03; H, 3.88; N, 11.55 Found C, 66.18; H, 3.89; N, 11.53. 411 
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3.2.12. Synthesis of 1-(4-fluorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)urea 412 

(11): The compound was synthesized according to above general procedure using 3-(5-413 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-414 

fluoro-4-isocyanatobenzene (1.2g, 9.2 mmol) to yield 1-(4-fluorophenyl)-3-(3-(5-415 

methylbenzo[d]oxazol-2-yl)phenyl)urea (2.0 g, 88%) as pale brown solid. M.p:169-171 oC. 1H 416 

NMR (400 MHz, DMSO-d6): δ 10.71 (s, 2H), 8.46 (s, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.74–7.62 417 

(m, 3H), 7.56 (d, J = 7.6 Hz, 1H), 7.54–7.46 (m, 3H), 7.36 (d, J = 8.0 Hz, 2H), 2.43 (s, 3H); 13C 418 

NMR (100 MHz, DMSO-d6): δ 174.3, 160.4, 144.7, 143.4, 139.6, 137.3, 136.2, 134.6, 133.0, 419 

132.6(2C), 131.8, 128.5, 127.4(2C), 126.8, 125.2, 123.9, 120.8, 116.9, 22.4. MS(ESI) m/z 362 420 

[M+H] +. Anal calcd for C21H16FN3O2: C, 69.80; H, 4.46; N, 11.63 Found C, 69.88; H, 4.45; N, 421 

11.65. 422 

3.2.13.  Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-phenylurea (12): The 423 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-424 

yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and isocyanatobenzene (1.2 g, 10.05 425 

mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-phenylurea (1.7 g, 83%) as grey solid. 426 

M.p:210-212 oC. 1H NMR (400 MHz, DMSO-d6): δ 10.26 (s, 2H), 8.46 (s, 1H), 7.96 (d, J = 8.0 427 

Hz, 1H), 7.84 (t, J = 8.0 Hz, 2H), 7.72 (d, J = 7.6 Hz, 1H), 7.63–7.56 (m, 3H), 7.48–7.36 (m, 428 

4H), 7.22 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6): δ 176.4, 162.9, 154.2, 144.7, 429 

142.6, 142.4, 138.5, 137.6, 136.0, 133.9(2C), 133.0, 130.6, 128.3, 127.8(2C), 126.3, 120.3, 430 

119.3, 115.9. MS(ESI) m/z 330 [M+H]+. Anal calcd for C20H15N3O2: C, 72.94; H, 4.59; N, 431 

12.76 Found C, 72.81; H, 4.58; N, 12.78. 432 

3.2.14. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-fluorophenyl)urea (13): 433 

The compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-434 
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2-yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and fluoro-4-isocyanatobenzene 435 

(1.0g, 8.7 mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-fluorophenyl)urea (1.8 g, 436 

81%) as grey solid. M.p:180-182 oC. 1H NMR (400 MHz, DMSO-d6): δ 9.00 (s, 1H), 8.73 (s, 437 

1H), 8.12 (s, 1H), 8.84–8.73 (m, 3H), 7.54–7.36 (m, 6H), 7.12 (t, J = 8.0 Hz, 2H); 13C NMR 438 

(100 MHz, DMSO-d6): δ 178.6,156.8, 152.1, 144.2, 143.1, 136.5, 131.2, 127.9, 127.4, 126.1, 439 

123.1, 122.7, 122.4 (3C), 120.5, 115.4, 113.2 (3C), 111.2 . MS(ESI) m/z 348 [M+H]+.  Anal 440 

calcd for C20H14FN3O2: C, 69.16; H, 4.06; N, 12.10 Found C, 69.24; H, 4.07; N, 12.08. 441 

3.2.15. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(p-tolyl)urea (14): The 442 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-443 

yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and 1-isocyanato-4-methylbenzene 444 

(1.2 g, 9.0 mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(p-tolyl)urea (1.9 g, 88%)  as 445 

white solid. M.p:164-166 oC. 1H NMR (400 MHz, DMSO-d6): δ 9.21 (s, 2H), 8.41 (s, 1H), 7.89 446 

(d, J = 8.0 Hz, 1H), 7.81–7.72 (m, 2H), 7.67–7.56 (m, 3H), 7.54–7.45 (m, 3H), 7.33 (t, J = 8.0 447 

Hz, 2H), 2.46 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 174.6, 162.6, 154.0, 146.5, 136.4, 448 

135.3, 134.8, 134.0, 133.4, 132.3(2C), 130.5, 129.4, 128.2(2C), 126.8, 126.4, 124.5, 121.3, 449 

117.4, 22.6. MS(ESI) m/z 344 [M+H]+. Anal calcd for C21H17N3O2: C, 73.45; H, 4.99; N, 12.24 450 

Found C, 73.56; H, 4.98; N, 12.26. 451 

3.2.16. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-isopropylurea (15): The 452 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-453 

yl)aniline (1.3 g, 6.19 mmol), DIPEA (1.8 g, 12.62 mmol)  and 2-isocyanatopropane (0.7 g, 8.2 454 

mmol) to yield 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-isopropylurea (1.5 g, 78%)  as pale red 455 

solid. M.p:174-176 oC. 1H NMR (400 MHz, DMSO-d6): δ 10.17 (s, 1H), 9.43 (s, 1H), 8.36 (s, 456 

1H), 7.84 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.67–7.56 (m, 3H), 7.36 (t, J = 8.0 Hz, 457 
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1H), 3.85–3.81 (m, 1H), 1.33 (d, J = 8.8 Hz, 6H); 13C NMR (100 MHz, DMSO-d6): δ 171.9, 458 

160.2, 154.4, 143.4, 136.4, 135.3, 135.0, 133.3, 129.3, 127.6, 126.1, 125.4, 118.6, 115.3, 54.6, 459 

24.6(2C). MS(ESI) m/z 296 [M+H]+. Anal calcd for C17H17N3O2: C, 69.14; H, 5.80; N, 14.23 460 

Found C, 69.26; H, 5.81; N, 14.25. 461 

3.2.17. General procedure for the preparation of compounds 16-27: To a solution of 462 

compounds 3a-b (1.0 equiv) and the corresponding arylisothiocyanate (1.3 equiv) in 463 

DMF:xylene (4:1), potassium carbonate (2.0 equiv) was added with stirring. The whole reaction 464 

was carried out under microwave irradiation conditions (temperature 110 °C) for about 30 465 

minutes. The contents of flask were poured into the crushed ice for cooling and the resulted 466 

precipitate was filtered and washed twice with ethanol. The crude residue was further purified 467 

by column chromatography using ethylacetate/hexane as eluent to get the corresponding pure 468 

compounds 16-27. 469 

3.2.18. Synthesis of 1-(3-(Benzo[d]oxazol-2-yl)phenyl)-3-benzylthiourea (16): The 470 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-471 

yl)aniline (1.3 g, 6.19 mmol), K2CO3 (2.0 g, 14.1  mmol) and (isothiocyanatomethyl)benzene ( 472 

1.2 g, 8.0 mmol) in DMF: xylene (4:1) to get 1-(3-(Benzo[d]oxazol-2-yl)phenyl)-3-473 

benzylthiourea (1.9 g, 84%) as pale grey solid. M.p:210-212 oC. 1H NMR (400 MHz, DMSO-474 

d6): δ 9.27 (s, 1H), 9.01 (s, 1H), 8.44 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.82 (t, J = 7.6 Hz, 2H), 475 

7.68 (d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.58 (d, J = 8.4 Hz, 2H), 7.42–7.31 (m, 4H), 476 

7.12 (t, J = 7.2 Hz, 1H), 5.04 (s, 2H); 13C NMR (100 MHz, DMSO-d6): δ 180.9, 166.8, 156.1, 477 

144.3, 138.3, 136.2, 134.5, 134.0, 133.2(2C), 128.3, 127.4(2C), 125.3(2C), 125.1, 124.7, 123.6, 478 

117.3, 112.5, 62.4. MS(ESI) m/z 360 [M+H]+. Anal calcd for C21H17N3OS: C, 70.17; H, 4.77; 479 

N, 11.69%Found C, 70.28; H, 4.76; N, 11.71. 480 
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3.2.19. Synthesis of 1-(4-Fluorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-481 

yl)phenyl)thiourea (17: The compound was synthesized according to above general procedure 482 

using 3-(5-methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), K2CO3 (2.0 g, 14.1  mmol) 483 

and 1-fluoro-4-isothiocyanatobenzene ( 1.2 g, 7.8 mmol) in DMF: xylene (4:1) to get 1-(4-484 

Fluorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)thiourea (2.1 g, 81%) as white solid. 485 

M.p:235-237 oC.  1H NMR (400 MHz, DMSO-d6): δ 10.27 (s, 2H), 8.49 (s, 1H), 7.84–7.74 (m, 486 

3H), 7.62–7.44 (m, 5H), 7.09 (t, J = 7.6 Hz, 2H), 2.42 (s, 3H); 13C NMR (100 MHz, DMSO-d6): 487 

δ 182.4, 164.5, 160.2, 146.1, 142.3, 138.5, 135.6, 133.2, 131.4(2C), 130.9, 130.2, 128.2, 126.9, 488 

125.6(2C), 124.3, 123.1, 118.4, 113.6, 22.5. MS(ESI) m/z 378 [M+H]+. Anal calcd for 489 

C21H16FN3OS: C, 66.83; H, 4.27; F, 5.03; N, 11.13 Found C, 66.90; H, 4.28; N, 11.15. 490 

3.2.20. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-nitrophenyl)thiourea (18): 491 

The compound was synthesized according to above general procedure using 3-(5-492 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol), K2CO3 (2.0 g, 14.1  mmol) and 1-493 

isothiocyanato-4-nitrobenzene ( 1.2 g, 8.0 mmol) in DMF: xylene (4:1) to get 1-(3-494 

(benzo[d]oxazol-2-yl)phenyl)-3-(4-nitrophenyl)thiourea (2.1 g, 85%) as yellow solid. M.p:236-495 

238 oC.  1H NMR (400 MHz, DMSO-d6): δ 10.07 (s, 2H), 8.48 (s, 1H), 8.05 (d, J = 8.0 Hz, 2H), 496 

7.92 (d, J = 7.6 Hz, 1H), 7.84 (t, J = 7.6 Hz, 2H), 7.65–7.58 (m, 3H), 7.48 (d, J = 8.0 Hz, 2H), 497 

7.12 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6): δ 181.6, 163.4, 153.4, 143.8, 141.3, 498 

139.3, 136.3, 134.5, 133.2, 132.9(2C), 130.4, 129.4, 128.6(2C), 127.2(2C), 125.3, 118.6, 116.1. 499 

MS(ESI) m/z 391 [M+H]+. Anal calcd for C20H14N4O3S: C, 61.53; H, 3.61; N, 14.35 Found C, 500 

61.58; H, 3.60; N, 14.37. 501 

3.2.21. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-fluorophenyl)thiourea (19): 502 

The compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-503 
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2-yl)aniline (1.3 g, 6.19 mmol), K2CO3 (2.0 g, 14.1  mmol) and 1-fluoro-4-504 

isothiocyanatobenzene ( 1.2 g, 7.6 mmol) in DMF: xylene (4:1) to get 1-(3-(benzo[d]oxazol-2-505 

yl)phenyl)-3-(4-fluorophenyl)thiourea (1.9 g, 84%) as pale red solid. M.p:235-237 oC.  1H NMR 506 

(400 MHz, DMSO-d6): δ 9.67 (s, 1H), 9.21 (s, 1H), 8.46 (s, 1H), 7.94 (d, J = 8.0 Hz, 2H), 7.89 507 

(d, J = 7.6 Hz, 1H), 7.72–7.58 (m, 4H), 7.24 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 7.6 Hz, 2H); 13C 508 

NMR (100 MHz, DMSO-d6): δ 182.8, 164.2, 156.8, 144.4, 140.4, 138.2, 135.6, 133.9, 133.3, 509 

132.3(2C), 130.2, 129.4, 128.2, 127.3(2C), 125.5, 124.2, 119.3, 115.2. MS(ESI) m/z 364 510 

[M+H] +. Anal calcd for C20H14FN3OS: C, 66.10; H, 3.88; N, 11.56 Found C, 66.18; H, 3.87; N, 511 

11.59. 512 

3.2.22. Synthesis of 1-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)-3-(4-513 

nitrophenyl)thiourea (20): The compound was synthesized according to above general 514 

procedure using 3-(5-methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol),  K2CO3 (2.0 g, 515 

14.1  mmol) and 1-isothiocyanato-4-nitrobenzene ( 1.1 g, 7.5 mmol) in DMF: xylene (4:1) to 516 

get 1-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)-3-(4-nitrophenyl)thiourea (2.2 g, 81%) as pale 517 

yellow solid. M.p:241-243 oC.  1H NMR (400 MHz, DMSO-d6): δ 9.47 (s, 1H), 9.03 (s, 1H), 518 

8.41 (s, 1H), 8.09 (d, J = 8.0 Hz, 2H), 7.89 (d, J = 7.6 Hz, 1H), 7.87–7.74 (m, 3H), 7.69–7.56 519 

(m, 2H), 7.36 (d, J = 8.0 Hz, 2H), 2.40 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 182.9, 520 

161.9, 150.3, 144.6, 142.0, 138.4, 136.0, 133.9, 133.2, 132.6(2C), 131.4, 128.9, 128.2(2C), 521 

127.6, 126.5, 124.1, 117.9, 114.3, 21.9. MS(ESI) m/z 405 [M+H]+. Anal calcd for C21H16N4O3S: 522 

C, 62.36; H, 3.99; N, 13.85 Found C, 62.48; H, 3.98; N, 13.87. 523 

3.2.23. Synthesis of 1-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)-3-phenylthiourea (21): 524 

The compound was synthesized according to above general procedure using 3-(5-525 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol),  K2CO3 (2.0 g, 14.1  mmol) and 526 
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isothiocyanatobenzene ( 1.0 g, 7.4 mmol) in DMF: xylene (4:1) to get 1-(3-(5-527 

methylbenzo[d]oxazol-2-yl)phenyl)-3-phenylthiourea (1.9 g, 79%) as grey solid. M.p:155-157 528 

oC. 1H NMR (400 MHz, DMSO-d6): δ 10.26 (s, 2H), 8.41 (s, 1H), 7.94 (d, J = 8.0 Hz, 1H), 529 

7.84–7.76 (m, 3H), 7.62 (d, J = 7.2 Hz, 2H), 7.46–7.35 (m, 3H), 7.22 (d, J = 7.6 Hz, 2H), 2.44 530 

(s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 183.5, 164.6, 148.3, 143.2, 137.4, 135.9, 135.0, 531 

134.2, 133.8(2C), 130.4, 128.6, 128.2, 126.2(2C), 125.4, 124.3, 123.9, 118.2, 113.7, 22.3. 532 

MS(ESI) m/z 360 [M+H]+. Anal calcd for C21H17N3OS: C, 70.17; H, 4.77; N, 11.69% Found C, 533 

70.28; H, 4.76; N, 11.67%. 534 

3.2.24. Synthesis of 1-(4-chlorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-535 

yl)phenyl)thiourea (22):  The compound was synthesized according to above general procedure 536 

using 3-(5-methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol),  K2CO3 (2.0 g, 14.1  mmol) 537 

and 1-chloro-4-isothiocyanatobenzene ( 1.3 g, 7.6 mmol) in DMF: xylene (4:1) to get 1-(4-538 

chlorophenyl)-3-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)thiourea (2.1 g, 80%) as white solid. 539 

M.p:190-192 oC.  1H NMR (400 MHz, DMSO-d6): δ 10.45 (s, 2H), 8.48 (s, 1H), 7.96 (s, 1H), 540 

7.89 (t, J = 8.0 Hz, 1H), 7.76 (d, J = 7.6 Hz, 1H), 7.56–7.48 (m, 4H), 7.26 (d, J = 7.6 Hz, 2H), 541 

7.18 (t, J = 7.6 Hz, 1H), 2.41 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 182.9, 163.9, 149.2, 542 

143.6, 136.8, 135.4, 134.5, 133.2, 132.4(2C), 129.5, 127.8(2C), 127.2, 126.5, 125.3, 124.6, 543 

124.2, 120.3, 116.4, 22.6. MS(ESI) m/z 394 [M+H]+. Anal calcd for C21H16ClN3OS: C, 64.03; 544 

H, 4.09; N, 10.67 Found C, 64.11; H, 4.10; N, 10.65. 545 

3.2.25. Synthesis of 1-benzyl-3-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)thiourea (23): 546 

The compound was synthesized according to above general procedure using 3-(5-547 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol),  K2CO3 (2.0 g, 14.1  mmol) and 548 

(isothiocyanatomethyl)benzene ( 1.2 g, 7.9 mmol) in DMF: xylene (4:1) to get 1-benzyl-3-(3-549 
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(5-methylbenzo[d]oxazol-2-yl)phenyl)thiourea (2.0 g, 79%) as grey solid. M.p:209-211 oC. 1H 550 

NMR (400 MHz, DMSO-d6): δ 9.46 (s, 1H), 9.21 (s, 1H), 8.34 (s, 1H), 8.21 (s, 1H), 7.83–7.74 551 

(m, 3H), 7.63–7.48 (m, 2H), 7.31–7.24 (m, 5H), 5.01 (s, 2H), 2.43 (s, 3H); 13C NMR (100 MHz, 552 

DMSO-d6): δ 180.2, 163.7, 146.9, 142.3, 138.6, 134.7, 134.4, 133.8, 133.2(2C), 131.4, 127.6, 553 

126.4, 125.9(2C), 125.3, 124.5, 123.6, 123.0, 119.6, 54.6, 23.1. MS(ESI) m/z 374 [M+H]+. Anal 554 

calcd for C22H19N3OS: C, 70.75; H, 5.13; N, 11.25 Found C, 70.88; H, 5.12; N, 11.27. 555 

3.2.26. Synthesis of 1-(3-(5-methylbenzo[d]oxazol-2-yl)phenyl)-3-(p-tolyl)thiourea (24): 556 

The compound was synthesized according to above general procedure using 3-(5-557 

methylbenzo[d]oxazol-2-yl)aniline (1.5 g, 6.69 mmol),  K2CO3 (2.0 g, 14.1  mmol) and 1-558 

isothiocyanato-4-methylbenzene ( 1.2 g, 7.9 mmol) in DMF: xylene (4:1) to get 1-(3-(5-559 

methylbenzo[d]oxazol-2-yl)phenyl)-3-(p-tolyl)thiourea (2.1 g, 83%) as pale brown solid. 560 

M.p:231-233 oC. 1H NMR (400 MHz, DMSO-d6): δ 9.63 (s, 2H), 8.36 (s, 1H), 7.96 (d, J = 8.0 561 

Hz, 1H), 7.89 (d, J = 7.6 Hz, 2H), 7.76 (d, J = 8.0 Hz, 1H), 7.64–7.56 (m, 3H), 7.26 (d, J = 8.0 562 

Hz, 2H), 7.18 (d, J = 8.0 Hz, 1H), 2.44 (s, 3H), 2.41 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 563 

179.7, 162.4, 146.4, 144.4, 140.8, 138.6, 135.7, 135.3, 134.0, 133.9(2C), 131.4, 130.5, 564 

129.3(2C), 127.5(2C), 124.8, 117.4, 115.2, 23.4, 22.5. MS(ESI) m/z 374 [M+H]+. Anal calcd for 565 

C22H19N3OS: C, 70.75; H, 5.13; N, 11.25 Found C, 70.83; H, 5.12; N, 11.23. 566 

3.2.27. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(4-chlorophenyl)thiourea (25): 567 

The compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-568 

2-yl)aniline (1.3 g, 6.19 mmol), K2CO3 (2.0 g, 14.1  mmol) and 1-chloro-4-569 

isothiocyanatobenzene (1.3 g, 7.7 mmol) in DMF: xylene (4:1) to get 1-(3-(benzo[d]oxazol-2-570 

yl)phenyl)-3-(4-chlorophenyl)thiourea (1.9 g, 81%) as white solid. M.p:230-232 oC.  1H NMR 571 

(400 MHz, DMSO-d6): δ 10.23 (s, 2H), 8.39 (s, 1H), 7.90 (t, J = 8.0 Hz, 2H), 7.81 (d, J = 7.6 572 
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Hz, 2H), 7.56 (d, J = 8.0 Hz, 1H), 7.48 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 7.21–7.12 573 

(m, 3H); 13C NMR (100 MHz, DMSO-d6): δ 182.7, 163.5, 144.7, 142.5, 139.8, 137.5, 134.8, 574 

134.3, 134.1, 133.4(2C), 132.2, 131.4, 129.6(2C), 128.1, 126.4(2C), 118.6, 116.4. MS(ESI) m/z 575 

380 [M+H]+. Anal calcd for C20H14ClN3OS: C, 63.24; H, 3.71; N, 11.06 Found C, 63.32; H, 576 

3.70; N, 11.08. 577 

3.2.28. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-phenylthiourea (26): The 578 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-579 

yl)aniline (1.3 g, 6.19 mmol), K2CO3 (2.0 g, 14.1  mmol) and isothiocyanatobenzene (1.1 g, 8.1 580 

mmol) in DMF: xylene (4:1) to get 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-phenylthiourea (1.7 g, 581 

82%) as white solid. M.p:182-184 oC. 1H NMR (400 MHz, DMSO-d6): δ 10.01 (s, 2H), 8.43 (s, 582 

1H), 7.93 (d, J = 8.0 Hz, 1H), 7.81 (t, J = 7.6 Hz, 2H), 7.20 (d, J = 7.6 Hz, 1H), 7.54 (t, J = 8.0 583 

Hz, 1H), 7.49 (d, J = 8.0 Hz, 2H), 7.45–7.30 (m, 4H), 7.15 (t, J = 8.0 Hz, 1H); 13C NMR (100 584 

MHz, DMSO-d6): δ 179.8, 164.6, 152.3, 146.4, 143.4, 140.3, 131.2, 129.2 (2C), 128.3, 127.1, 585 

126.3, 125.1, 124.6, 124.2 (2C), 123.8, 123.2, 120.4, 112.7. MS(ESI) m/z 346 [M+H]+. Anal 586 

calcd for C20H15N3OS: C, 69.54; H, 4.38; N, 12.17 Found C, 69.63; H, 4.37; N, 12.19. 587 

3.2.29. Synthesis of 1-(3-(benzo[d]oxazol-2-yl)phenyl)-3-(p-tolyl)thiourea (27): The 588 

compound was synthesized according to above general procedure using 3-(benzo[d]oxazol-2-589 

yl)aniline (1.3 g, 6.19 mmol), K2CO3 (2.0 g, 14.1  mmol) and 1-isothiocyanato-4-590 

methylbenzene ( 1.2 g, 7.9 mmol) in DMF: xylene (4:1) to get 1-(3-(benzo[d]oxazol-2-591 

yl)phenyl)-3-(p-tolyl)thiourea (1.9 g, 81%) as pale brown solid. M.p:221-223 oC.  1H NMR (400 592 

MHz, DMSO-d6): δ 10.21 (s, 2H), 8.37 (s, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.78–7.64 (m, 3H), 593 

7.60–7.47 (m, 5H), 7.27 (t, J = 7.6 Hz, 2H), 2.43 (s, 3H); 13C NMR (100 MHz, DMSO-d6): δ 594 

176.4, 163.3, 152.1, 144.7, 138.3, 138.0, 136.7, 136.1, 135.3, 133.3(2C), 132.6, 132.0, 595 
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129.3(2C), 127.2, 126.6, 125.3, 120.4, 116.8, 22.3. MS(ESI) m/z 360 [M+H]+. Anal calcd for 596 

C21H17N3OS: C, 70.17; H, 4.77; N, 11.69 Found C, 70.26; H, 4.76; N, 11.71. 597 

4.3. In vitro glutamate racemase activity assay 598 

4.3.1. Expression and purification of GR from M. tuberculosis and B. subtilis: 599 

The recombinant genes coding for Mtb H37Rv and Bsb subsp. subtilis 168 glutamate racemase 600 

were PCR amplified using an expression plasmid pET28a+ with N-terminal histidine tags and an 601 

expression vector E.coli BL21 (DE3) cells. Ni±NTA metal-affinity column (His-bind resin, 602 

Novagen) was used for purification of GR by using wash buffer (20 mM TEA, 10 mM MgCl2, 603 

10 % glycerol, 500 mM NaCl, 50 mM imidazole, 1 mM DTT, 1 mg/mL lysozyme, 0.1 mM 604 

phenyl methane sulfonyl fluoride, pH 7.8). The pure enzyme was obtained after running the 605 

column with 500 mM imidazole in wash buffer. Purity of protein was confirmed using SDS-606 

PAGE. The protein was stored in aliquots at -80oC and single time thawed protein was used for 607 

analysis [8, 9]. 608 

4.3.2. Inhibitory activity screening of compounds: 609 

Inhibitory activity testing of synthesized compounds was carried out using a coupled assay, a 610 

100 µL mixture consisting of 100 mM Tris–HCl pH 8.0, 5 mM NAD+, 1 mM D-Glutamate, 10 611 

U/mL L-glutamate dehydrogenase (LDH) (all the chemicals were procured from Sigma) and 612 

enzyme concentration of 1µM Bsb glutamate racemase at different concentrations (50µM to 613 

0.5µM) of compounds monitored at 340 nm using microplate spectrophotometer (Spectromax 614 

M4, Molecular devices). IC50 was determined by measuring the NADH conversion from NAD+ 615 

at 340nm [8].  616 

4.4. Molecular docking simulations: 617 
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Molecular docking and simulations studies on D-glutamate bound glutamate racemase of Mtb 618 

(PDB ID: 5HJ7) and Bsb (PDB ID: 1ZUW) were performed using Schrodinger software. Crystal 619 

structures were retrieved from protein data bank. Sitemap was utilized to generate allosteric sites 620 

and ranked according to their scores, volume and sizes. The protein was prepared with the help 621 

of Protein Preparation Wizard of Schrödinger Suite 9.3 [10]. Protein was optimized and 622 

minimized using OPLS_2005 (optimized potential for liquid simulations) force field and grids 623 

were generated using Glidegrid. The D-glutamate and test compounds were energy minimized 624 

using Ligprep module. The generated grid files from the prepared proteins and minimized test 625 

compounds were used for Glide XP docking calculations. XP descriptor and RMSD calculator 626 

were enabled. The XP Glide scoring function was used to get the best ranked compounds and the 627 

specific interactions like H-bonds, π-cation and π-π stacking were analyzed using XP visualizer 628 

in Glide module. Molecular dynamics (MD) simulations for 10 ns and calculations of active 629 

ligand bound to crystal structures were run in Desmond using OPLS_2005 force field to study 630 

the stability pattern in solvent system environment. Defining simulation parameters, calculation 631 

of RMSD, RMSF profiles were carried as reported in literature [11, 12].  632 

4.5. In vitro M. tuberculosis assay (active model):  633 

Synthesized compounds were screened for activity against replicating Mtb H37Rv bacteria by 634 

determining their minimum inhibitory concentration (MIC) using microplate Alamar blue assay 635 

method (MABA) [13]. Mtb culture in middlebrook 7H9 broth with 10% OADC (0.1% casitone, 636 

0.5% glycerol, supplemented oleic acid, albumin, dextrose, and catalase) (Himedia) having 637 

OD590 1.0 was diluted in1:20 of which 100 µL culture was used as inoculums for screening. Each 638 

thawed test compound stock solutions was diluted in middlebrook 7H9 broth by four-fold the 639 

final highest concentration to be tested. Compounds were diluted serially in a sterile 96-well 640 
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microtiter plates using 100 µL middlebrook 7H9 broth. Positive and negative controls were also 641 

plated. All the sampling was done in duplicates. Further readings were compared against the 642 

standards namely Rifampicin, Ethambutol and Isoniazid. Humidity was maintained during 643 

incubation period by adding sterile water into all the boundary wells of each plate. The plates 644 

were incubated at 37 oC for a week. After incubation period, 30 µL of Alamar blue solution was 645 

added to each well, and the plate was re-incubated for 12 h. Growth is indicated by the a color 646 

change from blue to pink and the lowest concentration of compound that prevented the color 647 

change was noted as its MIC. Inhibitor susceptibility testing in the presence of verapamil and 648 

piperine was done with concentrations 50 µg/mL and 8 µg/mL respectively same as above 649 

described procedure [27]. 650 

4.6. Nutrient starvation model: 651 

Mtb (H37Rv) culture starved in PBS (phosphate buffered saline) for 6 weeks was used for the 652 

assay. Dormant stage attained bacteria was tested with test and standard compounds for their 653 

activity for 7 days at a concentration of 10 µg/mL. After a week cell suspensions were diluted10-654 

fold using Middlebrook 7H9 broth with 10% OADC, further 100 µL of each dilution was plated 655 

in sterile 48 well plates containing 450 µL of Middlebrook 7H9 broth in triplicates. The plates 656 

were kept for incubation at 37oC for four weeks. Wells with visible bacterial growth were 657 

counted as positive, and most probable number (MPN) values were calculated using standard 658 

statistical methods [14]. 659 

4.7. Kill Kinetics: 660 

Mtb culture with OD590 0.6-1.0 was centrifuged at 2500 rpm (Sorvall ST 16R centrifuge) for 661 

about 15 minutes. The cell pellet was diluted with 10% PBS-Tyloxapol until the OD590 reaches 662 

0.1, followed by depleting nutrients for two weeks. Tubes were labeled with the control 663 
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(DMSO), inhibitor with test concentrations (5, 10 and 20 µM). To each tube, 5 mL of PBS-664 

Tyloxapol and 50 µL of starved culture were added. To test drug tubes 100 µL of stock solution 665 

(50x) of compound was added to attain desired final concentration. To control tube was added 666 

with 100 µL DMSO. The contents in tubes were mixed and incubated at 37 oC. The treated cell 667 

suspensions were plated for inhibitory activity at 0, 7, 14, 21 day intervals for each concentration 668 

of test compounds. The bacterial count was calculated using standard statistical methods 669 

employing MPN assay [15]. 670 

4.8. Biofilm: 671 

4.5 mL of Sautons media (HiMedia) was added in each well into a sterile 12 well plate with the 672 

Mtb culture with A590 between 0.7-1.0. Biofilm was developed within five weeks of incubation at 673 

37 oC. To the matured biofilm test compound was added at desired concentration and swirled (n 674 

= 4) and sealed. After a week of incubation, tween-80 (0.1% v/v) was added, swirled at room 675 

temperature for about 15 minutes. The contents of each well were centrifuged and pellet was 676 

suspended in 5 mL of wash buffer (PBS with 10% glycerol and 0.05% Tween-80) and washed 677 

for three times. Finally, the pellet was re-suspended in 5 mL of wash buffer and kept on rocking 678 

overnight at room temperature. Contents were homogenized through syringe passage for 5 times. 679 

The persistence of bacteria in the biofilm population was determined by comparing antibiotic 680 

treated plates with positive control plates by MPN assay [16]. 681 

4.9. In vivo activity assay in zebrafish: 682 

In vivo assay was carried out in zebrafish infected with Mycobacterium marinum (ATCC BAA-683 

535) a genetic relative of Mtb. Most active compound from in vitro assays was tested by 684 

incubating bacteria at 30 oC in Middlebrook 7H9 broth. Fishes were sorted into control and 685 

treatment groups (n = 6) according to their weights. All the groups were infected by 686 
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intraperitoneal route with 20 µL of bacterial culture (around 0.75 million bacterial cells) for a 687 

week maintaining chamber temperature at 25oC. Once the infection has developed, fishes were 688 

administered with test drug (10 mg/kg dose) orally for a 7 day treatment period, same with 689 

standard (for INH 5 mg/kg). After treatment period the fishes were suspended in Kanamycin 690 

treated water for 10 minutes to kill exogenous bacteria on fish skin. Further fishes were 691 

sacrificed and the tissue was homogenized and sample was prepared in Middlebrook 7H9 broth 692 

and plated for bacterial growth. The plates were checked for bacterial count using MPN assay 693 

method [17]. 694 

4.10.  Cytotoxicity determination: 695 

The cell toxicity study of synthesized compounds was tested with inhibition assay on mouse 696 

macrophage cell line (RAW 264.7) [18]. In sterile 96 well microtiter plate 5x103 cells in each 697 

well were plated and incubated at different concentrations of compounds for 48 h at 37oC [19]. 698 

After the incubation period 10 µL of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 699 

Bromide (MTT reagent) (10 mg/mL) was added and incubated for 3h more. After 3h, media was 700 

removed and 200 µL of DMSO was added to each well. DMSO dissolves the formazan crystals 701 

formed in wells. The absorbance was measured at 560nm using Perkin Elmer Victor X3 702 

microplate reader against the blank. The assay was performed in triplicates for each 703 

concentration. The cytotoxicity was represented as % inhibition at each particular concentration. 704 
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CAPTION FOR FIGURES AND TABLES 765 

Fig. 1: (A) (Left): Melt curves of Mtb in its free state, bound with substrate and ligand. (Right) 766 

represents the melt temperature plotting derivative fluorescent (Y-axis) and temperature (X-767 

axis). Tm can be measured from the minimum of the plot. (B) 3D representation of Bsb glutamate 768 

racemase crystal structure, employed for in vitro activity assay. (C) Structure of identified lead 1 769 

with melt temperature and IC50 value.  770 

Scheme 1: Synthetic scheme utilized for synthesis of target molecules. Reagents and conditions: 771 

(a) PPA, 185 °C, 6h; (b) R2-NCO, DIPEA, DMF, rt, 2h; (c) R2-NCS, DMF/xylene(4:1), K2CO3, 772 

MW, 110 °C, 30minutes.  773 

Table 1: Synthesized compounds represented with substitutions along with their biological 774 

activities 775 

Fig. 2. Log dose response curve of compound 22. 776 

Fig. 3. Docking pose of active molecule 22 in site 1 of Mtb (5HJ7) and Bsb (1ZUW) in 777 

superimposed view. Grey color represents protein and ligand in 5HJ7 whereas green represents 778 

1ZUW. 779 

Fig. 4. Binding pose and the interaction pattern of the compound 22 in A) Mtb and B) Bsb. 780 

Fig. 5. Thermal stability curves of Mtb GR depicting the non-competitive inhibition by 781 

compound 22. (A) Represents the melt curve of protein with D-glu and compound 22 (B) 782 

indicates the melt peaks where melt temperature can be determined. 783 
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Fig. 6. Activity profile of compounds in nutrient starved stress model. Bacterial count was 784 

estimated through MPN (most probable number) assay and significance plot was developed by 785 

adopting two way ANOVA (p < 0.0001, using GraphPad Prism Software).  786 

Fig.  7. Kill kinetic curve of compound 22 depicting time dependant kill kinetics. 787 

Fig. 8. Comparative biofilm inhibitory activity plots of compounds 17, 18, 19, 25 and standard 788 

drugs against Mtb. Bacterial count estimation (Mean ± S.D., n = 4) for control and treated 789 

groups was conducted by using the MPN assay. 790 

Fig. 9. Bacterial count estimation (Mean ± S.E.M., n = 6) for control and treated groups by zebra 791 

fish model conducted by using MPN assay. Statistical significance has been analyzed by Two-792 

way ANOVA using GraphPad Prism Software. 793 
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Highlights: 

• Lead for MTB Glutamate racemase identified using thermal shift assay  
• Twenty-seven compounds synthesized based on lead 1. 
• Compound 22 showed an IC50 of 1.1±0.52 µM  

• It also exhibited good activity in MTB models 


