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Abstract
In our continued efforts to find potential chemotherapeutics active against drug-resistant (DR) Mycobacterium tuberculosis 
(Mtb), causative agent of Tuberculosis (TB) and to curb the current burdensome treatment regimen, herein we describe the 
synthesis and biological evaluation of urea and thiourea variants of 5-phenyl-3-isoxazolecarboxylic acid methyl esters as 
promising anti-TB agent. Majority of the tested compounds displayed potent in vitro activity not only against drug-susceptible 
(DS) Mtb H37Rv but also against drug-resistant (DR) Mtb. Cell viability test against Vero cells deemed these compounds 
devoid of significant toxicity. 3,4-Dichlorophenyl derivative (MIC 0.25 µg/mL) and 4-chlorophenyl congener (MIC 1 µg/mL) 
among urea and thiourea libraries respectively exhibited optimum potency. Lead optimization resulted in the identification 
of 1,4-linked analogue of 3,4-dichlorophenyl urea derivative demonstrating improved selectivity. Further, in silico study 
complemented with previously proposed prodrug like attributes of isoxazole esters. Taken together, this molecular hybridiza-
tion approach presents a new chemotype having potential to be translated into an alternate anti-Mtb agent.
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Introduction

Recent past has seen resurgence of tuberculosis (TB) drug 
research, ignited primarily by an urgent need to curtail TB 
epidemic as it continues to be the leading cause of death 
amongst infectious diseases globally, resulting in severe 
disruption in public health and socio-economic status. 
Increasing instances of drug resistance (DR), not only to 
existing drugs, but also to those in clinical pipeline pose 
a stiff challenge for drug development efforts, amidst con-
cerning report from WHO stating years of progress being 
reversed by the ongoing coronavirus pandemic (COVID-
19) [1, 2]. Apart from disrupting essential TB services and 
assess to TB diagnosis and healthcare system, co-infection 
of TB and COVID-19, i.e., COVID-TB is emerging as a 
major threat to global TB burden and associated mortal-
ity [3]. Drug susceptible (DS) TB alone necessitates mul-
tiple 1st line drugs (Isoniazid, Rifampicin, Ethambutol, 
Pyrazinamide) while resistance to these leads to DR-TB 
requiring a cocktail of not so effective and often toxic 2nd 
line anti-TB drugs for a longer duration. This predisposes 
the current treatment protocol to non-adherence amongst 
patients further exposing them to development of multi 
and extensively drug-resistant (MDR & XDR) strains. This 
emphasizes the need for effective drugs to combat ever 
hovering DR and to shorten and simplify TB treatment 
regimen so as to reduce associated adverse effects [4, 5]. 
In addition, the escalation in latent TB infection (LTBI) 
cases that was estimated to inhabit nearly one-quarter of 
world population in 2014 with a potential lifelong risk of 
reactivation in immune compromised population adversely 
impacts already unwieldy TB treatment protocol [6]. In 
this context, it has been proposed that, a shift from con-
temporary privileged anti-TB classes to entirely new scaf-
folds possibly acting on previously unknown targets could 
efficiently address this issue [7]. Therefore, continual 
feeding of research pipeline is imperative to accomplish 
WHO’s milestone of End TB Strategy of 90% reduction in 
annual TB death by 2030 [1]. Despite countless endeav-
ours in anti-TB drug discovery in recent years, there con-
tinues to be scarcity of new drug approval with bedaqui-
line, delamanid and pretomanid being sole candidate to 
get regulatory nod during last decade while still under-
going additional clinical trials as combination therapy 
[8]. Apparently, anti-TB drug discovery research revolves 
around very limited privileged chemical classes and tar-
gets [9, 10]. Owing to the challenge in permeability posed 
by complex waxy nature of Mtb cell envelope, majority 
of these anti-TB chemotypes and targets are focused on 
extracellular pathway [11, 12].

On the contrary, a unique target that has attracted 
considerable attention in recent years is  Mtb 

protein-tyrosine-phosphatase (Mptp), a virulence factor 
secreted by Mtb into host macrophages, compromising 
their immune response, thereby assisting in intra-mac-
rophage survival and persistence of Mtb infection in host 
[13]. Many isoxazole acids are reported as potent inhibi-
tors of MptpB exemplified by representative compound I 
depicted in Fig. 1 [14–16]. Evidently, these compounds 
have no effect on growth of Mtb, rather these synergisti-
cally enhance potency of first-line anti-TB drugs. On the 
flip side, target-based approaches have hardly produced 
any clinical candidates over last two decades. Rather, 
whole-cell screening approach has contributed immensely 
to anti-TB clinical pipeline [10]. One such scaffold yielded 
by this method is isoxazole esters, that are hypothesized to 
be prodrugs with pyrazinamide like action [17]. The fact 
that, these could act as ideal replacement for many nitro-
containing potential mutagenic and genotoxic anti-TB 
scaffolds like nitrofuran, nitro-thiophene, nitroimidazole 
[18], owing to their bio-isosteric resemblance to them [19] 
provides additional advantage. Several isoxazole carbox-
ylic acid alkyl ester derivatives like II depicted in Fig. 1 
are reported in literature as potent inhibitor of not only 
drug-susceptible (DS) but also drug-resistant (DR) Mtb 
[19–25]. Apart from isoxazole acid and ester, the peculiar 
and versatile anti-TB attributes of isoxazole moiety as an 
anti-TB pharmacophore could be well judged from several 
representative compounds reported in literature [26–28].

Similarly, urea and thiourea functionalities are wide-
spread in literature but clinically less explored as anti-TB 
pharmacophores. Urea and thiourea containing compounds 
are appealing to medicinal chemists because of their key 
drug-target interactions and crucial drug-like properties 
[29]. Presence of both H-bond acceptor/donor and owing 
to their linear shape, these motifs aid in bioavailability and 
hydrophilicity [30].

Indeed, many urea and thiourea derivatives have 
been reported as potential anti-TB agents in literature 
portraying diverse mechanism of action [29, 31–36]. 
Amongst these, adamantyl ureas are emerging anti-TB 
chemotypes epitomised by compound III, as inhibitor of 
Mycobacterial membrane protein Large 3 (MmpL3), a 
protein required for transport of trehalose monomycolates 
(TMMs) across the cell membrane of Mtb for cell wall 
biosynthesis [37, 38]. However, utility of these inhibitors 
is impeded by poor solubility leading to low bioavailabil-
ity and lack of selectivity, since these also inhibit human 
soluble epoxide hydrolase (hsEH) [39]. These issues 
were successfully addressed by the introduction of polar 
groups and heteroaromatics to adamantyl urea scaffold 
as in IV (Fig. 1) [40, 41]. In a similar pursuit, the present 
study aspires to introduce polar isoxazole ester motif to 
urea and thiourea core in search of a promising anti-TB 
agent. i.e., by keeping the urea/thiourea motif (that are 
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essential for key polar interaction with Asp-645, Tyr-
646 of MmpL3) intact, polar salicylate moiety of previ-
ous anti-TB compound IV was replaced with 5-phenyl 
isoxazole-3-carboxylic acid methyl ester motif in the pre-
sent study to find similarly improved physicochemical 
attribute as that of IV. The present work aims to find out 
whether the target compounds exhibit anti-TB potency 
while retaining acceptable physicochemical attribute with 
speculative or possible MmpL3 inhibition.

The fact that, favourable attributes of isoxazole motif 
like presumable dual mode of activity besides being an 
ideal replacement for rather toxic nitro-containing anti-TB 
agents, suited well with the rationale. On the other hand, 
linear or planar linkers significantly potentiated anti-TB 
activity of isoxazole esters that has been revealed through 
previous SAR studies and has also been validated in our 
earlier work [19]. In this context, urea/thiourea motif, 
being a linear pharmacophore besides possessing favour-
able physicochemical properties complemented with the 
rationale (Fig. 1) that seeks to find out whether scaffold 
hybridization of urea/thiourea and isoxazole ester moiety 
could yield a potent anti-TB compound.

Result and discussion

Chemistry

Synthesis of 40 new target compound was envisaged in 
an aim to identify optimum ureido/thioureido analogue of 
projected molecule as outlined in Scheme 1A. Key inter-
mediate anilines were synthesized employing previously 
reported literature [19].

Briefly, substituted acetophenones 1a–c were treated 
with appropriate diesters of oxalic acid in presence of 
sodium tert-butoxide to furnish 2,4-diketoester 2a–d. 
Cyclization of resultant intermediate 2a–d with hydroxy-
lamine hydrochloride led to the formation of nitro substi-
tuted isoxazole intermediate, that on subsequent reduction 
by sodium dithionite formed the desired aniline intermedi-
ate 3a–d. Key intermediate 5-(3-aminophenyl)isoxazole-
3-methyl ester 3a was treated with various commercially 
available substituted phenyl isocyanates and benzyl iso-
cyanates in dry tetrahydrofuran under inert condition at 
room temperature to provide urea derivatives 4a–x and 

Fig. 1   Illustration of design rationale: green circle indicates part of 
structure altered from previously reported anti-TB compounds (II, 
IV) for designing target compounds. Predicted key interactions dis-

played by IV in active site of MmpL3 protein (PDB code: 6AJH) and 
similarity extrapolation for target compound
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4y, respectively. Similarly, thiourea analogues 5a–m 
were obtained by treatment of commercially available 
substituted phenyl isothiocyanates with intermediate 3a 
using dry acetonitrile as solvent under inert atmosphere 
at room temp. Refluxing n-hexyl and cyclohexyl isothio-
cyanate with 3a in presence of base triethylamine in dry 
acetonitrile under inert condition led to the formation 
of aliphatic thiourea analogues 5n and 5o, respectively. 
Structural modification pertaining to variation in isoxa-
zole counterpart of title molecule was accomplished by 

combining optimized ureido/thioureido portion with dif-
ferent congeners of 5-(3-aminophenyl)isoxazole-3-methyl 
ester 3a, i.e., ethyl ester analogue 3b, para-amino substi-
tuted regio-isomer 3c, methoxy-substituted derivative 3d. 
Coupling of 3,4-dichlorophenyl isocyanate with 3b, 3c, 
3d using a similar procedure as has been used for syn-
thesis of urea derivatives led to the formation of 4ta, 4tb 
and 4tc, respectively (Scheme 1A). A similar congener 
of 3a, i.e., triazole ester intermediate 7 was synthesized 
from 3-nitroaniline by tandem diazotization, followed 

Scheme  1   A–C Synthetic route to 5-phenyl-3-isoxazolecarboxylic 
acid methyl ester linked urea (4a–y), thiourea derivatives (5a–o) 
and optimized compounds (4ta–te). Reagents and conditions: (i) 
diethyl oxalate or dimethyl oxalate, t-BuONa, THF, 0 °C to rt., 2 h; 
(ii) a NH2OH.HCl, EtOH or MeOH, Reflux, 6 h; b. Na2S2O4, EtOH/
MeOH:H2O (1:1), 65 °C, 1 h, 45–53% (3 steps); (iii) dry THF, rt, N2, 

16–18  h, 40–88%; (iv) dry ACN, rt, N2, 16–18  h, 37–77%; (v) dry 
ACN, TEA, reflux, N2, 18–20 h, 54–56%; (vi) a NaNO2, NaN3, conc. 
HCl:H2O 1:1, 0 °C-rt, 2 h; b ethyl acetoacetate, TEA, DMF, rt, over-
night, 60%; c. H2, Pd/C, Dry EtOAc, rt, 2 h, 78%; (vii) LiOH.H2O, 
THF: H2O (9:1), rt, 4 h, 92%
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by sequential replacement with azide, cyclization with 
ethyl acetoacetate and reduction. Condensation of 7 
with 3,4-dichlorophenyl isocyanate using similar proce-
dure as that of synthesis of urea derivative furnished 4td 
(Scheme 1B). Further, 4t was subjected to basic hydrolysis 
with lithium hydroxide to form 4te (Scheme 1C).

Anti‑TB activity

The antimycobacterial activity of synthesized compounds 
was evaluated by broth microdilution method with resa-
zurin as a metabolic indicator. The concentration of newly 
synthesized compounds was tested from 64 to 0.03 µg/mL 
along with Isoniazid (INH), Rifampicin (RIF), Streptomycin 
(STR) and Ethambutol (ETB) as reference standards. The 
preliminary screening indicated that synthesized compounds 
were selectively active towards Mtb H37Rv while show-
ing no inhibition of non-tuberculous mycobacteria (NTM) 
i.e., M. abscessus ATCC 19977, M. fortuitum ATCC 6841 
and M. chelonae ATCC 35752. However, weaker inhibition 
against M. fortuitum and M. chelonae was observed with 
thiourea analogues 5i, 5k, and 5m. Nevertheless, these 
showed better selectivity towards Mtb. Complete antimyco-
bacterial screening results of urea derivatives 4a–y and thio-
urea analogues 5a–o are listed in Supplementary information 
(Table S1). To determine their selectivity, these compounds 
were also tested against a panel of bacteria i.e., E. coli ATCC 
25922, S. aureus ATCC 29213, K. pneumoniae BAA 1705, 
A. baumannii BAA 1605 and P. aeruginosa ATCC 27853 
(Table S2 in supplementary information). Screening results 
against bacterial pathogen panel demonstrated no activity 
by all compounds except 4n, 4q and 5l showing minimal 
inhibition (8–16 µg/mL) against S. aureus, hence indicating 
their specificity towards Mtb. Anti-TB activity of all evalu-
ated compounds is listed in Table 1.

Out of 40 evaluated compounds, most of the compounds 
exhibited significant potency against Mtb H37Rv (MIC 
0.25–2 µg/mL). Comparatively, urea derivatives 4a–y were 
found to be more potent than thiourea analogues 5a–o. 
Detailed scrutiny of urea derivatives indicated compounds 
having halogen substituents among both mono- and di-
substituted compounds displayed potent anti-TB activity. In 
contrast, m-cyano, p-methoxy bearing substituents displayed 
poor to moderate potency. These results implied that halo-
gen moiety (non-polar group) at m-/p- position and meth-
oxy group at o- position were optimal for anti-TB potency. 
Methyl group was found to be well tolerated to enhance 
potency while polar substituents like cyano was detrimental 
for activity. Similarly, among disubstituted urea derivatives 
dichloro- bearing groups (4q, 4r, 4t) were found to display 
superior anti-TB potency. Surprisingly, compounds 4u, 4v, 
4x were found to be weakly active or inactive despite hav-
ing favourable non-polar substituents. Interestingly, all these 

compounds had either methyl or trifluoromethyl substitution. 
These groups are considered to have larger conformation, 
hence when present in proximity with similar larger groups 
(chloro- or methyl), they probably created steric influence 
that possibly accounted for their poor inhibitory activity. 
Apart from the aforementioned aryl substituted analogues, 
benzyl substituted urea derivative 4y was well tolerated dis-
playing moderate anti-TB potency (MIC 4 µg/mL). Overall, 
compound 4t bearing 3,4-dichlorophenyl moiety was found 
to exhibit optimum potency amongst urea derivatives (MIC 
0.25 µg/mL).

On the other hand, thiourea derivatives irrespective of 
having electronically divergent substituents, displayed 
almost similar anti-TB potency. Chloro- analogues were 
found to exhibit optimum potency irrespective of position 
among monosubstituted thiourea derivatives with p-chloro 
(5f) being the most active (MIC 1 µg/mL). Contrary to 
excellent potency of m-halogen urea derivatives, m-chloro 
(5c) and m-bromo (5d) bearing thiourea analogues showed 
moderate potency. Among disubstituted analogues, 2,4-dif-
luoro derivative (5k) exhibited good activity (MIC 2 µg/mL) 
while compound 5m showed moderate potency owing to 
the presence of moderately tolerable m-chloro group which 
is consistent with trend observed with disubstituted urea 

Table 1   MIC (µg/mL) of urea derivatives 4a–y and thiourea ana-
logues 5a–o against Mtb H37Rv ATCC 27294

Compd. code MIC (µg/mL) 
Mtb H37Rv

Compd. code MIC (µg/
mL) Mtb 
H37Rv

4a 4 4w 0.5
4b 2 4x 64
4c 2 4y 4
4d 0.5 5a 2
4e 2 5b 2
4f 0.5 5c 4
4g 0.5 5d 8
4h 2 5e 4
4i 16 5f 1
4j 0.5 5g 2
4k 2 5h 2
4l 0.5 5i 2
4m 8 5j 2
4n 0.5 5k 2
4o 1 5l 16
4p 0.5 5m 4
4q 0.5 5n 2
4r 0.5 5o 2
4s 2 Isoniazid 0.03
4t 0.25 Rifampicin 0.03
4u 16 Streptomycin 0.5
4v  > 64 Ethambutol 1
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derivatives. Similarly, compound 5l showed weak potency 
on basis of its bulky substitution (two trifluoromethyl 
groups) complementing to that of urea derivatives. Apart 
from these aryl derivatives, aliphatic group bearing thiourea 
analogue displayed excellent potency with both n-hexyl (5n) 
and cyclohexyl (5o) derivatives inhibiting Mtb (MIC 2 µg/
mL). All these broad SAR observations are summarized in 
Fig. 4. Among urea derivatives 4t (MIC 0.25 µg/mL) bear-
ing 3,4-dichlorophenyl substitution and from thiourea ana-
logues 5f (MIC 1 µg/mL) having 4-chlorophenyl moiety, 
were found to be the potent compounds of the series.

Lipophilicity is governed by Clog P that controls mem-
brane permeability—a critical factor for anti-TB potency 
[42]. In an attempt to validate correlation between lipophi-
licity and anti-TB activity, a plot between Clog P (Table S1 
in supplementary information) and anti-TB potency of syn-
thesized compounds was constructed (Fig. 2). A compound 
needs to be lipophilic enough to penetrate through unique 
nature of Mtb cell wall comprising mycolic arabinogalactan-
peptidoglycan complex to exert its inhibitory action, while 
at same time limiting off-target impact. A generalized infer-
ence from the plot indicated that bulk of the compounds with 
higher Clog P value ended up with potent anti-TB activ-
ity. Most potent compounds of the series exhibiting anti-
TB MIC of ≤ 1 µg/mL had Clog P value > 3.5. Conversely, 
weakly active compounds were found to have lower Clog P 

values. Interestingly, thiourea derivatives had lower Clog P 
than urea analogues, impact of which was reflected in their 
potency with thiourea derivatives being less potent as com-
pared to urea analogues.

However, 4u, 4v and 5l were poorly active or inactive 
despite possessing Clog P value close to 5. This anoma-
lous behaviour might be due to steric effect of the hindered 
functional groups (methyl, trifluoromethyl in close proximity 
to one another or halogen), thus leading to restricted target 
interaction. Aforementioned observation is similar to a pre-
vious work on prototype MmpL3 inhibitor indole-2-carbox-
amide anti-TB pharmacophores, wherein larger groups like 
methyl, methoxy, cyano produced comparatively reduced 
potency than smaller groups like chloro and fluoro [43, 44].

Structural modification of most potent analogue 
and its outcome

The optimum active compound 4t was subjected to optimi-
zation wherein variation was performed on 5-phenyl-3-isox-
azolecarboxylic acid methyl ester fragment in an attempt to 
further potentiate the molecule and derive detailed struc-
ture activity relationship (SAR). In this context, methyl ester 
was modified by adding alkyl appendage and hydrolysed to 
evaluate its impact on potency. Similarly, regioisomer hav-
ing different linker and replacement of isoxazole moiety was 

Fig. 2   Correlations between Clog P and anti-TB MIC of compounds 4a–y and 5a–o 
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planned to understand compound alignment and importance 
of isoxazole moiety in eliciting anti-TB activity, respectively. 
Besides this, a potential blocking group was introduced in 
close proximity to ureido moiety to restrict exposure of ure-
ido motif to study its necessity for interaction with target.

To accomplish the aforementioned, 4ta (ethyl ester ana-
logue of 4t); 4tb (regio-isomer of 4t; having para ureido-
linkage rather than meta) and 4tc (methoxy-substituted 
derivative) were synthesized. Further, isoxazole methyl 
ester of 4t was replaced by triazole ethyl ester moiety to 
obtain compound 4td, which was synthesized with an aim 
to investigate importance of isoxazole ester in imparting 
anti-TB property. To establish significance of ester motif, it 
was hydrolysed to corresponding carboxylic acid to obtain 
4te. Figure 3 shows variations made, highlighting part of 
the molecule altered. All these compounds were screened 
against mycobacterial and bacterial pathogen panel that sug-
gested these compounds were selective towards Mtb (Tables 
S1 and S2 in supplementary information). Both compounds 
4ta and 4tb displayed four- and twofold decrease in anti-TB 
potency to that of 4t respectively suggesting neither intro-
duction of alkyl appendage nor change in position of ureido 
linker is favourable for potency. On the other hand, both 4tc 
and 4td displayed significant reduction in potency with MIC 
8 and 16 µg/mL, respectively. The observed moderate activ-
ity of 4td signified the essential nature of isoxazole ester 

for anti-TB activity. However, unlike our earlier work [19], 
wherein a similar alteration of isoxazole with triazole moi-
ety resulted in complete loss of activity, in contrast to 4td, 
that retained moderate activity indicating innate activity of 
urea core towards Mtb. These facts validated the rationale of 
this design that introduction of urea core potentiated anti-TB 
activity of isoxazole ester motif. Similarly, the deterioration 
of potency for 4tc indicated that introduction of methoxy 
group adjacent to ureido moiety probably caused reduced 
interaction of ureido motif with target. This could further 
be justified from the fact that a similar modification in our 
earlier work resulted in producing most potent molecule 
wherein, the methoxy group possibly hindered metabolic 
susceptibility of adjacent amide linkage [25]. On the other 
hand, 4te was found to be poorly active towards Mtb, indi-
cating importance of ester moiety in imparting lipophilicity 
required for permeability through cell wall of Mtb, that is 
consistent with previous literature [17]. These findings from 
structural modifications are summarized as SAR in Fig. 4.

Cell viability assay against Vero cells

Cytotoxicity evaluation of most potent compounds hav-
ing MIC ≤ 1 µg/mL was carried out against Vero cells to 
verify whether the target compounds are active because of 
their toxicity. i.e., to verify whether the target compounds 

Fig. 3   Illustration of structural modification of most potent compound 4t and results obtained: ethyl ester analogue 4ta; para-ureido substituted 
analogue 4tb; Methoxy-substituted derivative 4tc; triazole ethyl ester variant 4td; isoxazole acid derivative 4te 
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non-selectively kill both mammalian as well as mycobac-
terial cell. CC50 is the lowest concentration of compound 
that causes 50% cell death. Selectivity index (SI) is the 
ratio between the concentration of compound that is toxic 
to mammalian Vero cells (CC50) to the concentration that 
can kill the mycobacteria (MIC). From the results, it was 
observed that most of tested compounds displayed low 
cytotoxicity to Vero cells as inferred from favourable 
CC50 of > 10 µg/mL along with a high selectivity index 
(SI) of > 20. This indicated that, the target compounds 
are not cytotoxic at a conc. of 20 times MIC, suggesting a 
broad therapeutic index. This confirmed that the anti-TB 
activity of these compounds doesn’t stem from toxicity. 
The results are tabulated in Table 2.

However, 4d and 4w were found to have low selectivity 
index (SI) exhibiting CC50 < 10 µg/mL (SI < 20). Over-
all, the results suggested that among urea series, 4j was 
found to be most selective with CC50 > 100 µg/mL and 
SI > 200. The lone compound tested from thiourea series 
5f showed CC50 > 50 µg/mL with SI > 50. Compounds 
obtained through structural variation i.e., 4ta and 4tb 
were also subjected to cytotoxicity analysis against Vero 
cells and were found to be highly selective as compared to 
4t. While 4ta exhibited marginal improvement in selectiv-
ity; 4tb displayed significant increase in selectivity with 
CC50 > 40 µg/mL and SI > 80 indicating that linear nature 
of molecule incorporated by para substitution conferred 
better selectivity.

Determination of activity against clinical isolates 
of DR‑Mtb

Non-toxic potent compounds (MIC ≤ 1 µg/mL) were further 
evaluated for their activity against clinical isolates of DR-Mtb 
strains. The results obtained are tabulated in Table 2. Most of 
the compounds tested exhibited moderate inhibitory activity 
against DR strains. Compounds were found to be highly active 
towards INH- and ETB-resistant strains while exhibiting mod-
erate to poor inhibition of STR- and RIF-resistant strains in 
general while, exhibiting resistance towards STR-res strains 
in particular. Surprisingly, 4j (considering MIC 0.5 µg/mL 
and SI > 200) was revealed to be least active against resistant 
strains among all tested compounds. Interestingly, compound 
4t and 5f, that happened to be the most potent compound of 
their respective series against susceptible Mtb strains, also 
inhibited all DR-Mtb strains, although not equipotently (MIC 
0.5–4 µg/mL). Specifically, encouraging result was observed 
with 4t inhibiting both INH and STR-res strains (MIC 2 µg/
mL) while displaying stronger inhibition against ETB and RIF-
res strains (MIC 1 and 0.5 µg/mL, respectively). On the other 
hand, structurally modified analogues of 4t; compound 4ta and 
4tb exhibited mixed result. 4ta was found to be highly active 
against all DR strains except STR-res strains wherein it showed 
moderate potency. On the contrary, 4tb displayed better activ-
ity towards all DR strains with MIC 1–4 µg/mL. Results of 
structural modification signified optimal nature of methyl ester 
for anti-TB potency while a linear shape is essential for better 

Fig. 4   An overview of SAR of evaluated compounds: Highlighted colours of rectangular boxes indicate identical colour of part of structure 
4a–y; 5a–o; 4ta–te being referred
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selectivity. The target compounds were found more potent 
towards sensitive strains (DS-Mtb) than resistant ones (DR-
Mtb). Since this cannot be attributed to mutation consider-
ing these share probably different MOA that standard drugs 
taken as reference in this study; the possible reason could be 
attributed to enzymatic inactivation or efflux mechanism rather 
than mutation [45–47]. Previous studies pointed out metabolic 
susceptibility of esters leading to the formation of isoxazole 
acids that probably displayed pyrazinamide like mechanism 
of action [17, 21]. However, the present study attempted to 
keep metabolically labile ester while exploring the pharma-
cophoric attributes of urea and thiourea motif as an anti-TB 
scaffold. Taken together, the molecular hybridization strategy 
successfully delivered potent anti-TB lead against DS-Mtb 
while exhibiting marginally reduced potency against DR-
Mtb. To sum up, based on better anti-TB potency against both 
susceptible and resistant strains and its non-toxic attribute; 4t 
was identified to be the most potent compound of the series.

Structure activity relationship (SAR) 
and mechanistic basis of anti‑TB activity

SAR features (Fig. 4) of present study led to following 
considerations; (a) isoxazole esters 4t exhibited signifi-
cant anti-TB potency as compared to its acid counterpart 

4te that complemented with the prodrug like action; (b) 
being a linear moiety, urea or thiourea linker potentiated 
the anti-TB activity of 5-phenyl-3-isoxazolecarboxylic 
methyl esters indicating their role in enhanced permeabil-
ity and execution of key interactions; (c) non-polar substit-
uents on ureido/thioureido motif favoured anti-TB potency 
in contrast to detrimental effect shown by polar groups 
further strengthening the finding “enhanced lipophilic-
ity associated increase in anti-TB potency”; (d) moreo-
ver, the observed diminished potency with hydrophobic 
bulky substituents (4u, 4v, 4x) supported that linear and 
compact pharmacophores were better suited for anti-TB 
potency; (e) in addition, isoxazole esters (4t as compared 
to 4td) were found to be essential for retention of anti-
TB property; (f) reduction in potency with introduction 
of alkyl appendage to isoxazole esters (4ta as against 4t) 
suggested requirement of esters only for permeability, thus 
further strengthening the prodrug approach; (g) Dimin-
ished potency by the presence of adjacent substitution (4tc 
compared to 4t) to ureido/thioureido motif indicated the 
essential nature of later for target interaction.

All these observations were suggestive of prodrug 
attributes and pyrazinamide like action which is in agree-
ment with previous studies [17].

Table 2   Cytotoxicity assay 
against Vero cells and MIC 
against clinical isolates of 
DR-Mtb strains of selected 
compounds

INH-res isoniazid-resistant, ETB-res ethambutol-resistant, STR-res streptomycin-resistant, RIF-res 
rifampicin-resistant, SI selectivity index (CC50/MIC), n.d. not determined

Compd. code Mtb MIC (µg/mL) Cytotoxicity (mammalian 
Vero cells)

H37Rv 
ATCC 
27294

INH-res 
ATCC 
35822

ETB-res 
ATCC 
35837

STR-res 
ATCC 
35820

RIF-res 
ATCC 
35838

CC50 (µg/mL) SI

4d 0.5 8 2 8 4  > 5, < 10  > 10, < 20
4f 0.5 8 2 32 8  > 40, < 80  > 80, < 160
4g 0.5 32 8  > 64 32  > 40, < 80  > 80, < 160
4j 0.5 16 8  > 64 64  > 100  > 200
4l 0.5 16 8 32 64 80 160
4n 0.5 32 16  > 64 8  > 25  > 50
4o 1 4 1 16 4  > 100  > 100
4p 0.5 4 1 16 4  > 40, < 80  > 80, < 160
4q 0.5 16 2  > 64 4  > 10, < 20  > 20, < 40
4r 0.5 8 2 16 8  > 25  > 50
4t 0.25 2 1 2 0.5  > 12.5, < 25  > 50, < 100
4w 0.5 16 1 4 2  > 5, < 10  > 10, < 20
5f 1 1 2 4 2  > 50  > 50
4ta 1 4 1 16 1  > 20, < 40  > 20, < 40
4tb 0.5 1 2 4 1  > 40, < 80  > 80, < 160
INH 0.03  > 64 0.06 0.06 0.06 n.d n.d
RIF 0.03 0.03 0.03 0.03 64 n.d n.d
STR 0.5 1 0.25  > 64 0.5 n.d n.d
ETB 1 1 32 2 2 n.d n.d
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Molecular docking studies

In order to further understand and correlate observed anti-
TB potency, in silico evaluation was contemplated. MmpL3 
was selected as the target protein considering the similarity 
in urea like core of target compounds to central structure of 
MmpL3 ligands indole-2-carboxamides [43, 48] and ada-
mantyl urea derivatives [37]. To gain insight into the dis-
parate activity, two compounds at opposite end of activity 
spectrum i.e., the most potent analogue 4t and poorly active 
compound 4v were subjected to molecular docking. Further, 
to explore and verify the prodrug/permeability theory, acid 
counterpart of optimum active compound i.e., 4te was also 
carried forward for molecular docking evaluation. Figure 5 
illustrates predicted binding mode and detailed protein-
inhibitor interactions of compound 4t, 4te, 4v and overlay 
of previously reported compound IV with 4te within active 
site of MmpL3.

The 2D binding mode of aforementioned compounds 
along with cocrystal ligand are depicted in Fig. S1 of sup-
plementary information. The molecular docking results 
along with major interactions for all these compounds with 
MmpL3 protein of Mycobacterium smegmatis are presented 

in Table S3 of Supplementary Information. From the molec-
ular docking studies, it was observed that both 4t and 4te 
were well accommodated in active pocket of the protein, 
occupying similar pocket as that of co-crystal ligand AU-
1235 and reference compound IV. However, compound 
4t showed two hydrogen bond interactions with the active 
residues Asp-645 and Asp-256 in contrast to its carboxylic 
acid analogue 4te exhibiting identical key interaction as that 
of reference compound/co-crystal ligand with Asp-645 and 
Tyr-646 and hence showing far better binding affinity. The 
key interactions exhibited by 4te not only complimented 
to the rationale of design wherein, presumptions regarding 
urea/thiourea involving in key interactions got validated, 
but also further justified the prodrug hypothesis of the title 
compounds by which these elicited anti-TB activity as dis-
cussed above. Moreover, compound 4v also displayed simi-
lar interaction as that of cocrystal despite being poorly active 
against Mtb, further reaffirming the prodrug theory. i.e., 
irrespective of the interactions shown by isoxazole esters, 
the acid counterpart presumably elicits anti-TB activity. 
For compound 4te; the oxygen atom of urea moiety acts as 
hydrogen bond acceptor with residue Tyr-646 having dis-
tance 2.85 Å while both NH- groups acting as H-bond donor 

Fig. 5   Docking poses for compound 4t, pink stick (A); 4te, orange 
stick (B); 4v, green stick (C) and overlay of compound 4te and refer-
ence compound IV, slate blue stick (D) at the active site of protein 
MmpL3 (cyan cartoon; PDB code 6AJH). Hydrogen bonds shown as 

yellow dashes with distances in Å. Residue involved in H-bond and 
π-stalking interaction shown as teal and green cyan colour sticks, 
respectively
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with Asp-645 having H-bond distance of 2.13 and 1.79 Å. 
Aryl fragment of ureido motif of 4te made one π-stalking 
interaction with Phe-649. Additionally, several hydrophobic 
interactions were observed for test compound and the active 
site residues, e.g., Ile-253, Tyr-257, Leu-259, Phe-260 (Fig. 
S1) that aided in stabilizing the binding of compound in 
the active site of MmpL3 which explained the requirement 
of hydrophobic/nonpolar groups to favour anti-TB potency.

Taken together, the molecular docking study corrobo-
rated the prodrug like attributes of the title compounds 
while speculating probable MmpL3 inhibition as one of the 
mechanisms of action. It has been debated that lipophilic 
non-aromatic moiety widely present in previously reported 
MmpL3 inhibitors assisted in enhanced penetration and 
increased affinity to target, leading to potent anti-TB activ-
ity. On the downside, these properties could also contribute 
to lower aqueous solubility and significant non-target bind-
ing and toxicity in plasma [49]. In this context, the prodrug 
approach, druglike properties and plausible MmpL3 inhibi-
tory activity exhibited by the title compounds establishes 
these as promising anti-TB chemotypes.

In silico ADME/T studies

Drug-likeness, physiochemically key descriptors, and phar-
macokinetically important properties of lead compounds 4t, 
4tb and 5f were assessed by employing the QikProp pro-
gramme of Schrödinger software. Table 3 depicts the signifi-
cant computed ADME/T parameters and their recommended 

ranges. From the analysis of computed ADME/T parameters, 
it can be inferred that the lead compounds confirm to Lipin-
ski's rule of five and has an acceptable range of physico-
chemical properties.

Conclusion

A library of urea-/thiourea-based 5-phenyl-3-isoxazolecar-
boxylic acid methyl ester derivatives have been conveniently 
synthesized and evaluated against Mtb H37Rv leading to a 
new potent and selective anti-TB chemotype exhibiting sub 
µg/mL activity. SAR findings demonstrated that mono- or 
disubstituted urea analogues having halogen or alkyl substitu-
tion were beneficial for potent activity whereas polar groups, 
bulky substituents were detrimental for potency. Reduction 
in potency with introduction of alkyl appendage to isoxazole 
esters suggested requirement of esters only for permeability. 
Urea moiety fared better in displaying anti-Mtb potency than 
its thiourea counterpart, indicating linear and compact phar-
macophores were better suited for anti-TB potency. Isoxazole 
ester core is indispensable for activity considering oblitera-
tion in potency upon its alteration with triazole ester 4td or 
corresponding acid 4te. Lipophilicity was found firmly asso-
ciated with anti-TB potency in a directly proportionate man-
ner. All these observations were suggestive of prodrug attrib-
utes and pyrazinamide like action which is in agreement with 
previous literatures. The most active compounds of the series 
4t and 5f exhibited MIC of 0.25 and 1 µg/mL respectively 

Table 3   In silico ADME/T parameters for lead compounds

ADME/T parameters Recommended range 4t 4tb 5f

Rule of five Maximum is 4 No violation No violation No violation
PSA (van der Waals surface area of polar nitrogen and oxygen atoms and 

carbonyl carbon atoms)
7.0–200.0 109.605 109.601 94.06

SASA (total solvent accessible surface area) 300.0–1000.0 707.627 708.488 700.637
Dipole moment 1.0–12.5 7.348 5.266 9.557
Molecular volume 500.0–2000.0 1184.603 1184.65 1176.086
Molecular weight  ≤ 500 406.22 406.22 387.84
Clog P  ≤ 5 5.07 5.07 3.57
Donor HB 0.0–6.0 2 2 2
Acceptor HB 2.0–20.0 5.5 5.5 6
QPlogKhsa (prediction of binding to human serum albumin) − 1.5 to 1.5 0.244 0.243 0.455
QPlogPo/w (predicted octanol/water partition coefficient) − 2.0 to 6.5 3.284 3.274 3.833
QPpolrz (predicted polarizability in cubic angstroms) 13.0 to 70.0 42.276 42.274 42.219
QPlogBB (predicted brain/blood partition coefficient) − 3.0 to 1.2 − 1.241 − 1.26 − 0.956
QPlogKp (predicted skin permeability) − 8.0 to − 1.0 − 3.287 − 3.312 − 2.705
QPlogHERG (predicted IC50 value for blockage of HERG K+ channels) Concern below − 5 − 5.43 − 5.443 − 6.883
QPPCaco (predicted apparent Caco-2 cell permeability in nm/s)  < 25 is poor

 > 500 great
172.643 164.31 420.914

POA (predicted human oral absorption on 0 to 100% scale)  > 80% is high
 < 25% is poor

86.214 85.774 96.354
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against susceptible Mtb H37Rv while halting the growth of 
DR strains with MIC of 0.5–4 µg/mL. Structural modifica-
tion of 4t led to identification of compound 4tb displaying 
improved selectivity (CC50 > 40 µg/mL and SI > 80). To sum 
up, potentiation of anti-TB activity of isoxazole esters by 
introduction of urea/thiourea motif was successfully accom-
plished in this work. Overall, sub µg/mL potency against both 
susceptible and resistant Mtb strains besides being non-toxic 
establishes urea/thiourea variants of 5-phenyl-3-isoxazolecar-
boxylic acid methyl esters as a promising chemotype in pur-
suit of novel anti-TB agent. With apparent lack of isoxazole 
and urea-/thiourea-based pharmacophores as anti-infective 
drug candidates, the present outcome could certainly open 
up a roadmap for design and development of these scaffolds 
as prospective anti-TB agents.

Materials and methods

All the chemicals, reagents and starting materials were pro-
cured from commercial providers and were used as such. The 
monitoring of reactions was performed by TLC-MERCK 
pre-coated silica gel 60-F254 (0.5 mm) aluminium plates 
under UV light. 1H and 13C NMR spectra were obtained 
on Bruker Avance 500 MHz spectrometer using tetramethyl 
silane (TMS) as the internal standard and chemical shifts are 
reported in ppm. Chemical shifts are referenced to TMS (δ 
0.00 for 1H NMR and 13C NMR) and corresponding solvents 
used for NMR recording CDCl3 (δ 7.26 for 1H NMR and 
77.2 13C NMR) or DMSO/d6 (δ 2.50 for 1H NMR and 39.5 
for 13C NMR). Spin multiplicities for 1H NMR are reported 
as s (singlet), brs (broad singlet), d (doublet), dd (double 
doublet), t (triplet) and m (multiplet). Unless and otherwise 
mentioned, values in 13C NMR are implicated as single Car-
bon while multiple Carbon is shown as ‘nC’ where n implies 
no. of Carbon. Coupling constant (J) values are reported in 
hertz (Hz). In 13C NMR of Fluorine containing compound, 
Carbon–Fluorine coupling is denoted by JCF. HRMS were 
determined with Agilent QTOF mass spectrometer 6540 
series instrument and were performed in the ESI techniques 
at 70 eV. Column chromatography was performed using sil-
ica gel 60–120 or 100–200 mesh. Melting point was taken 
using Stuart® SMP30 apparatus.

Synthesis of intermediate anilines

General procedure for synthesis of isoxazole ester bearing 
aniline 3a–d

To an ice cold solution of appropriate diesters of oxalic acid 
(dimethyl oxalate or diethyl oxalate, 9.0 mmol, 1.5 equiv.) 
in dry THF was added sodium tertiary butoxide (21.2 mmol, 
3.5 equiv.) under nitrogen atmosphere. After 10 min., a 

solution of substituted acetophenone 1a–c (6.0 mmol, 1 
equiv.) in anhydrous THF was added dropwise to above 
suspension maintaining temp. below 0 °C. The resulting 
mixture was allowed to stir at room temperature for 1 h. 
After completion of the reaction (monitored by TLC), the 
reaction mixture was added to crushed ice and quenched 
with conc. HCl solution until acidic (pH 2–3); extracted 
with EtOAc and the combined organic layer was washed 
with brine, dried over Na2SO4, filtered, concentrated under 
reduced pressure to give 2,4-diketo ester intermediate 2a–d 
as light-yellow crystals; which were taken to the next step 
without further purification. The crude product obtained 
above was dissolved in appropriate solvent (MeOH or EtOH) 
and 1.2 equiv. of hydroxylamine hydrochloride was added. 
The solution was refluxed for 10–12 h. After attaining rt, 
excess solvent was minimized by vacuum evaporation. Upon 
cooling over ice, the precipitate formed was filtered, washed 
with cold MeOH/EtOH and oven dried to provide target 
nitro intermediates in good to excellent yield. A suspen-
sion of above nitro intermediate in 1:1 mixture of MeOH (or 
EtOH) and H2O was heated to 65 °C and sodium dithionite 
was gradually added until TLC shows complete consump-
tion of starting material. The reaction mixture was extracted 
with EtOAc after removal of residual solvent. The combined 
organic layer was washed with brine, dried over Na2SO4, 
evaporated to yield corresponding amine intermediate 3a–d 
which were purified by recrystallization from chloroform 
and hexane. Please see Supporting information for charac-
terization data of intermediate anilines 3a–d.

Procedure for synthesis of triazole ester containing aniline 
7

3-Nitroaniline 6 (0.5 g, 3.62 mmol) was stirred in 6 N HCl 
(20 mL) and cooled to 0 °C in an ice-water bath followed by 
addition of 0.38 g NaNO2 (5.43 mmol, 1.5 equiv.) in 5 mL 
H2O dropwise and stirred for 30 min under cooling condi-
tion. A solution of 0.94 g NaN3 (21.30 mmol, 4 equiv.) in 
7 mL H2O was added drop-wise and allowed to react for 1 h 
at rt. The resulting suspension was extracted with EtOAc 
and the organic layer was washed successively with satu-
rated NaHCO3 and brine; dried over Na2SO4. The solvent 
was evaporated to give crude product 3-nitroazidobenzene 
(0.45 g) as white solid. The formed product was dissolved 
in DMF followed by the addition of ethyl acetoacetate 
(0.5 mL, 3.91 mmol, 1.2 equiv.) and Triethyl amine (0.9 mL, 
6.52 mmol, 2 equiv.). The resulting reaction mixture was 
stirred at rt overnight. Upon completion, ice cold water was 
added and precipitate formed was filtered off and washed 
successively with cold water and then vacuum dried. The 
products were purified by recrystallization from EtOH to 
afford the desired compound as white solid. Obtained com-
pound was dissolved in reaction grade ethyl acetate and 
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purged with nitrogen thrice. 10 mol% Pd/C was added to 
the reaction mixture and was allowed to stir under H2 at rt. 
Upon completion (monitored by TLC Rf 0.2 in EtOAc:Hex 
1:3), reaction mixture was celite filtered, filtrate washed with 
brine and evaporated to yield 7 as white powder in 78% 
(0.59 g, 2.14 mmol) yield. Please see Supporting informa-
tion for characterization data of intermediate 7.

General procedure A for the synthesis of urea 
derivatives (4a–y)

Equimolar quantities (0.4 mmol) of substituted phenyl iso-
cyanate or benzyl isocyanate and intermediate 3a (88 mg) 
was stirred in dry tetrahydrofuran for 16–18 h at room tem-
perature under inert atmosphere. After completion of reac-
tion (monitored by TLC), the solvent was removed in rota 
evaporator, then the residue was precipitated in acetonitrile 
and collected by filtration to give desired product 4a–y in 
40–88% yield. All the newly synthesized compounds were 
characterized by 1H NMR, 13C NMR and HRMS (ESI). 1H 
NMR signals was also determined for some representative 
compounds (Supporting information). Please see Supporting 
Information for characterization data of compounds 4a–y.

General procedure B for the synthesis of thiourea 
derivatives (5a–o)

Equimolar quantities (0.4  mmol) of substituted phenyl 
isothiocyanate and intermediate 3a in dry acetonitrile was 
allowed to react for 16–18 h at room temp. under inert 
atmosphere. When 3a (88 mg) was treated with aliphatic 
isothiocyanates, additionally 2 equiv. of triethylamine was 
used as base under reflux for 18–20 h. Upon completion of 
reaction, as monitored by TLC, excess solvent was removed 
under vacuum and residue was purified by recrystallization 
form a mixture of dichloromethane and hexane or subjected 
to silica gel chromatography to furnish compounds 5a–o 
in 37–77% yield. All newly synthesized compounds were 
characterized by 1H NMR, 13C NMR and HRMS (ESI). 1H 
NMR signals was also elucidated for some representative 
compounds (Supporting information). Please see Supporting 
Information for characterization data of compounds 5a–o.

Synthesis of structurally modified analogues (4ta–
te)

Condensation of 3,4-dichlorophenyl isocyanate (0.4 mmol) 
with aniline intermediates 3b–d or 7 (0.4 mmol) by employ-
ing general procedure A led to the formation of 4ta–td 
respectively in 74–85% yield.

Isoxazole carboxylic acid analogue 4te was obtained by 
basic hydrolysis of 4t. It was accomplished using 5 equiv. 
of LiOH monohydrate (51.6 mg, 1.23 mmol) in a mixture 

of 4t (100 mg, 0.25 mmol) in THF: H2O 9:1 at rt. After 
completion of reaction, volatile solvent was evaporated, 
residue diluted with cold water. pH of the solution formed 
was adjusted to 3–4 by dil. HCl. Resultant precipitate was 
vacuum filtered and oven dried to afford 4te as white solid, 
Yield 92% (89 mg, 0.23 mmol). Please see Supporting infor-
mation for characterization data of compounds 4ta–te.

Antibiotic susceptibility testing 
against mycobacteria

Antimycobacterial susceptibility testing of test compounds 
was carried out using broth microdilution assay [50]. 10 mg/
mL stock solutions of test and control compounds were 
prepared in DMSO and stored in − 20 °C. Mycobacterial 
cultures were inoculated in Middlebrook 7H9 enriched 
(Difco, Becton, NJ, USA) media supplemented with 10% 
ADC-Tween-80 (Bovine Serum Albumin, Dextrose, 0.2% 
glycerol and 0.05% Tween-80) and OD600 of cultures was 
measured, followed by dilution to achieve ~ 106 CFU/mL. 
The newly synthesized compounds were tested from 64 to 
0.03 mg/mL in twofold serial diluted fashion with 2.5 mL 
of each concentration added per well of a 96-well round bot-
tom microtiter plate. Later, 97.5 mL of bacterial suspension 
was added to each well containing the test compound along 
with appropriate controls. Presto blue (Thermo Fisher, USA) 
resazurin-based dye was used for the visualized identifica-
tion of active compounds [51]. MIC of active compound was 
determined as lowest concentration of compound that inhib-
ited visible growth after incubation period. The MIC results 
evaluated were obtained from one among the conc. of 0.03, 
0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64 and > 64 mg/mL 
of test solution. MIC was detected on basis of visual colour 
change of culture medium from blue to pink. The lowest 
conc. that prevents this colour change was recorded as MIC, 
the determination of which was performed in triplicate and 
consistent MIC value obtained was reported as final ana-
lysed MIC. i.e., the MIC result reported is the one obtained 
twice or thrice out of three times experiment. Average of the 
thrice replicate was not taken as MIC, as it would represent 
unjustified concentrations. The MIC plates were incubated 
at 37 °C for 7 days for Mtb and 48 h for other mycobacterial 
pathogens.

Antibiotic susceptibility testing against bacterial 
pathogen panel

Antibiotic susceptibility testing was carried out on the newly 
synthesized compounds by determining the Minimum Inhib-
itory Concentration (MIC) with reference to the standard 
CLSI guidelines [52]. MIC is defined as the minimum con-
centration of compound at which visible bacterial growth is 
inhibited. Bacterial cultures were grown in Mueller–Hinton 
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cation supplemented broth (CAMHB). Optical density 
(OD600) of the cultures was measured, followed by dilution 
for ~ 106 CFU/mL. This inoculum was added into a series of 
test wells in a microtiter plate that contained various concen-
trations of compound under test ranging from 64 to 0.03 µg/
mL. Controls i.e., cells alone and media alone (without com-
pound + cells) and levofloxacin used as a reference stand-
ard. Plates were incubated at 37 °C for 16–18 h followed 
by observations of MIC values by the absence or presence 
of visible growth. For each compound, MIC determinations 
were performed independently thrice using duplicate sam-
ples each time.

Cell cytotoxicity assay

The active newly synthesized compounds were screened for 
their cell toxicity against Vero cells using MTT assay [53]. 
Doxorubicin was taken as a positive control and experiment 
was performed in triplicate. ~ 103 cells/ well were seeded in 
96 well plate and incubated at 37 °C with a 5% CO2 atmos-
phere. After 24 h, compound was added ranging from 100 
to 5 mg/L and incubated for 72 h at 37 °C with 5% CO2 
atmosphere. After the incubation was over, MTT was added 
at 5 mg/L in each well, incubated at 37 °C for further 4 h, 
residual medium was discarded, 0.1 mL of DMSO was 
added to solubilise the formazan crystals and OD was taken 
at 540 nm for the calculation of CC50. CC50 is defined as 
the lowest concentration of compound which leads to a 50% 
reduction in cell viability.

Molecular docking studies

To rationalize the experimental results obtained, molecular 
docking studies were undertaken on representative com-
pounds 4t, 4te, 4v, reference compound IV and co-crys-
tallized ligand compound III (AU-1235) on the active site 
of Mycobacterial membrane protein Large 3 (MmpL3) by 
employing GLIDE docking module of Schrodinger suite 
2020–3 [54, 55]. The protein crystal structure of MmpL3 in 
complex with AU-1235 was retrieved from the RCSB Pro-
tein Data Bank (PDB code: 6AJH, resolution 2.82 Å). Fol-
lowing this, protein was prepared using Protein Preparation 
Wizard of Maestro. Missing amino acid residues and side 
chains were added using Prime module of Maestro. The 
bound co-crystallized ligand was used to define the active 
site. All ligand molecules were built and optimized using 
Maestro Molecule Builder and OPLS-3e force field in Lig-
Prep modules of Schrodinger software. Further, the prepared 
ligands were docked at active site of MmpL3. Docking inter-
actions were visualized by Pymol.
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