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Abstract

The greatest impediment to bringing the infections caused by Mycobacterium tuberculosis
under control is the rising of strains that developed resistance to clinically used molecules.
Therefore, the discovery of novel drug candidates for the treatment of this challenging disease
is becoming dramatically more important. Prompted by this situation, we rationally designed
and synthesized sixteen compounds carrying thiophene and thiazole rings beside the core urea
functionality (TTU1-TTU16) through the combination of antitubercular pharmacophores.
Following their extensive structural characterization, the obtained compounds were initially
evaluated for their antimycobacterial activity against Mycobacterium tuberculosis H37Rv.
Subsequently, three derivatives standing forward with their outstanding biological profiles and
low cytotoxicities were tested on the drug (isoniazid)-resistant clinical isolates carrying katG
and inhA mutations. Additionally, due to their pharmacophore similarities to the well-known
InhA inhibitors, all molecules were screened for their enoyl acyl carrier protein reductase
(InhA) inhibitory potentials. Molecular docking studies were finally performed to support the

experimental enzyme inhibition data.

Keywords: thiophene, thiazole, enoyl acyl carrier protein reductase, antimycobacterial,
molecular docking, drug-resistant clinical isolates



1. Introduction

Tuberculosis (TB), primarily caused by Mycobacterium tuberculosis (Mtb), is a contagious
bacterial infection and still poses a severe global threat to human health despite existing since
ancient times [1]. World Health Organization (WHO) designated TB to be the main cause of
death attributable to a single infectious agent, with an estimated ten million individuals
contracting the disease in 2020 [2].

Despite the recently marketed molecules such as bedaquiline and delamanid in addition to the
current antitubercular drugs, TB therapy remains a severe challenge worldwide [3]. The greatest
roadblock to the success of the existing TB chemotherapeutic regime is the emergence of drug-
resistant strains [4]. This situation highlights the urgent need for the discovery of novel
antimycobacterial compounds with different scaffolds.

Thiazole is a five-membered heterocyclic ring carrying both sulfur and nitrogen atoms holding
an important position among all heterocycles due to its established significance in medicinal
chemistry [5]. This prominent scaffold often acts as a strategic pharmacophore in
therapeutically valuable molecules with versatile biological applications including anticancer,
antidepressant and anti-inflammatory [6—8]. Thiazole is present in the structures of many
commercial anti-infective agents such as sulfathiazole and acinitrazole (antibacterial),
thiabendazole (antiparasitic), and abafungin (antifungal) (Figure 1) [9]. Additionally, this
valuable scaffold plays an important role in the design and discovery of new antitubercular
compounds [10]. Therefore, it is obvious that thiazole ring possesses a definite capacity to

disrupt the critical metabolic processes of the infectious agents.
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Figure 1. Chemical structures of commercial anti-infective agents carrying thiazole rings.

Thiophene is another sulfur-containing ring and represents one of the most frequent
heterocycles in biologically active compounds including antitubercular agents [11-13].
The urea functionality has a central role in the drug design process due to its ability to establish

hydrogen bonds regarded as one of the most important drug-biological target interactions [14].
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This pharmacophore also serves as a key building block in the synthesis of biologically active
molecules ranging from antitubercular to anticancer agents, as well as numerous clinically

authorized drugs (Figure 2) [15,16].
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Figure 2. Representative examples of urea-containing FDA-approved drug molecules.

Enoyl acyl carrier protein reductase, InhA, is one of the critical enzymes employed in the fatty
acid biosynthesis pathway of Mtb [17]. As fatty acids, mainly mycolic acids, are essential
components of the bacterial cell wall, they are of utmost importance for the survival of Mtb
[18]. Therefore, InhA stands as an attractive target for the development of new antitubercular
agents. This NADH-dependent enzyme is also the principal target of isoniazid (isonicotinic acid
hydrazide, INH) which is one of the first-line antitubercular drugs [19]. Being a prodrug, INH
has to be activated by KatG, a catalase-peroxidase enzyme, to block InhA. Following this
activation, isoniazid forms unstable species that readily react with the cofactor NADH to
generate a covalently bound adduct [20,21]. Consequently, the mutations in katG diminish this
activation yielding the most common type of drug resistance to INH [22]. Therefore, it is critical
to design and develop novel compounds that directly target the binding pocket of InhA instead
of requiring KatG activation for the efficient treatment of TB.

Although the binding site of InhA can be occupied by various chemically diversified molecules
(Figure 3), in almost all circumstances, the direct inhibitors of InhA interact with the enzyme
via hydrogen bonds to the cofactor (NADH) and a tyrosine residue (Tyr158) in addition to the
hydrophobic contacts with the lipophilic pockets [23].
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Figure 3. Chemical structures of representative InhA inhibitors co-crystallized in the enzyme
deposited in Protein Data Bank (PDB) with the mentioned codes. Molecular parts providing
InhA binding are highlighted: hydrophobic contacts and hydrogen bonds are shown as yellow
spheres and red dotted lines, respectively.

Prompted by the mentioned considerations, we aimed to combine thiophene and thiazole rings,
as well as urea functionality (TTU1-TTU16) in the same molecules (Figure 4). We extensively
screened the obtained compounds for their antitubercular activities. As our compounds possess
the required pharmacophores for targeting InhA, hydrogen bond participating atoms/groups for
NAD and Tyr158 binding in addition to terminal hydrophobic rings, we also evaluated the InhA

inhibition capacities of the synthesized molecules.
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Figure 4. The design approach and general chemical structures of the target molecules.



2. Results and discussion

2.1. Chemistry

The synthetic pathways for preparing the final compounds are summarized in Scheme 1. The
starting scaffold 4-(thiophen-2-yl)thiazol-2-amine (IV) was obtained according to reported
protocols. Briefly, it was prepared by bromination of 2-acetylthiophene (I) with bromine in
methylene chloride to give a-bromoketones (II). Subsequent cyclization reaction of a-
bromoketones (II) with thiourea (IIT) under mild basic conditions afforded the corresponding
4-(thiophen-2-yl)thiazol-2-amine (IV). The obtained 4-(thiophen-2-yl)thiazol-2-amine (IV)
was then used for the synthesis of the targeted urea derivatives TTU1-TTU16. The first
synthetic approach for the synthesis of urea derivatives involved the stirring of 4-(thiophen-2-
yDthiazol-2-amine (IV) with commercially available isocyanates in dry benzene overnight at
reflux conditions resulting in the formation of the respective urea derivatives TTU3, TTUS-
TTU7, TTU9-TTU11, TTU13, and TTU16. Alternatively, the remaining urea derivatives were
achieved from corresponding acyl azides VII which were obtained by the treatment of benzoic
acid derivatives (VI) with ethyl chloroformate in the presence of triethylamine followed by the
addition of NaN3 aqueous solution. Refluxing the acyl azide in dry aprotic solvent (benzene)
initiated rearrangement (Curtius rearrangement) to the corresponding isocyanate which was
then reacted with amine IV to produce the corresponding urea derivatives TTU1, TTU2,

TTU4, TTUS, TTU12, TTU14, and TTU1S.
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Scheme 1. Reagents and conditions: (a) Bromine, DCM, 0 °C to rt, 2 h. (b) Ethanol, reflux, 2
h. (¢) i. EsN, ethyl chloroformate, THF ii. NaN3/H»O. (d) Benzene, reflux.

The structures of the urea derivatives were confirmed by 'H-NMR, '3C-NMR, HRMS. The
presence of two exchangeable singlet signals at 6 11.20 — 10.72 and 9.50 — 8.63 ppm,
corresponding to protons of NHa and NHb of the urea moiety, was observed in the NMR spectra
of compounds TTU1-TTU16. The '*C NMR spectra of these compounds displayed signals at
5160.95 - 159.10 ppm attributed to the carbon of urea carbonyl. 'TH-NMR and *C-NMR spectra
of TTU1-TTU16 are provided as supplementary materials.



2.2. Antitubercular activity determination and cytotoxicity evaluation

We tested all synthesized molecules (TTU1-TTU16) for their antitubercular activities against
Mtb H37Rv and some of these against two INH-resistant (InhA mutant and KatG mutant)
clinical isolates by applying Microplate Alamar Blue Assay (MABA) method. The initial
screening results of the compounds at 1.56 - 200 pM concentration against Mth H37Rv are
represented as minimum inhibitory concentration (MIC) along with cytotoxicity of the most
active derivatives in Table 1.

Table 1. Chemical structures, MIC values against Mycobacterium tuberculosis H37Rv and
cytotoxicity data of the synthesized compounds

7 0
S \N\>—N JJ\N -R
S H H
Toxicity Data
Compound R MIC (uM)  ICso(uM)*  %Inhibition®

TTU1 4-bromophenyl >200
TTU 2 4-chlorophenyl >200
TTU 3 3-fluorophenyl 25
TTU 4 4-fluorophenyl 50
TTU 5 3-cyanophenyl <1.56 14.21 22.55
TTU 6 4-cyanophenyl 3.125 7.26 24.31
TTU 7 4-(trifluoromethyl)phenyl 200
TTU 8 4-nitrophenyl >200
TTU 9 m-tolyl 12.5
TTU10 p-tolyl >200
TTU11 4-(tert-butyl)phenyl 12.5
TTU12 4-methoxyphenyl 1.56 8.15 28.85
TTU13 4-chloro-3-(trifluoromethyl)phenyl 100
TTU14 3,4-dimethoxyphenyl 12.5
TTU15 3.4,5-trimethoxyphenyl >200
TTU16 2-naphthyl 50

INH <1.56

#1C50: Concentration required to inhibit cell growth of HEK cells by 50%
® Inhibition is determined for 25 uM concentration of test compound



Except for TTU16 with naphthyl group, the compounds differ from each other through the
substitution pattern of their phenyl rings. Consequently, the type and position of the phenyl
substituents directly determine the activity profile of the synthesized compounds. Based on the
obtained MIC values, TTUS carrying cyano group at meta position of the phenyl ring was found
to be the most active antitubercular member of this series. It is noteworthy that changing the
position of this cyano group from C-3 to C-4 of the phenyl moiety yielded another active
compound; TTU6 with MIC value of 3.125 uM. TTU12 was also an attractive compound, with
an antimycobacterial MIC value of 1.56 uM, possessing methoxy group at the para position of
the phenyl ring. While introducing the second methoxy substituent into the mentioned ring
decreased the antitubercular efficacy (TTU14-12.5 uM), the third methoxyl group in the
structure of TTU1S destroyed the activity. TTU9 and TTU11 were moderate inhibitors of Mtb,
with MIC values of 12.5 uM, carrying methyl and tert-butyl groups, respectively as alkyl
substituents on the phenyl ring. Although adding alkyl groups were among the favorable
modifications, condensing another phenyl ring yielding the naphthyl group (TTU16)
diminished the biological activity.

Toxicity to the healthy cells appears as a severe problem while developing new
antimycobacterial agents. Therefore, we screened the three most active derivatives from the
initial test (TTUS, TTU6, and TTU12) for their cytotoxicity against HEK cells using MTT
assay. According to the obtained data, these bioactive compounds were also found to be
nontoxic with < 50% inhibition value.

Afterwards, we screened TTUS, TTU6, and TTU12 along with isoniazid again to determine
their MICso values (Figure 5).
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Figure 5. MICso = SD values calculated for the selected compounds and INH with GraphPad
Prism. n = 3.



The resistance developed by Mtb against INH is linked to the presence of mutations in the katG
and inhA genes [24]. Therefore, we also evaluated antitubercular activities of the selected
compounds (TTUS, TTU6, and TTU12) as well as INH against INH-resistant Mtb clinical
isolates mutated in katG and inhA. With this aim, we treated such isolates carrying inhA and
katG mutations with increasing concentrations of the compounds and monitored them in the

MABA assay. The obtained data and MICso values of the mentioned compounds are provided

in Figure 6.
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Figure 6. MICso + SD values calculated with GraphPad Prism for TTUS, TTU6, TTU12, and
INH against INH-resistant M¢b clinical isolates carrying inhA (A) and katG (B) mutations, n=3.

Based on the obtained values, it is obvious that MICso values of INH against drug-resistant
clinical isolates are considerably higher than the one calculated for Mth H37Rv. Additionally,
TTUS showing the lowest MIC value against M¢b H37Rv was also the most effective derivative
on both inhA and katG mutant INH-resistant strains even with better MICso values than those

of isoniazid.

2.3. InhA inhibition assay
The discovery of direct inhibitors of InhA is of utmost importance due to drug-resistant Mtbh

strains. The binding pocket of the enzyme can tolerate inhibitors with highly different chemical

10



structures and volumes as long as the main structural requirements are met. As can be seen in
Figure 7, the common pharmacophores of triclosan (TCL) and GEQ, well-known InhA
inhibitors, are hydrogen-bond forming groups located in the center of the compounds and

terminal rings for hydrophobic contacts.
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Figure 7. Representation of pharmacophore similarities between title molecules and well-
known InhA inhibitors

As our compounds also provide these strategic pharmacophores to interact with InhA, we
screened TTU1-TTU16 for their in vitro inhibition capacities of InhA from Mth at 50 uM

employing triclosan as a positive control (Table 2).

Table 2. InhA inhibition values for TTU1-TTU16 and TCL at 50 uM concentration.

Compound % Inhibition
TTU1 62 (4 at 10 uM)
TTU2 43
TTU3 28
TTU4 27
TTUS 16
TTUG6 17
TTU7 22
TTUS 19
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TTU9 24

TTU10 26
TTU11 22
TTU12 25
TTU13 8
TTU14 4
TTU15 10
TTU16 19
TCL 98

TCL: Triclosan. All assays were carried out in triplicate.

According to the obtained inhibition values, two compounds stand forward in the tested
compounds. TTU2 was a modest inhibitor of InhA activity with 43% inhibition. The best
inhibitor among this series was TTU1 showing 62% inhibition value against InhA at 50 uM.
When the results were analyzed in terms of the chemical structures of the compounds, it can be
seen that TTU1 and TTU2 carry bromine and chlorine atoms, respectively at the para position
of their phenyl rings. As the main structural difference of the compounds is the substitution
pattern of the phenyl ring, we can conclude that lipophilic halogens at the para position of this
ring are preferential for InhA inhibitor activity. The lack of inhibition against InhA, for TTUS
and TTU12 in contrast with their low MICs suggests that their targets are not mainly InhA.
These new derivatives present a mode of action different of Triclosan and other relative

compounds making them interesting candidates for further drug design in M¢b drug research.

2.4. Molecular docking
To rationalize InhA inhibition by TTU1, we used in silico docking of this compound into the
active pocket of the InhA enzyme. The proposed binding mode of TTU1 and the interaction

patterns are represented in Figure 8.
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Figure 8. Suggested docking pose of TTU1 in the binding site of InhA (A) and 2D interaction
map (B). TTU1 is shown as orange balls and sticks. Amino acid residues contributing to
hydrophobic interactions are represented as black lines. The NAD cofactor and residue Tyr158
are highlighted as pink and cyan sticks, respectively. Interaction types: red arrow, hydrogen
bond acceptor; green arrow, hydrogen bond donor; yellow spheres, hydrophobic contacts.

Docking of TTU1 indicates that the urea functionality plays a key role in the interactions with
the InhA enzyme. The urea carbonyl forms a hydrogen bond with Tyr158 and one of the NH
groups interacted with the ribose group of the cofactor (NAD301) through an additional
hydrogen bond. Furthermore, both thiazole and thiophene rings are engaged in hydrophobic
contacts with multiple amino acid residues constituting the lipophilic pocket of the binding site.

In addition to the lipophilic contact of the phenyl moiety, it is noteworthy that the bromine atom

borne wy the phenyl ring forms hydrophobic interaction with Alal98.

3. Conclusions

TB continues to critically jeopardize human health worldwide due to the emergence of drug-
resistant strains of Mtb appearing as a formidable challenge. Thus, this situation highlights the
urgent need for the discovery of molecules with novel scaffolds. We presented herein the design
and the synthesis of urea-based derivatives carrying thiazole and thiophene rings, which
frequently take place in the structures of antimycobacterial agents. Following biological tests

on Mtb H37Rv and INH-resistant strains, we identified active molecules also capable of acting
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against drug-resistant clinical isolates. Cyano and methoxy substituents on phenyl ring were
preferential for the antitubercular activity. Prompted by their common pharmacophores defined
for InhA inhibitors, the compounds were additionally screened for their InhA inhibition
capacities. Based on the obtained values, lipophilic halogens on the phenyl ring led to an
increase in the inhibition potential. Altogether, our study may provide future perspectives in the
design and development of new antitubercular agents for the improvement of the current

treatment regimens.

4. Material and methods

4.1. Chemistry

4.1.1. Experimental

Just before use, THF and benzene were distilled from sodium-benzophenone. All reagents were
used as received. All volatiles were removed under reduced pressure. Reaction progress was
monitored by TLC using silica gel 60 F254 (0.040—0.063 mm) with detection by UV. Infrared
(IR) spectra were obtained via ATR diamond in the range 4000—600 cm™'. '"H NMR (400 MHz)
spectra and '*C NMR (100 MHz) spectra were recorded on a Bruker AM 400 MHz NMR
spectrometer with DMSO-d6 as the solvent. The multiplicities of NMR signals are designated
as s (singlet), d (doublet), dd (double doublet), t (triplet), q (quartet), br (broad), m (multiplet,
for unresolved lines). The values of chemical shifts (d) are given in ppm and coupling constants
(/) in Hertz (Hz). The yields are referred to purified products and are not optimized. Open glass

capillaries were used to determine melting points, which were not uncorrected.

4.1.2. Synthetic procedures

Synthesis of 2-(bromoacetyl)thiophene (II)

2-(Bromoacetyl)thiophene (II) was synthesized according to the modified literature procedure
[25]. 2-Acetylthiophene was added dropwise to a bromine in dichloromethane solution that had
been chilled to 0 °C and stirred for 5 minutes at 0 °C. The reaction was then allowed to cool to
25°C before being stirred for 2 hours. After that, a saturated sodium hydrogen carbonate was
added to neutralize the mixture, and dichloromethane was used to extract the mixture (3x25
mL). The combined organic layers were washed with brine, dried over MgSO4 and
concentrated in vacuo. For the next stage, a pale yellow oil product was used without being

purified.
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Synthesis of 4-(thiophen-2-yl)thiazol-2-amine (IV)

These compounds were synthesized according to the modified literature procedure [26,27]. 2-
Bromoacetylthiophene (II) (1 equiv.) and thiourea (IIT) (1.25 equiv.) in ethanol (20 mL) were
stirred for 15 min at 25 °C. After this, the reaction was stirred at 80 °C for 2 h. The reaction
mixture was made alkaline after cooling using a 10% sodium hydroxide solution, obtaining a
precipitate that was filtered to give IV as white solid. The desired chemical was obtained after
recrystallization with ethanol. Mp 124-126°C; 'H NMR (400 MHz, DMSO-dc) & 7.37 (dd, J =
8.0, 4.2 Hz, 2H), 7.17 (s, 2H), 7.09 — 6.97 (m, 1H), 6.83 (s, 1H).!3C NMR (100 MHz, DMSO)
5 168.72, 144.90, 139.62, 128.19, 125.14, 123.19, 100.22. HRMS (EI): [M+H]", found
183.00452. C7HsN2S2 requires 183.00694).

General procedure for the synthesis of 1-phenyl-3-(4-(thiophen-2-yl)thiazol-2-yl)urea
derivatives (TTU1, TTU2, TTU4, TTU8, TTU12, TTU14, TTU15)

Triethylamine (1 equiv.) in 5 mL THF was added dropwise to a solution of corresponding
benzoic acid (VI) (1 equiv.) in 10 mL THF at -5 °C. After 30 minutes, add the cooled ethyl
chloroformate solution (1 equiv.) in 5 mL THF gently and stir for 30 minutes at -5 °C. In the
final stage, a drop-by-drop solution of sodium azide (2 equiv.) in 5 mL water was added and
stirred overnight at room temperature. Ethyl acetate (3x15 mL) was used to extract the resultant
mixture and the organic phase was washed with saturated sodium bicarbonate (3 < 30 mL) and
with water (2 x 25 mL) and dried over MgSQOs. The corresponding azide was obtained after the
ethyl acetate was removed. The acquired acyl azide was used instantly without any purification
[28,29]. Obtained acyl azide (VII) (1 equiv.) and 4-(thiophen-2-yl)thiazol-2-amine (IV) (1
equiv.) in benzene (20 mL) was stirred at 70-80 °C for 24 h. The precipitate that had formed
was filtered out and washed with benzene. The urea derivatives were obtained after the residue

was purified by crystallization from ethanol.

General procedure for the synthesis of 1-phenyl-3-(4-(thiophen-2-yl)thiazol-2-yl)urea
derivatives (TTU3, TTUS- TTU7, TTU9- TTU11, TTU13, TTU16)

4-(Thiophen-2-yl)thiazol-2-amine (IV) was added to equimolar amount of corresponding
phenyl/naphthyl isocyanate (V) solution in 5-10 mL toluene. At 80 ° C, the mixture was mixed
until complete and then chilled to room temperature. The precipitate was separated using
filtration and washed with benzene. To obtain the urea derivatives, the resultant residue was

purified by crystallization from ethanol.
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1-(4-Bromophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU1)

Pale brown solid. Yield: 45%. Mp: 192-194 °C. '"H NMR (400 MHz, DMSO-ds) & 10.96 (s,
1H), 8.97 (s, 1H), 7.60 — 7.42 (m, 6H), 7.39 (s, 1H), 7.13 — 7.06 (m, 1H). *C NMR (100 MHz,
DMSO) 6 160.95, 138.41, 138.35, 131.94, 131.71, 128.76, 128.59, 126.22, 125.62, 124.45,
106.20 (one carbon signal was overlapped). HRMS (EI): [M+H]", found 379,95499.
Ci14H11BrN3OS» requires 379,95269.

1-(4-Chlorophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU2)

White-cream solid. Yield: 14%. Mp: 228-230 °C. 'H NMR (400 MHz, DMSO-ds) & 10.94 (s,
1H), 9.01 (s, 1H), 7.57 — 7.45 (m, 4H), 7.41 — 7.30 (m, 3H), 7.13 — 7.06 (m, 1H). 3C NMR
(100 MHz, DMSO) 6 159.47, 151.88, 144.05, 138.87, 137.91, 129.23, 128.45, 126.91, 125.81,
124.03, 120.76, 106.13. HRMS (EI): [M+H], found 336,00315. Ci4H;:CIN30S: requires
336,00321.

1-(3-Fluorophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU3)

White-cream solid. Yield: 77%. Mp: 192-194 °C. 'H NMR (400 MHz, DMSO-ds) & 11.13 (s,
1H), 9.08 (s, 1H), 7.57 — 7.42 (m, 3H), 7.39 — 7.25 (m,2H), 7.19 — 7.13 (m, 1H), 7.12 — 7.04
(m,1H), 6.82 (t, J = 7.4 Hz, 1H). 3C NMR (100 MHz, DMSO) § 162.78 (d, J = 241.2 Hz),
152.91, 143.89, 141.32, 141.16, 139.09, 130.83 (d, /=9.7 Hz), 128.39, 125.67, 123.88, 114.78,
109.26 (d, J = 20.7 Hz)., 105.80, 105.55. HRMS (EI): [M+H]*, found 320,03221.
Ci14H11FN30S> requires 320,03276.

1-(4-Fluorophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU4)

Brown solid. Yield: 50%. Mp: 206-208 °C. 'H NMR (400 MHz, DMSO-de) § 10.89 (s, 1H),
8.85 (s, 1H), 7.56 — 7.45 (m, 3H), 7.37 (d, J= 3.1 Hz, 2H), 7.16 (t, /= 9.2 Hz, 2H), 7.13 — 7.06
(m, 1H). 3C NMR (100 MHz, DMSO) § 159.62, 158.35 (d, J = 239.4 Hz), 152.03, 144.00,
138.89, 135.19, 128.48, 125.81, 124.01, 121.16 (d, J= 7.8 Hz), 115.94 (d, J = 22.4 Hz), 106.05.
HRMS (EI): [M+H]", found 320,03287. C14H,1FN30S; requires 320,03276.

1-(3-Cyanophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTUS)
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Yellow solid. Yield: 82%. Mp: 192-194 °C. 'H NMR (400 MHz, DMSO-ds) § 11.14 (s, 1H),
9.15 (s, 1H), 7.98 (s, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.60 — 7.44 (m, 4H), 7.39 (s, 1H), 7.15 —
7.04 (m, 1H)."3C NMR (100 MHz, DMSO) § 159.95, 152.26, 144.04, 139.97, 138.86, 130.74,
128.47, 126.72, 125.84, 124.05, 123.93, 121.84, 119.14, 112.13, 106.23. HRMS (EI): [M-H]",
found 325,02233. C1sHoN4OS, requires 325,02178.

1-(4-Cyanophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU6)

Yellow solid. Yield: 87%. Mp: 199-201 °C. 'H NMR (400 MHz, DMSO-d) & 11.20 (s, 1H),
9.37 (s, 1H), 7.75 (d, J = 8.6 Hz,2H), 7.67 (d, J = 8.7 Hz, 2H), 7.54 — 7.45 (m, 2H), 7.37 (s,
1H), 7.12 — 7.06 (m, 1H). *C NMR (100 MHz, DMSO) & 159.17, 151.72, 144.13, 143.39,
142.58, 138.76, 133.86, 128.51, 125.92, 124.14, 119.54, 119.11, 106.42, 104.86. HRMS (EI):
[M-H]", found 325,02233. C1sHoN4OS; requires 325,02178.

1-(4-(Thiophen-2-yl)thiazol-2-yl)-3-(4-(trifluoromethoxy)phenyl)urea (TTU7)

White-cream solid' Yield: 72%. Mp: 206-207 °C. 'H NMR (400 MHz, DMSO-de) § 11.02 (s,
1H), 9.02 (s, 1H), 7.60 (d, J = 9.0 Hz, 2H), 7.47 (d, /= 5.0 Hz, 2H), 7.40 — 7.22 (m, 3H), 7.20
—6.98 (m, 1H). '>*C NMR (100 MHz, DMSO) § 160.82, 153.19, 143.88, 143.46, 139.17, 138.69,
128.37, 125.63, 123.83, 122.15, 121.94, 120.29, 105.73. HRMS (EI): [M+H]’, found
386,02393. Ci5sH11F3N30,2S; requires 386,02448.

1-(4-Nitrophenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTUS)

Yellow solid. Yield: 45%. Mp: 275-277 °C. '"H NMR (400 MHz, DMSO-ds) § 11.15 (s, 1H),
9.50 (s, 1H), 8.22 (d, J = 9.2 Hz, 2H), 7.73 (d, J = 9.2 Hz, 2H), 7.54 — 7.47 (m, 2H), 7.44 (s,
1H), 7.13 — 7.06 (m, 1H). '3C NMR (101 MHz, DMSO) & 159.10, 151.69, 145.46, 144.19,
142.31, 138.76, 128.48, 125.93, 125.59, 124.18, 118.69, 106.54. HRMS (EI): [M+H]", found
347,03116. C14H11N4O3S; requires 347,02726.

1-(4-(Thiophen-2-yl)thiazol-2-yl)-3-(m-tolyl)urea (TTU9)

White-cream solid. Yield: 79%. Mp: 200-202 °C. 'H NMR (400 MHz, DMSO-d) & 10.89 (s,
1H), 8.74 (s, 1H), 7.53 — 7.43 (m, 2H), 7.35 (s, 1H), 7.31 (s, 1H), 7.25 (d, J= 7.9 Hz, 1H), 7.23
—7.14 (m, 1H), 7.13 - 7.04 (m, 1H), 6.85 (d, J=7.1 Hz, 1H), 2.29 (s, 3H). *C NMR (100 MHz,
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DMSO) 6 159.62, 151.87, 143.99, 138.92, 138.80, 138.69, 129.23, 128.45, 125.79, 124.05,
123.99, 119.58, 116.26, 105.96, 40.58, 40.37, 21.59. HRMS (EI): [M+H]", found 316,05943.
Ci15H14N30S; requires 316,05783.

1-(4-(Thiophen-2-yl)thiazol-2-yl)-3-(p-tolyl)urea (TTU10)

Pale yellow solid. Yield: 57%. Mp: 175-177 °C. '"H NMR (400 MHz, DMSO-ds) & 10.91 (s,
1H), 8.73 (s, 1H), 7.51 — 7.44 (m, 2H), 7.42 — 7.29 (m,3H), 7.23 — 7.01 (m, 3H), 2.25 (s, 3H).
3C NMR (100 MHz, DMSO) & 159.73, 151.93, 143.94, 138.88, 136.24, 132.34, 129.78,
128.49, 125.77, 123.98, 119.24, 105.92, 20.81. HRMS (EI): [M+H]", found 316,05943.
Ci5H14N30S; requires 316,05783.

1-(4-(Tert-butyl)phenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU11)

Yellow solid. Yield: 29%. Mp: 196-198 °C. '"H NMR (400 MHz, DMSO-ds) § 10.72 (s, 1H),
8.72 (s, 1H), 7.49 — 7.41 (m, 2H), 7.42 — 7.35 (m, 2H), 7.32 — 7.22 (m, 3H), 7.12 — 7.03 (m,
1H), 1.26 (s, 9H). '3C NMR (100 MHz, DMSO) § 160.87, 152.84, 145.31, 143.85, 139.20,
136.66, 128.37, 125.89, 125.60, 123.80, 118.83, 105.55, 34.39, 31.68. HRMS (EI): [M+H]",
found 358,10423. C1sHaoN30S; requires 358,10478.

1-(4-Methoxyphenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU12)

White solid. Yield: 51%. Mp: 187-189 °C. 'H NMR (400 MHz, DMSO-de) & 10.82 (s, 1H),
8.63 (s, 1H), 7.50 — 7.43 (m, 2H), 7.41 — 7.27 (m, 3H), 7.08 (dd, J = 5.0, 3.7 Hz, 1H), 6.89 (d,
J= 8.8 Hz, 2H), 3.72 (s, 3H). '3C NMR (101 MHz, DMSO) & 158.72, 155.48, 143.89, 139.08,
131.99, 128.78, 128.43, 125.68, 123.86, 120.97, 114.50, 105.69, 55.64. HRMS (EI): [M+H]",
found 332,05219. CsH14N30S; requires 332,05274.

1-(4-Chloro-3-(trifluoromethyl)phenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU13)

White-cream solid. Yield: 90%. Mp: 205-207 °C. '"H NMR (400 MHz, DMSO-ds) & 11.17 (s,
1H), 9.40 (s, 1H), 8.08 (d, J=2.4 Hz, 1H), 7.72 (dd, /= 8.7, 2.3 Hz, 1H), 7.64 (d, J = 8.8 Hz,
1H), 7.51 — 7.42 (m, 2H), 7.39 (s, 1H), 7.23 — 6.99 (m, 1H).!*C NMR (100 MHz, DMSO) &
160.76, 152.97, 143.92, 139.01, 138.93, 132.42, 128.75, 128.36, 125.71, 124.54, 123.99,
123.96, 123.47, 117.73, 106.07. HRMS (EI): [M+H]", found 403,99614. CisHioCIF3N30S;
requires 403,99059.
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1-(3,4-Dimethoxyphenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU14)

White-cream solid' Yield: 25%. Mp: 185-187 °C. 'H NMR (400 MHz, DMSO-ds) § 10.97 (s,
1H), 8.73 (s, 1H), 7.47 (t, J = 4.2 Hz, 2H), 7.41 — 7.30 (m, 1H), 7.15 (d, /= 2.0 Hz, 1H), 7.08
(dd,J=5.1,3.6 Hz, 1H), 6.92 (dd, J= 8.5, 2.3 Hz, 1H), 6.88 (d, /= 8.4 Hz, 1H), 3.73 (s, 3H),
3.71 (s, 3H). 3*C NMR (100 MHz, DMSO) § 160.21, 152.30, 149.29, 145.15, 143.91, 139.03,
132.49, 128.41, 125.69, 123.91, 112.85, 111.26, 105.76, 104.74, 56.29, 55.92. HRMS (EI):
[M+H]", found 362,06276. C1sH16N303S: requires 362,06331.

1-(3,4,5-Trimethoxyphenyl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU15)

White solid. Yield: 51%. Mp: 229-231 °C. "H NMR (400 MHz, DMSO-ds) & 10.87 (s, 1H),
8.75 (s, 1H), 7.56 — 7.45 (m, 2H), 7.37 (s, 1H), 7.17 — 7.04 (m, 1H), 6.81 (s, 2H), 3.77 (s, 6H),
3.62 (s, 3H). 3C NMR (100 MHz, DMSO) § 159.63, 153.40, 151.88, 144.01, 138.91, 134.93,
133.75, 128.44, 125.78, 124.02, 105.99, 97.15, 60.58, 56.29. HRMS (EI): [M+H]", found
392,07332. C17H1sN304S; requires 392,07387.

1-(Naphthalen-2-yl)-3-(4-(thiophen-2-yl)thiazol-2-yl)urea (TTU16)

Yellow solid. Yield: 62%. Mp: 176-179 °C. 'H NMR (400 MHz, DMSO-ds) & 11.20 (s, 1H),
9.04 (s, 1H), 8.11 (d, /= 5.9 Hz, 1H), 8.05 (d, /= 7.4 Hz, 1H), 7.97 (d, J= 7.6 Hz, 1H), 7.73
(d, J=5.9 Hz, 1H), 7.65 — 7.44 (m, 4H), 7.43 — 7.34 (m, 2H), 7.17 — 7.03 (m, 1H). *C NMR
(100 MHz, DMSO) 6 159.69, 152.32, 144.06, 138.92, 134.12, 133.54, 128.98, 128.77, 128.50,
126.65, 126.58, 126.29, 125.85, 124.39, 124.02, 121.43, 118.15, 106.01. HRMS (EI): [M+H]",
found 352,05728. CisH14N30S: requires 352,05783.

4.2. Biological evaluation

4.2.1. MABA Protocol

Mycobacterium tuberculosis H37Rv and isoniazid-resistant Mtb clinical isolates were
inoculated from a freezer stock into 7H9+OADC and grown to mid-log phase. Logarithmically
growing Mtb was then inoculated into Sauton’s medium in 96 well plates with wells containing
increasing concentrations of test compounds at an ODA600 of 0.0008, corresponding to

approximately 4x105 CFU/mL in 200 pL per well. Plates were incubated at 37°C for 1 week,
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at which point 32.5 pL of a resazurin-tween mixture (8:5 ratio of 0.6mM Resazurin in 1X PBS
to 20% Tween 80) was added and the plate was incubated at 37°C overnight. Production of
fluorescent resorufin was measured by removing samples from the plate, mixing with formalin
to kill the Mtb, and measuring the fluorescence on a VictorNivo plate reader using filters
530/30nm for excitation and 580/20 nm for emission. For each assay, media alone served as a
negative control and untreated Mtbh was included as a positive control. The % inhibition was
calculated as the ((positive control - negative control) - (fluorescence of the sample - negative
control))/(positive control - negative control) x 100%. GraphPad Prism 8 was used to calculate

the MIC50 values [30,31].

4.2.2. Cytotoxicity determination (MTT assay protocol)

To determine the toxicity of the compounds against normal host cells (macrophages), we used
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cell toxicity
was tested using an inhibition assay with HEK cell lines. Various concentrations of compounds
were added to sterile 96 well microtiter plate having 5x103 cells and incubated for 48 h at
37°C. After the incubation period, 10pul of 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT reagent) (5 mg/mL) was added and then incubated for 3 h.
Next, media was removed and 100 pul of DMSO was added to each well. DMSO dissolves the
formazan crystals formed in wells. The absorbance was measured at 560 nm using Perkin Elmer
Victor X3 microplate reader against the blank. The assay was performed in triplicates for each
concentration. The cytotoxicity is represented as % inhibition at each concentration. The data
were normalized with the lowest and highest values and subjected to non-linear regression
analysis to obtain log (concentration) vs normalized expression (variable slope) using Graphpad
Prism. The ICs (inhibition of cell growth) concentrations were further obtained using Graphpad

Prism.

4.2.3. InhA inhibition assay

InhA expression and purification

The plasmid pET15b/InhA was ordered from GeneScript. InhA DNA sequence was found in
UniProt and codon optimization was performed using the algorithm furnished by Genescript.
Production and purification of the InhA-Hiss protein from strain of E. coli BL21(DE3)
transformed with the pET15b/InhA plasmid were performed as described.[21] The Hiss tagged
protein was concentrated to 5 uM in PIPES buffer and was used for the enzymatic assays

without further optimization.
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InhA activity inhibition

NADH was obtained from Alfa Aesar. Stock solutions of all compounds were prepared in
DMSO. trans-2-Dodecenoyl-coenzyme A (DDCoA) was synthesized from trans-2-dodecenoic
acid and commercialy available coenzyme A trilithium salt (Sigma-Aldrich) using the mixed
anhydrid method [32]. Kinetic assays were performed at 25°C in 30 mM PIPES and 150 mM
NaCl at pH 6.8, containing 250 uM cofactor (NADH), 50 uM substrate (DDCoA) and the tested
compound (at 50 uM for all compounds; at 10 uM and 50 uM for TTUI) [32]. The final
concentration of DMSO is 5% (v/v). Reactions were initiated by addition of InhA (100 nM
final) and NADH oxidation was followed at 340 nm. The inhibitory activity of each derivative
was expressed as the percentage inhibition of InhA activity (initial velocity of the reaction) with
respect to the control reaction without inhibitor. All activity assays were performed in duplicate

or triplicate if inhibition is observed.

4.3. Molecular docking

The chemical structure of TTU1 with the best InhA inhibition value was drawn and energy
minimized using the MMFF94 force field in LigandScout [33]. The crystal structure of InhA
enzyme with a urea-based ligand (1-cyclohexyl-3-(pyridin-3-ylmethyl)urea) under PDB
Code:50IL [34] was downloaded from Protein Data Bank. TTU1 was docked into the binding
pocket of InhA using AutoDock 4.2 [35], implemented in LigandScout with default parameters.
The obtained docking poses were visually analyzed in LigandScout. Finally, the figures were

prepared using Discovery Studio [36] and LigandScout.
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