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Abstract: Heterocyclic compounds can specifically regulate bacterial development by targeting
specific bacterial enzymes and metabolic pathways. The ESKAPE pathogens are multidrug-resistant
and cause nosocomial infections, which is one of the greatest challenges in clinical practice. The
search for novel agents to combat resistant bacteria has become one of the most important areas of
antibacterial research today. Heterocyclic compounds offer a valuable strategy in the fight against
resistance as they can be designed to interact with bacterial targets that are less prone to developing
resistance mechanisms. Bacterial histidine kinases (HKSs), which are a component of two-component
bacterial systems, are a promising target for new antibacterial compounds. We have designed and
synthesized novel indole derivatives as antibacterial agents. Among the series, indole-coumarin (4b)
and bisindole (4e) have shown the best inhibitory activity against S. aureus. Further, in silico docking
studies show that compounds 4b and 4e could target histidine kinases in bacteria.

Keywords: indole; coumarin; Suzuki coupling; histidine kinase; AutoDock

1. Introduction

Heterocyclic compounds have broad-spectrum antibacterial activity and can target
a variety of bacterial infections [1,2]. Heterocyclic compounds can specifically regulate
bacterial development while causing little harm to human cells by targeting specific bac-
terial enzymes and metabolic pathways. Since penicillin’s discovery as an antibiotic by
Alexander Fleming, the advantages of this “miracle drug” have been employed to treat
infectious illnesses [3]. Later, a great number of small molecules were successfully synthe-
sized for the treatment of bacterial infections [4]. Chemists have developed structure-based
drug designs that concentrate on certain pathways [5]. Virtual docking, which permits in
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silico screening, can be utilized for the lead optimization of previously developed drug mo-
tifs [6,7]. Furthermore, de novo processes generate novel chemotypes for pharmaceutical
compounds [8,9]. Several discoveries have been made based on natural products, such as
teixobactin [10], acyldepsipeptides [11], and arylomycins [12], for antibiotics. Ciprofloxacin
is a fluoroquinolone-based antibiotic used to treat a number of bacterial infections, and
various reports describe bacterial resistance mechanisms to ciprofloxacin and novel tech-
niques to improve its efficacy [13,14]. Almost all the marketed antibiotics target cell wall
biosynthesis, DNA synthesis or protein biosynthesis and membrane integrity, all of which
have already been counteracted via numerous resistance mechanisms [15,16].

Among many other bacteria, the ESKAPE pathogens (Enterococcus faecalis, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter cloacae) are multidrug-resistant and cause nosocomial infections, which is one
of the greatest challenges in clinical practice. The effects include high mortality and mor-
bidity rates, placing a significant burden on healthcare systems [17,18]. Understanding the
resistance mechanisms of these bacteria is essential for the development of novel antibacte-
rial agents to combat infections. There is a range of antimicrobial resistance mechanisms
used by ESKAPE pathogens, including enzymatic inactivation, modification of the drug
target site, changing cell permeability through porin loss, an increase in the expression of
efflux pumps, and mechanical protection provided by biofilm formation [19]. Thus, the
search for novel agents for resistant bacteria has become one of the most important areas of
antibacterial research today.

Bacterial histidine kinases (HKSs), which are a component of two-component bacterial
systems, are a promising target for new antibacterial compounds [20]. The histidine kinase
protein is made up of two primary domains, a catalytic domain and a sensory domain,
which are each responsible for detecting different signals or stimuli in the cell’s environment,
such as changes in temperature, osmolarity and pH or the presence of chemicals. On the
other hand, the catalytic domain has kinase activity [21,22].

When histidine kinase is activated, it goes through a process called autophospho-
rylation, in which a phosphate group from ATP is transferred to a particular histidine
residue inside the protein. The kinase domain is activated by this phosphorylation process,
enabling it to work as a kinase enzyme [23,24]. The phosphorylated histidine residue is
then transferred by the activated histidine kinase to a response regulator protein, which
is normally found in the cytoplasm. This phosphorylation of the response regulator stim-
ulates a series of subsequent signaling events that cause a cellular response, modulate
gene expression and have an impact on cellular functions like adaptation to changing
environmental conditions, metabolism regulation and cell division coordination [25,26].

Targeting histidine kinases is a promising approach to interfering with bacterial sig-
naling pathways and disrupting critical processes required for bacterial survival and
pathogenicity [27,28]. The evidence currently available suggests that various two-component
systems and their related histidine kinases play distinct roles in the regulation of the critical
bacterial life processes [29,30].

Heterocyclic compounds offer a valuable strategy in the fight against resistance as
they can be designed to interact with bacterial targets that are less prone to developing
resistance mechanisms. Isothiazolone and imidazolium salt are well-known inhibitors of
histidine kinases [31]. Since the late 1940s, bacitracin, a polypeptide antibiotic made by the
bacteria Bacillus licheniformis and Bacillus subtilis, has been used in clinical settings to treat
staphylococcal infections, including those caused by S. aureus. Bacitracin inhibits cell wall
production by binding to undecaprenyl pyrophosphate, and it has been effective when
combined with other antibiotics to be used as a topical medication [32,33]. Daptomycin
(DAP) is a lipopeptide antibiotic that has excellent antibacterial activity against most of the
clinically significant Gram-positive bacteria [34]. Vancomycin is a branched, tricyclic, glyco-
sylated peptide that was first isolated from the soil bacterium Streptomyces orientalis in 1956,
and it is effective against Gram-positive microorganisms [35]. Luteolin and tetracycline are
flavonoid compounds that are used as antibiotics [36,37].
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Coumarin derivatives such as G4 poloxamer nanoparticles loaded with bioactive
coumarin were evaluated for the inhibition of S. aureus [38], and coumarins extracted from
the roots of Ferulago campestris showed potent antibacterial activity [39]. Synthetic coumarin
derivatives like coumarin aminophosphonates [40] and various coumarin derivatives [41]
have been reported for the inhibition of S. aureus.

Novobiocin and armillarisin A are well-known coumarin-containing antibiotics [42-45].
Many of the small molecules containing coumarin analogs, such as coumarin-triazoles
(1) [46], coumarin-pyrazole (2) [47], pyranocoumarin and coumarin—sulphonamide hy-
brids (3) [48] and 3-amidocoumarins (4) [49], are found to inhibit S. aureus (Figure 1).
Indoles play a vital role in antibacterial drug discovery [50], and verruculogen and trypro-
statins A are commonly used antibiotics having indole motifs [51]. Indole diketopiperazine
alkaloids (5) [52], benzothiophene-indole hybrids (6) [53] and deoxyribofuranosyl indoles
(7) [54] are some of the reported indole derivatives that serve as inhibitors of S. aureus.

Novobiocin Armillarisin A Verruculogen Tryprostatin A

NH, O

0 X" "NH,
o]
O b
N OH o
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Figure 1. Reported antibacterial and histidine kinase inhibitors containing coumarin (red) and indole
(blue) motifs.

Given the major task of developing small molecules containing coumarin and indoles,
we have developed novel bisindoles and heterodimers of indole-clubbed coumarin analogs
that are active against S. aureus. Further, in silico docking analysis showed that compounds
4b and 4e can target histidine kinases in bacteria.

2. Materials and Methods
2.1. Chemistry

The headway of the response was distinguished utilizing thin layer chromatography
(TLC). Analytical TLC was performed on precoated Merck silica gel 60 F254 plates involving
ethyl acetate and hexane as eluents, and spots were recognized under UV light. 'H
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NMR and '3C NMR spectra were recorded on an Agilent NMR instrument in DMSO
solvent. Chemical shifts were expressed in ppm comparative with TMS. Mass spectra were
recorded on an Agilent LC-MS. All solvents and reagents were monetarily accessible and
of reagent grade.

2.1.1. General Procedure for Synthesis of Indole Derivatives 4(a-m)

A mixture of aryl aldehyde (1) (1 mmol), substituted indoles (2) (1 mmol), substituted
coumarin (3) (1 mmol) and glycine was stirred in water:chloroform (1:1) at 70 °C for about
12 h (Table 1). Further, the reaction mass was extracted to an ethyl acetate (25 mL X 3)
layer, and the solvent was removed under reduced pressure. The crude products were
purified through the column chromatography technique to obtain the desired compounds
4(a-m). The novel compounds were confirmed by 'H, '*C NMR and mass spectroscopy
(Supplementary file contains spectral data of newly synthesized compounds).

Table 1. Conditions of reaction.

Entry Catalyst Solvent Time (h) Yield (%)
1 Nano Fe,O3 Ethanol 12 50
2 - Water /Chloroform 12 73
3 Glycine Water /Chloroform 12 92
4 I DMSO 12 Not formed

2.1.2. 3-((4-bromophenyl)(1-methyl-1H-indol-3-yl)methyl)-4-hydroxy-2H-chromen-2-one (4a)

'H NMR (400 MHz, CDCl3) § 7.65 (dd, ] = 8.0, 1.0 Hz, 1H), 7.49 (dd, ] = 8.6, 2.5 Hz,
4H),7.34 (d, ] = 1.9 Hz, 2H), 7.32 (s, 2H), 7.29 (s, 1H), 7.25-7.20 (m, 2H), 7.10 (dd, ] = 10.9,
3.9 Hz, 1H), 6.53 (s, 1H), 5.95 (s, 1H), 3.75 (s, 3H); 13C NMR (100 MHz, CDCL3) 5 163.81,
162.70, 153.56, 140.21, 138.71, 132.78, 132.67, 130.74, 129.03, 127.30, 124.49, 124.08, 123.78,
121.73,120.97, 120.06, 117.07, 116.32, 114.60, 110.39, 105.75, 39.61, 33.17; calculated mass for
Cy5H718BrNO;3 = 459.05; obtained mass = 460.79.

2.1.3. 3-((5-(benzyloxy)-1H-indol-3-yl)(4-bromophenyl)methyl)-4-hydroxy-2H-chromen-
2-one (4b)

'H NMR (400 MHz, CDCl3) & 8.25 (s, 1H), 7.56 (dd, ] = 7.9, 1.4 Hz, 1H), 7.50~7.45 (m,
1H), 7.39 (d, ] = 8.4 Hz, 2H), 7.26 (d, | = 8.4 Hz, 5H), 7.21 (d, ] = 2.7 Hz, 2H), 7.17-7.12
(m, 4H),7.03 (t, ] =7.4 Hz, 1H), 6.93 (dd, ] = 8.9, 2.3 Hz, 1H), 6.84 (d, ] = 2.1 Hz, 1H), 6.56
(s, 1H), 5.81 (s, 1H); '3C NMR (100 MHz, CDCl3) & 163.86, 162.80, 154.49, 153.56, 140.08,
137.78,132.92, 132.81, 132.67, 130.70, 129.04, 128.32, 127.94, 127.21, 125.05, 124.53, 123.87,
121.76,117.11, 116.31, 116.07, 115.68, 113.15, 105.24, 102.85, 71.02, 39.62; calculated mass for
C31HpBrNOy4 = 552.42; observed mass = 552.14.

2.1.4. 3,3'-((4-bromophenyl) methylene) bis(2-methyl-1H-indole) (4¢)

H NMR (400 MHz, CDCl3) § 5.89 (s, 1H), 6.64—6.66 (m, 2H), 7.03-7.07 (m, 2H),
7.19-7.23 (m, 2H), 7.26-7.31 (m, 4H), 7.36-7.40 (m, 4H), 7.92 (s, 2H), 2.35 (s, 6H); 13C NMR
(100 MHz, CDCl3) 6 39.64, 111.04, 111.13, 119.21, 119.25, 119.38, 119.74, 119.83, 119.95,
121.94,122.09, 123.61, 126.91, 128.23, 128.38, 128.74, 130.09, 131.81, 136.72, 142.59, 12.47.

2.1.5. 3-((3-(6-fluoro-5-methylpyridin-3-yl)phenyl)(1H-indol-3-yl)methyl)-4-hydroxy-7-
meth-oxy-2H-chromen-2-one (4d)

'H NMR (400 MHz, DMSO) 6 10.95 (s, 1H), 8.21 (s, 1H), 8.03 (dd, ] = 9.6, 1.7 Hz, 1H),
7.98 (d, ] = 9.6 Hz, 1H), 7.65 (s, 1H), 7.42-7.40 (m, 4H), 7.37 (d, ] = 8.1 Hz, 2H), 7.16 (d,
J=19Hz, 1H),7.09 (t,] =7.1 Hz, 1H), 6.99 (d, ] = 2.3 Hz, 1H), 6.97 (d, ] = 4.0 Hz, 1H), 6.94
(d, ] = 7.0 Hz, 1H), 6.18 (s, 1H), 3.87 (s, 3H), 2.30 (s, 3H); '3C NMR (100 MHz, DMSO) 6
162.75,161.50, 154.53, 144.41, 142.73, 142.58, 140.94, 140.88, 136.53, 135.92, 128.97, 128.66,
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127.65, 127.30, 125.12, 124.91, 124.76, 121.28, 119.86, 119.53, 119.00, 118.76, 114.77, 112.19,
111.96, 109.92, 106.08, 100.83, 56.35, 37.60, 14.44; calculated mass for C31Hpy3FN,Oy4 = 506.16;
obtained mass = 507.23.

2.1.6. 3-((3-(6-fluoro-5-methylpyridin-3-yl)phenyl)(1H-indol-3-yl)methyl)-4-hydroxy-2H-
chromen-2-one (4e)

'H NMR (400 MHz, DMSO) & 10.96 (s, 1H), 8.20 (s, 1H), 8.06 (d, ] = 8.1 Hz, 1H), 8.02
(dd,J=9.6,19Hz, 1H),7.62(dd,] =11.2,39Hz,3H),7.39(d, ] =7.8 Hz, 7H), 7.18 (d,] =2.0
Hz, 1H), 7.08 (t, ] = 7.4 Hz, 1H), 6.95 (t, ] = 7.3 Hz, 1H), 6.21 (s, 1H), 2.29 (s, 3H); 3C NMR
(100 MHz, DMSO) 6 162.72, 162.30, 160.93, 152.69, 144.12, 140.96, 140.90, 136.53, 135.97,
132.37,129.00, 128.65, 127.64, 127.29, 124.99, 124.85, 124.25, 123.95, 121.33, 119.86, 119.53,
118.99, 118.81, 116.78, 116.69, 114.43, 111.99, 108.79, 37.75, 14.46.

2.1.7. 3-((3-(6-chloro-5-methylpyridin-3-yl)phenyl)(1H-indol-3-yl)methyl)-4-hydroxy-2H-
chromen-2-one (4f)

'H NMR (400 MHz, DMSO) & 10.83 (s, 1H), 8.36 (s, 1H), 8.09 (d, ] = 67.2 Hz, 1H), 7.74
(dd, ] =27.9,10.1 Hz, 3H), 7.53 (s, 2H), 7.36 (d, ] = 17.2 Hz, 5H), 7.03 (s, 1H), 6.89 (s, 3H),
5.94 (s, 1H), 2.50 (s, 3H); 13C NMR (100 MHz, DMSO) & 166.35, 146.28, 140.84, 139.96, 137.06,
135.98, 129.96, 129.61, 129.25, 129.19, 128.51, 128.18, 127.31, 127.07, 126.78, 125.96, 125.02,
124.08, 122.48, 121.38, 119.57, 118.67, 118.39, 111.95, 51.43, 32.59, 24.14.

2.1.8. 3-((3-(6-chloro-5-methylpyridin-3-yl)phenyl)(1H-indol-3-yl)methyl)-4-hydroxy-7-
methoxy-2H-chromen-2-one (4g)

'H NMR (400 MHz, DMSO) § 10.85 (s, 1H), 8.38 (d, ] = 6.9 Hz, 1H), 8.02 (s, 1H), 7.79
(d,] =74 Hz, 1H),7.74 (s, 1H), 7.69 (d, ] = 7.6 Hz, 1H), 7.37-7.33 (m, 4H), 7.04 (t, ] = 7.4 Hz,
2H), 6.89 (d, ] = 10.2 Hz, 3H), 5.96 (s, 1H), 3.40 (s, 3H), 1.89 (s, 3H); 1*C NMR (100 MHz,
DMSO) 6 166.38, 157.66, 146.28, 140.85, 139.97, 137.07, 135.99, 129.62, 129.25, 129.19, 128.20,
127.33, 127.08, 126.79, 125.98, 125.03, 124.09, 121.39, 119.59, 118.68, 118.41, 111.96, 51.45,
32.60, 24.15.

2.1.9. 3-((3-bromophenyl)(1-methyl-1H-indol-3-yl)methyl)-4-hydroxy-7-methoxy-2H-
chromen-2-one (4h)

'H NMR (400 MHz, DMSO) 6 11.81 (s, 1H), 8.04 (s, 1H), 7.63 (s, 1H), 7.39 (d, ] = 8.4 Hz,
5H),7.31(d, ] = 0.5 Hz, 2H), 7.19 (d, | = 29.4 Hz, 3H), 6.97 (s, 1H), 6.10 (s, 1H), 3.83 (s, 3H),
3.76 (s, 3H); 13C NMR (100 MHz, DMSO) § 162.24, 161.15, 152.70, 146.14, 136.89, 132.53,
131.20, 130.41, 129.17, 129.11, 127.84, 127.81, 124.33, 124.03, 121.64, 121.55, 119.06, 116.74,
116.71,113.04, 110.21, 108.34, 55.82, 37.22, 32.84.

2.1.10. 3-((3-bromophenyl)(1-methyl-1H-indol-3-yl)methyl)-4-hydroxy-2H-chromen-
2-one (4i)

'H NMR (400 MHz, DMSO) 6 11.81 (s, 1H), 8.04 (s, 1H), 7.63 (s, 1H), 7.39 (d, ] = 8.4 Hz,
5H), 7.31 (d, ] = 0.5 Hz, 2H), 7.19 (d, | = 29.4 Hz, 3H), 6.97 (s, 1H), 6.10 (s, 1H), 3.76 (s,
3H); 13C NMR (100 MHz, DMSO) 6§ 162.24, 161.15, 152.70, 146.14, 136.89, 132.53, 131.20,
130.41,129.17,129.11, 127.84, 127.81, 124.33, 124.03, 121.64, 121.55, 119.06, 116.74, 116.71,
113.04, 110.21, 108.34, 37.22, 32.84; calculated mass for Co5H;gBrNO3; = 459.05; obtained
mass = 460.15.

2.1.11. 3-((3-(6-chloro-5-methylpyridin-3-yl)phenyl)(1-methyl-1H-indol-3-yl)methyl)-4-
hydroxy-2H-chromen-2-one (4j)

IH NMR (400 MHz, DMSO) 5 8.41 (d, ] = 2.2 Hz, 1H), 8.05 (d, ] = 8.1 Hz, 1H), 7.99 (d,
J =2.0 Hz, 1H), 7.67 (s, 1H), 7.61 (t, ] = 7.2 Hz, 1H), 7.40 (dd, ] = 7.9, 4.9 Hz, 5H), 7.37-7.33
(m, 3H), 7.16-7.11 (m, 2H), 6.96 (t, | = 7.4 Hz, 1H), 6.19 (s, 1H), 3.76 (s, 3H), 2.36 (s, 3H);
13C NMR (100 MHz, DMSO) § 162.29, 160.99, 152.70, 149.81, 145.34, 144.06, 138.50, 136.97,
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136.08, 135.75, 132.57, 132.41, 129.17, 129.08, 127.93, 127.35, 125.12, 124.26, 123.97, 121.45,
119.20, 118.93, 116.77, 116.70, 113.74, 110.15, 108.63, 37.76, 32.81, 19.49.

2.1.12. 3-((4-(benzyloxy)-1H-indol-3-yl) (3-(6-chloro-5-methylpyridin-3-yl) phenyl)
methyl)-4-hydroxy-2H-chromen-2-one (4k)

'H NMR (400 MHz, DMSO) § 8.41 (d, ] = 2.2 Hz, 1H), 8.05 (d, ] = 8.1 Hz, 1H), 7.99 (d,
J=2.0Hz, 1H), 7.67 (s, 1H), 7.61 (t, ] = 7.2 Hz, 1H), 7.49 (dd, | = 8.6, 2.5 Hz, 3H, 7.40 (dd,
J=79,49 Hz, 5H), 7.37-7.33 (m, 3H), 7.25-7.20 (m, 2H) 7.16-7.11 (m, 2H), 6.96 (t, | = 7.4 Hz,
1H), 6.19 (s, 1H), 4.9 (s, 2H) 3.76 (s, 3H), 2.36 (s, 3H); 3C NMR (100 MHz, DMSO) & 162.29,
160.99, 152.70, 149.81, 145.34, 144.06, 138.50, 136.97, 136.08, 136.76, 135.75, 132.57, 132.41,
129.17, 129.08, 128.94, 127.93, 127.6, 127.35, 127.13, 125.12, 124.26, 123.97, 121.45, 119.20,
118.93,116.77, 116.70, 113.74, 110.15, 108.63,70.65, 37.76, 32.81, 19.49; calculated mass for
C3gHpgCIN,Oy4 = 598.17; obtained mass = 599.14.

2.1.13. 3-((4-(6-chloro-5-methylpyridin-3-yl)phenyl)(2-methyl-2,7a-dihydro-1H-indol-3-
yl)-methyl)-4-hydroxy-2H-chromen-2-one (41)

'H NMR (400 MHz, DMSO) § 10.81 (s, 1H), 8.56 (d, ] = 2.0 Hz, 1H), 8.12 (s, 1H), 8.05
(d,] =7.8 Hz, 1H), 7.64 (d, ] = 8.3 Hz, 2H), 7.60 (d, ] = 7.4 Hz, 1H), 7.37 (d, ] = 8.7 Hz, 2H),
732(d,]=82Hz 2H),722(d, ] =82Hz 2H), 692 (t,] =7.6 Hz, 1H), 6.78 (t, ] =7.5 Hz,
1H), 6.13 (s, 1H), 2.40 (s, 3H), 2.19 (s, 3H); '*C NMR (100 MHz, DMSO) § 162.52, 161.08,
152.60, 149.63, 145.18, 143.07, 138.22, 135.54, 135.43, 134.12, 133.33, 132.56, 132.38, 129.22,
128.80, 127.25, 126.72, 124.26, 123.81, 120.03, 119.55, 118.45, 116.73, 110.72, 110.37, 107.63,
37.76,26.81,19.52, 13.02.

2.1.14. 3,3’—((4—(pyrimidin—5—yl) phenyl) methylene)bis(2-methyl-1H-indole (4m)

1'H NMR (400 MHz, cdcl3) 6 9.14 (s, 1H), 8.85 (s, 2H), 7.57 (s, 1H), 7.43-7.41 (m, 3H),
7.40-7.35 (m, 4H), 7.26 (s, 2H), 7.00 (dd, | = 16.2, 8.3 Hz, 4H), 5.98 (s, 1H), 2.61 (s, 6H);
13C NMR (100 MHz, CDCl3) 5 156.88, 154.83, 135.03, 134.60, 133.72, 132.70, 131.93, 129.88,
129.24, 128.65, 128.42, 124.63, 120.76, 119.18, 119.10, 112.70, 110.13, 39.14, 12.46.

2.2. Antibacterial Activity of Compounds 4(a—m)

The newly synthesized compounds were evaluated for their antibacterial activity
against Gram-positive (Staphylococcus aureus MW2 and Enterococcus faecalis MTCC 439)
and Gram-negative (Klebsiella pneumonia MTCC 661, Acinetobacter baumannii MTCC 1425,
Pseudomonas aeruginosa MICC 2453 and Enterobacter cloacae MTCC 509) bacterial strains by
the agar well diffusion method as mentioned above [19]. Briefly, trypticase soy agar (TSA),
brain heart infusion agar (BHI agar) and nutrient agar (NA) (pH = 7.2-7.4) plates were
used. The agar plates were then inoculated with 100 pL of the test bacteria, which were
grown to 1.5 x 10% cfu/mL (overnight culture). The test compounds, which were dissolved
at a concentration of 1 mg/mL of (1:1) ethanol:distilled water, were added to each well
and the plates were incubated for 24 h at 37 °C. Ethanol:distilled water (1:1) was used as
a negative control. All experiments were conducted in triplicate. Compounds with the
largest zone of inhibition were selected for minimum inhibitory concentration (MIC) tests.
The activity of each compound was compared with that of tetracycline as a standard.

2.3. Minimum Inhibitory Concentration (MIC) of the Active Compounds

In vitro, antibacterial activity was determined by their MIC values [55,56]. A stock
solution of test compounds (1 mg/mL) was dissolved in (1:1) ethanol:distilled water as a
stock solution. Further, serial broth dilution was carried out to achieve compounds ranging
from 120 to 500 png/mL in TSB broth; different concentrations of test compounds (12, 15,
18...50 uL) were added to a standardized suspension (~10° cfu/mL) of the test bacterium
in a tube containing 1 mL of TSB broth and incubated for 24 h at 37 °C. The minimum
inhibitory concentration (MIC) was noted by observing the growth of bacteria. The lowest
concentration of the drug at which there was no visible growth was considered as the MIC.
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Compounds 4b and 4e were further investigated for their ZOI against S. aureus, which
was expressed as the diameter of the inhibition zone according to the agar well diffusion
method. All experiments were conducted in triplicate and the values are represented as
mean =+ SD.

2.4. Molecular Docking Studies

The three-dimensional structure of histidine kinase was obtained from a database
of protein structures (RCBS) with PDB ID: 5IS1. The protein preparation was performed
using the Discovery Studio software (version 21.1.0.20298), in which initially water and
heteroatoms were removed and further hydrogens were added to the protein structure and
later saved in a PDB format file. The structure was then prepared for docking simulations
using AutoDock4 (v4.2.6) (accessed on 23 May 2023). Later, ligand preparation was per-
formed for compound 4b and luteolin and used for docking simulation. The binding site of
histidine kinase was identified by generating a grid in AutoDock4 having grid dimensions
of 40 x 60 x 50 A, with spacing of 1 A for both 4b and luteolin. The ligands were then
docked into the binding site using the Lamarckian Genetic Algorithm (LGA) as the search
algorithm. The docking parameters were set to a population size of 150, a maximum
number of 2,500,000 energy evaluations and a mutation rate of 0.02 and crossover the rate
of 0.80, and 10 docking runs were performed for compound 4b and luteolin, respectively.

The output of the docking simulations was analyzed using the AutoDock4 Tools
(ADT) [57] software. The docked complexes were also visualized using PyYMOL [58]; the
Discovery Studio [59] and UCSF Chimera 1.16 [60] software were used to analyze the
interactions between the ligand and the protein.

3. Results
3.1. Synthesis of Bisindoles and Heterodimers of Indole-Clubbed Coumarin Derivatives 4a—m

Using MCR, the synthesis of the condensation products of the indole, aldehyde
and coumarin was carried out in the presence of different catalysts (Scheme 1). The
four-component reaction was primarily optimized between 4-bromobenzaldehyde (1),
4-hydroxy coumarin (2), 5-benzyloxyindole (3) and iron oxide (10 mol%) in ethanol at
70 °C for 12 h and afforded 4b with a 50% yield (Table 1, entry 1). Further, the reaction
was carried out using different solvents, like DMSO and a mixture of water:chloroform
(1:1); no product was formed after 12 h of reaction time (Table 1, entry 4), whereas, in the
water:chloroform mixture, the product formed with a better yield (73%) (Table 1, entry 2).
The same reaction was carried out by adding a glycine catalyst, resulting in the formation
of the desired product in a significant yield (92%) (Table 1, entry 3). Moreover, increasing
the amount of catalyst had no effect on the percentage yield. From the above observations
we have synthesized derivatives 4(a-m) (Table 2) employing glycine as catalyst (Scheme 2)
using various substituted indole, coumarin and aldehydes (Figure 2).

Solvent 70 °C
[ catalyst

1
Br a 4b

Scheme 1. Optimized reaction scheme.



Appl. Microbiol. 2023, 3

1221

Table 2. Bisindole and indole-clubbed coumarin derivatives.

Indoles Coumarin

Entry Aldehydes (Ry) (R,) (Rs)
4a 1la 2a 3a
4b la 2b 3a
4c 1la 2c -
4d 1b 2d 3b
4e 1b 2d 3a
4f 1c 2d 3a
4g 1c 2d 3b
4h 1d 2a 3b
4i 1d 2a 3a
4j le 2a 3a
4k le 2e 3a
41 1f 2c 3a
4m 1g 2c -

OH
N
X = N CHCly/H,0
R i Y/ Rs g | 3.

= + AN o X0 Glycine

2@¢ cHO  3(@b)
[
_ 2
1(a-g)
R; = indole or coumarin

Scheme 2. Synthesis of bisindoles and heterodimers of indole-clubbed coumarin derivatives 4(a-m).

A mixture of aryl aldehyde, substituted indoles, substituted coumarin, and glycine
was stirred in water:chloroform (1:1) at 70 °C for about 12 h. After the completion of the
reaction, the crude mass was extracted with ethyl acetate (25 mL x 3), distilled under high
pressure, and purified through column chromatography to obtain the desired compounds
4(a-m). The novel compounds were confirmed by 'H, 1*C NMR, and mass spectroscopy.

3.2. Antibacterial Activity of Newly Synthesized Heterodimers of Indole-Clubbed Coumarins

All synthesized compounds were screened for antibacterial activity. As 4b and 4e
showed activity against S. aureus, these compounds were checked for their minimum
inhibitory concentration (MIC) and zone of inhibition (ZOI).

MIC values were evaluated at a concentration range of 120-500 pg/mL, and the results
are summarized in Table 3. The MIC value of compound 4b was 350 png/mL and that of
compound 4e was 160 pug/mL.
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Br CHO CHO
la 1b 1lc

4a-b, 4d-1
General Structure of Indole-club!

CHO N__F N__Cl N__Cl Cl N
- | - | Br - | 7 72\
Y N X ~N N

CHO OHC
CHO OHC
1d 1e 1f 1g
H H
N N
/ - OO
oR / !
2a 2b 2¢ 2d 2e

OH OH
@fi m
o0 Yo o 0" Yo
3a 3b
R, R, = Aldehydes R, R, = Aldehydes
Rz/\Rs R, = Indoles Rz/\Rs R, =R, = Indoles

R; = coumarins

4c, 4m
General Structure of Bisndoles

bed Coumarins

Figure 2. Substituted functional groups and general structures of bisindoles and indole-clubbed

coumarin derivatives.

Table 3. Minimum inhibitory

concentration (MIC) of compounds 4b and 4e against S. aureus.

C d MIC (ug/mL)
ompoun

P S. aureus
4b
(350 pug/mL) 0.256 + 0.005
4e
(160 pug/mL) 0.290 + 0.01
Negative control
(1:1) Ethanol:distilled water 0.673 £ 0.011
Positive control 0206 2 0.015

Tetracycline

Note: MIC values evaluated at concentration range 120-500 ng/mL. The results are represented as mean =+ SD.

With this MIC value for 4b and 4e, the ZOI was calculated by the agar well diffusion
method against S. aureus. The ZOI of 4b was 8 mm and that of compound 4e was 7.2 mm,
as compared with tetracycline (30 ng/disc) as a positive control, showing 16.25 mm, as

tabulated in Table 4.

Table 4. Zone of inhibition (ZOI) of the synthesized compounds 4b and 4e against S. aureus in mm.

Diameter of Zone of Inhibition (ZOI) (mm)

Compound

S. aureus
4b
(350 pg/mL) 8.0 mm
4e
(160 pg/mL) 7.2 mm
Negative control i
(1:1) Ethanol:distilled water
Tetracycline 16.25 mm

(30 pg/disc)
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3.3. In Silico Molecular Interaction Studies of Novel Compound 4b in Inhibiting Histidine Kinase
of S. aureus

To identify the potential targets for compound 4b, we herein used the Prediction of
Activity Spectra for Substances (PASS) web tool [61], which predicts the likelihood of a
compound to exhibit a particular type of biological activity based on its chemical structure.
Therefore, compound 4b in smiles format was added to the PASS web tool and we obtained
the results. The PASS web tool generated a list of predicted biological activity that the
compound may exhibit. From the listed targets, histidine kinase was among the top six,
with Pa and Pi values of 0.421 and 0.046, and was considered the target for the bacterium
Staphylococcus aureus.

Therefore, we retrieved the histidine kinase protein (PDB ID: 5IS1) from RCBS and
later bioinformatic studies were performed using AutoDock4 tools (ADT). In this study,
we used AutoDock4 to simulate the binding of a novel compound to histidine kinase, a
protein involved in the regulation of bacterial virulence and antibiotic resistance. Molecular
docking studies revealed that our compound 4b had better binding affinity towards the
active site of histidine kinase, showing —5.08 kcal/mol when compared to the compound
luteolin, having binding affinity of —4.03 kcal/mol. The molecular interactions between
compound 4b and its target site in histidine kinase involved hydrogen bonds, with the
residue GLN-73 having a bond distance of 2.35 A. 7t—cation and 7-anion bonds were formed
with the ASN-71, ASP-96 and ASP-98 amino acid residues. Hydrophobic interactions were
observed in residues ALA-72 and ILE-100. These interactions make the protein and ligand
complex stable. Meanwhile, the compound luteolin exhibited the formation of hydrogen
bonds with SER-127, LYS-158 and VAL-160 with bond distances of 2.26 A,2.24 A, 2.93 A
and 2.45 A, respectively. Hydrophobic interactions were formed with the residues LYS-97,
LEU-126 and LYS-159 (Figure 3A,B). Luteolin and tetracycline are both members of the
flavonoid class of compounds. Tetracycline, a well-known antibiotic, is structurally related
to luteolin, and luteolin is studied for its potential antibacterial properties [35]. They share
similar core chemical structures but differ in functional groups. This structural similarity
prompted us to explore their potential similarities in inhibitory activity against histidine
kinase [30]. Thus, the docking simulations predicted a better interaction between the ligand
(4b) and the histidine kinase protein, suggesting that the compound could be an effective
inhibitor of histidine kinase, and compound 4b lies in close proximity to luteolin.
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Figure 3. (A) Two-dimensional structure of compound 4b (red) and (B) luteolin (yellow) showing
molecular interactions with active site of histidine kinase. (C) Representation of 3D surface view of
docked compounds in the groove of histidine kinase and its enlarged view for better visualization.

4. Discussion

Previously, it have been observed that the solvent and the presence of glycine played
a significant part in the accomplishment of the reaction [62,63]. The outcomes propose that
solvents likewise influenced the yield of compound 4b (Table 1). After the improvement of
the reaction conditions, the extent of the technique was explored with a series of substi-
tuted aromatic aldehydes, coumarins and indoles. The outcomes are collated in Table 2.
Several aldehydes were synthesized by the Suzuki coupling reaction. The coupling reaction
was completed by utilizing 4-bromobenzaldehyde, with various boronic acids and 1,1'-
bis(diphenylphosphino)ferrocenedichloropalladium (II) as the catalyst. As observed from
Table 2, the indoles having both electron-withdrawing and electron-releasing functional
groups underwent effective condensation with coumarin and aldehyde in the presence
of a catalytic amount of glycine in water:chloroform (1:1) at 70 °C to afford the respected
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products 4(a-m) in good yields. It appears that the electronic effects and the nature of the
substituents on the indole have a slight effect on both the reaction and reaction yield. The
electron-donating group at the second position of the indole increased the formation of
bisindoles, rather than the heteromeric product. It was found that the reaction pathway
was directed towards the formation of bisindoles, as in 4c and 4m. In a few of the reactions,
both homomeric and heteromeric products were observed, as in 41.

The newly synthesized chemical compounds 4b and 4e exhibited promising antibacte-
rial activity. These new data on the compounds might be helpful in their future develop-
ment as novel antibacterial agents. From the present study, it may concluded that 4b and 4e
have structural novelty and marked biological activity. This work explored on the structure
and functions of biomolecules of drug development, as we previosuly reported [64—73]

5. Conclusions

Bacterial histidine kinases are components of two-component systems that serve as a
promising target for new antibacterial compounds. In search of new chemical entities, we
identified a new structure bearing a natural coumarin and indole rings that are attached
to trigonal carbon derived from the benzene motif. The antibacterial study of the tested
compounds revealed that two compounds were found to be active against pathogenic S.
aureus, and our in silico docking study showed that the lead compound could target the
histidine kinases of bacteria. In conclusion, we have identified selective antibacterial agents
that could inhibit the histidine kinase of S. aureus.
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