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Introduction: Global public health concerns include the emergence and spread of methicillin-resistant Staphylococcus aureus
(MRSA) and extended-spectrum beta-lactamase Escherichia coli (ESBL-E. coli). These pathogens cause infections that are difficult
to treat, which can have fatal outcomes and require lengthy hospital stays. As a result, we created butyl 2-bromoisonicotinate and
tested its antibacterial effectiveness against the ESBL-E. coli ST 405 and MRSA pathogens. Natural product discovery is comple-
mented by synthetic compound synthesis because of the latter’s potential for superior characteristics, target specificity, scalability,
intellectual advantages, and chemical diversity. Because of this, the potential for discovering new medicinal compounds is increased,
and the constraints placed on natural sources are overcome. Natural items are tough to obtain since they are hard to isolate and
synthesize. Therefore, modern science is actively searching for small molecules as therapeutic agents by applying sustainable
techniques that can be commercialized.

Methods: Two patients’ blood samples were taken, and the BACTEC/Alert system was used to process them. On blood and
MacConkey agar, the positive samples were subcultured and incubated aerobically at 37 °C. Using the VITEK 2 compact system,
the isolates were subjected to isolate identification and MIC. MLST of the ESBL-E. coli was performed by PCR. Additionally, Fischer
esterification was used to create butyl 2-bromoisonicotinate in excellent yields. A commercially available palladium catalyst was then
used to arylate the compound, resulting in medium to good yields of arylated butyl 2-bromoisonicotinates. Using the agar well
diffusion assay and the micro-broth dilution method, we assessed the in-vitro activities of the synthesized molecules (3, Sa-h) against
clinically isolated ESBL-E. coli ST405, and MRSA. A molecular operating environment was used to carry out in silico validation of
the synthesized compounds’ binding to the active site and to evaluate the stability of their molecular interactions with the target E. coli
2Y2T protein.

Results: MRSA and ESBL-producing E. coli were identified as the two clinical isolates. While MRSA was also resistant to beta-
lactam drugs and least resistant to vancomycin, ESBL-producing E. coli belonged to ST405 and was resistant to cephalosporins and
sensitive to carbapenems. Good yields of the desired compounds were produced by our effective and economical synthesis. By using a
micro-broth dilution assay, the Molecules (3, 5a, and 5d) were most effective against both resistant strains. The Molecules (3, 5a, Sb,
and 5d) also displayed good binding energies.

Conclusion: The butyl 2-bromoisonicotinate displayed antibacterial efficacy against ESBL-producing E. coli ST405 and MRSA
strains. After the in-vivo trial, this substance might offer an alternative therapeutic option.
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Introduction

The ultimate efficacy of antimicrobial drugs is still questioned due to the rising difficulty of treating emerging multi-drug
resistant infections with currently available drugs.' It is crucial to execute a comprehensive plan to stop the spread of
microbial resistance and find new antimicrobial drugs.” It is challenging to execute a comprehensive plan to stop the
spread of bacterial resistance and to find new drugs.® In 2050, if microbes resistant to antimicrobials predominate, a death
will occur every three seconds, costing more than $100 trillion in economic output.* The World Health Organization
designated methicillin-resistant Staphylococcus aureus (MRSA) and extended spectrum-beta-lactamse producing
Escherichia coli (ESBL-E. coli) as “High Priority Pathogens.” These bacteria cause wound infections, bacteremia,
skin infections, respiratory tract infections, septicemia, nosocomial infections, and urinary tract infections. These bacteria
have become resistant to different classes of drugs, such as quinolones, aminoglycosides, and beta-lactams. They can
only be treated with antibiotics such as colistin, which is toxic to the human body.® Drug resistance can arise through
different processes, such as drug degradation, modification or mutation of the target site, and lower intracellular
concentration brought on by reduced energy-dependent efflux and permeability. Many clinically significant Gram-
negative bacteria acquired resistance or developed innate resistance as a consequence of the interaction between
decreased absorption and medication efflux.”® Since infections and formerly used drugs have a declining impact on
bacterial resistance, which are substantial risk factors for death and morbidity in both developing and developed
countries, the invention of newer antimicrobial medications is still necessary.” ' The Food and Drug Administration
has approved the first lipid-lowering drug, nicotinic acid, which has been used for over 50 years for the treatment of
dyslipidemia.'? The literature survey indicated that nicotinic acid derivatives show anti-tubular,'* anti-lipolytic'* and
anti-viral activities.'> Suzuki-Miyaura cross-coupling (SMC) is an effective tool that involves organoboron nucleophiles
and pseudohalide/organohalide electrophiles to form a carbon—carbon bond.'®'” Hence, we designed the synthesis of
butyl 2-bromoisonicotinate (3) by the reaction of 2-bromo isonicotinic acid (1) with n-butanol (2) by F. esterification, and
its derivatives (5a—h) were synthesized via SMC reaction.'® The agar-well diffusion method was used to evaluate the
target molecules for anti-bacterial activity against ESBL-producing E. coli ST405 and MRSA. Following that, the zone
inhibition, MIC, and MBC were analyzed and validated by docking studies.

Methodology

Ethical Consideration

Before beginning this study, the Ethical Review Committee (ERC) of Government College University, Faisalabad,
obtained ethical approval following the Helsinki Declaration. Informed consent was obtained from each research
participant, and they were allowed to hear and sign the informed consent form in a language they understood. They
agreed to provide a sample and allow the isolates to be used for research. They were assured that the samples would only
be used for research and that their personal information would be kept confidential.

General Information

All the chemicals used in this research were sourced from Alfa Aesar and Sigma-Aldrich (USA). The SMC reactions were
carried out in an argon atmosphere. A rotary evaporator was used to dry the synthesized molecules or reaction mixture. Thin-
layer chromatography (TLC) was used to monitor the progress of the reaction (silica gel 60 PF254 cards). Further, the required
product was purified by flash column chromatography using silica gel with a mesh size of 230—400. Spectroscopic techniques
like NMR (Bruker 500 MHz) were used to confirm the synthesized molecules and the presence of solvent-deuterated solvents.

General Procedure for the Synthesis of Molecules

Synthesis of Butyl 2-Bromoisonicotinate (3)

2-bromo isonicotinic acid (1 eq., 4.95 mmol) was dissolved in 12 mL of n-butanol, here, n-butanol acted as a solvent and
a reactant. The catalytic amount of H,SO,4 was then added, and the reaction mixture was refluxed for 18 hours. Thin-layer
chromatography was used to monitor the completion of the reaction (TLC). Following the completion of the reaction, the
reaction mixture was washed with a saturated solution of NaHCO; and chloroform. The organic layer appeared in a
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separating funnel at the bottom and was then dried by rotary evaporator. The product was validated by spectroscopic
techniques. For NMR spectrum of compound 3 see Supplementary Information (Figure S1)."

Arylation of Butyl 2-Bromoisonicotinate (3)

At room temperature, butyl 2-bromoisonicotinate (1.0 eq., 0.99 mmol) and 7 mol% tetrakis (triphenylphosphine)
palladium(0) catalyst were added in Schlenk flask in 5 mL 1,4-dioxane under inert atmosphere and agitated for 30
minutes. Then, Het/aryl boronic acids (1.1 eq., 1.089 mmol), K3PO, (2.0 eq., 1.98 mmol) base, and 0.5 mL water were
added. Water is used to homogenize the reaction mixture in this case. For 8-18 hours, the reaction mixture was refluxed.
TLC was used to monitor the progress of the reaction. Following the completion of the reaction, the reaction mixture was
dried using a rotary evaporator and washed with ethyl acetate. Flash column chromatography was used to further purify
the synthesized compounds. The synthesized product was then validated using spectroscopic techniques. For NMR
spectra of compound 5a-h see Supplementary Information (Figures Sz—g).20

Chemical Characterization

Butyl 2-Bromoisonicotinate (3)

"HNMR (500 MHz, DMSO) & 8.60-8.58 (m, 1H), 7.93 (d, J = 0.6 Hz, 1H), 7.84 (ddd, J= 6.4, 5.0, 1.4 Hz, 1H), 4.33 (t,J
= 6.7 Hz, 2H), 1.60 (q, J = 6.8 Hz, 2H), 0.95-0.88 (m, 5H). '3C NMR (125 MHz, DMSO) & 166.49, 148.30, 147.46,
144.20, 126.15, 119.66, 66.88, 31.15, 19.94, 14.02. Anal. Calcd. For C;oH;»BrNO,: C, 46.53; H, 4.69; N, 5.43. Found:
C, 46.51; H, 4.72; N, 5.46%.

Butyl 2-(4-Methoxyphenyl)isonicotinate (5a)

'"HNMR (500 MHz, DMSO) & 8.82 (dd, J = 4.9, 0.6 Hz, 1H), 8.22 (s, 1H), 8.09 (d, J = 8.9 Hz, 2H), 7.71 (ddd, J = 6.4,
5.0, 1.4 Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 4.38 (t,J = 6.7 Hz, 2H), 3.83 (s, 3H), 1.66 (q, J = 6.8 Hz, 2H), 1.00-0.92 (m,
5H). '*C NMR (125 MHz, DMSO) & 166.49, 164.15, 161.92, 148.85, 141.80, 131.03, 131.03, 128.55, 121.32, 121.32,
114.03, 114.03, 66.88, 56.04, 31.15, 19.94, 14.02. Anal. Calcd. For Ci7H,oNO3: C, 71.56; H, 6.71; N, 4.91. Found: C,
71.52; H, 6.70; N, 4.94%.

Butyl 2-(3,5-Difluorophenyl)isonicotinate (5c)

"HNMR (500 MHz, DMSO) & 8.91-8.90 (m, 1H), 8.40-8.39 (m, 1H), 7.89-7.87 (m, 2H), 7.73-7.67 (m, 1H), 7.39 (ddd,
J=9.1,5.7,2.3 Hz, 1H), 4.40 (t, J = 6.8 Hz, 2H), 1.66 (dt, J = 14.9, 6.4 Hz, 2H), 1.0-0.93 (m, 5H). '*C NMR (125 MHz,
DMSO) & 166.49, 163.79, 163.56, 163.56, 148.49, 141.53, 138.44, 123.70, 122.08, 109.35, 109.35, 104.78, 66.88, 31.15,
19.94, 14.02. Anal. Calcd. For C;¢H;5F,NO,: C, 65.97; H, 5.19; N, 4.81. Found: C, 65.95; H, 5.17; N, 4.85%.

Butyl 2-(4-(Methylthio)phenyl)isonicotinate (5d)

'"HNMR (500 MHz, DMSO) & 8.85 (t,J = 4.2 Hz, 1H), 8.25 (s, 1H), 8.07 (d, J = 8.2 Hz, 2H), 7.81-7.70 (m, 1H), 7.39 (d,
J = 8.2 Hz, 2H), 438 (t, J = 6.7 Hz, 2H), 2.54 (s, 3H), 1.70 (ddd, J = 45.0, 13.4, 6.7 Hz, 2H), 1.00-0.93 (m, 5H). "*C
NMR (125 MHz, DMSO) & 166.49, 164.15, 148.85, 141.80, 140.99, 136.41, 129.75, 129.75, 128.10, 128.10, 121.32,
121.32, 66.88, 31.15, 19.94, 16.53, 14.02. Anal. Calced. For C,7H,oNO,S: C, 67.70; H, 6.35; N, 4.65. Found: C, 67.74; H,
6.38; N, 4.68%.

Butyl 2-(4-(Methoxycarbonyl)phenyl)isonicotinate (5e)

'"H NMR (500 MHz, DMSO) 3 8.95-8.93 (m, 1H), 8.39 (d, J = 0.8 Hz, 1H), 8.30 (d, J = 8.6 Hz, 2H), 8.11 (d, /= 8.6 Hz,
2H), 7.87 (ddd, J = 6.4, 5.0, 1.4 Hz, 1H), 4.42-4.25 (m, 2H), 3.90 (s, 3H), 1.78-1.65 (m, 2H), 0.96 (d, J = 6.6 Hz, SH).
'3C NMR (125 MHz, DMSO) § 167.39, 166.49, 164.15, 148.85, 141.80, 137.90, 133.11, 129.38, 129.38, 128.45, 128.45,
121.32, 121.32, 66.88, 52.08, 31.15, 19.94, 14.02. Anal. Calcd. For C,sH;oNOy: C, 68.99; H, 6.11; N, 4.47. Found: C,
68.96; H, 6.08; N, 4.49%.
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Butyl 2-(4-Chlorophenyl)isonicotinate (5f)

"H NMR (500 MHz, DMSO) & 8.86 (dd, J = 4.5, 3.9 Hz, 1H), 8.26 (d, J = 0.7 Hz, 1H), 8.12 (d, J = 8.4 Hz, 2H), 7.79—
7.77 (m, 1H), 7.55 (d, J = 8.4 Hz, 2H), 4.35 (q, J = 6.7 Hz, 2H), 1.66-1.57 (m, 2H), 0.95-0.91 (m, 5H). ">C NMR (125
MHz, DMSO) § 166.49, 164.15, 148.85, 141.80, 136.07, 133.64, 129.56, 129.56, 129.43, 129.43, 121.32, 121.32, 66.88,
31.15, 19.94, 14.02. Anal. Calcd. For C4H;cCINO,: C, 66.32; H, 5.57; N, 4.83. Found: C, 66.29; H, 5.56; N, 4.83%.

Butyl 2-(3,5-Dimethylphenyl)isonicotinate (5g)

'"H NMR (500 MHz, DMSO) & 8.79 (d, J = 4.9 Hz, 1H), 8.17 (s, 1H), 7.69 (ddd, J = 5.0, 1.4, 0.7 Hz, 1H), 7.66 (s, 2H),
7.03 (s, 1H), 4.31 (t, J = 6.8 Hz, 2H), 2.31 (s, 6H), 1.65 (ddd, J = 54.0, 13.5, 6.8 Hz, 2H), 0.94-0.87 (m, 5H). '*C NMR
(125 MHz, DMSO) § 166.49, 163.79, 148.49, 141.88, 141.53, 137.33, 137.33, 130.52, 123.83, 123.83, 123.70, 122.08,
66.88, 31.15, 21.99, 21.99, 19.94, 14.02. Anal. Calcd. For CygHy NO,: C, 76.29; H, 7.44; N, 4.94. Found: C, 76.26; H,
7.47; N, 4.96%.

Butyl 2-(Thiophen-3-Yl)isonicotinate (5h)

'"H NMR (500 MHz, DMSO) & 8.81-8.79 (m, 1H), 8.34 (dd, J = 3.0, 1.3 Hz, 1H), 8.22 (dd, J = 1.4, 1.0 Hz, 1H), 7.81
(dd, J = 5.0, 1.3 Hz, 1H), 7.75-7.61 (m, 2H), 4.38 (t, J = 6.7 Hz, 2H), 1.66 (q, J = 6.8 Hz, 2H), 1.00-0.93 (m, 5H). '*C
NMR (125 MHz, DMSO) § 166.49, 155.52, 151.39, 144.19, 143.39, 136.11, 131.35, 129.35, 122.10, 121.95, 66.88,
31.15, 19.94, 14.02. Anal. Calcd. For C4H;sNO,S: C, 64.34; H, 5.79; N, 5.36. Found: C, 64.30; H, 5.76; N, 5.40%.

Anti-Bacterial Activity

Isolates Identification

Clinical isolates of S. aureus and E. coli were obtained from blood samples. Mannitol salt agar was used to confirm the
presence of S. aureus and UTI chrome agar was used to confirm the E. coli (Aldrich Sigma, UK). They were further

confirmed by the VITEK 2® compact system (BioMerieux, France).

Antibiogram of the Isolates

The MIC (mg/L) was calculated using AST cards in the VITEK 2% compact system (BioMerieux, France). Ampicillin/
sulbactam, penicillin, cefoxitin, clindamycin, amoxicillin/clavulanic acid, cefixime, piperacillin, cefuroxime, cefepime,
ceftriaxone, meropenem, minocycline, chloramphenicol, amikacin, tetracycline, colistin, tigecycline, and trimethoprim

were all tested. CLSI 2020 guidelines were used to assess susceptibility (Table 1).

Phenotypic Confirmation of Extended Spectrum [-Lactamase Producing E. coli

The double-disc synergy test, as described in the CLSI guidelines 2020,%" was used to detect ESBL production. In brief,
0.5 McFarland E. coli suspension was prepared in sterile normal saline. The E. coli was swabbed on the Mueller Hinton
agar (MHA) plate, and co-amoxiclav disc (20/10pg) was placed in the center of the MHA plate, followed by ceftriaxone
(30pg), ceftazidime (30pg), and cefepime (30pg) antibiotics 20mm away from the co-amoxiclav disc. The plates were
incubated at 37°C overnight aerobically. The result interpretation was carried out as per CLSI guidelines. If a zone of
inhibition produced between the co-amoxiclav and cephalosporin discs, the isolate is an ESBL producer.

Phenotypic Confirmation of Methicillin Resistant Staphylococcus aureus

The MRSA was confirmed following CLSI 2020 guidelines. In brief, the 0.5McFarland MRSA suspension was prepared
in sterile normal saline and swabbed on the MHA plate. Cefoxitin disc (30png) was placed in the MHA, and the plate was
incubated overnight at 37°C. If the bacteria showed zone of inhibition < 17mm, the isolate is MRSA as described in the
CLSI guidelines (Figure 1).
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Table | MIC (mg/L) of Antibiotics Against ESBL-Producing E. coli ST405 and MRSA

Isolates | P SAM PIP FOX CRO FEP ATM MEM LEV MXF MNO TE TGC C TMP VAN CSs LZD
20.25 | 232 >128 >8 264 >64 264 =216 >8 >8 =216 216 >8 264 | 216 216 216 >8

E. coli NA 232 =128 NA 264 264 264 2|6 28 28 216 216 | 232 216 NA <0.5 NA

MRSA 232 NA NA 232 264 NA NA 216 28 =8 216 216 NA 232 216 | NA 2

Abbreviations: P, Penicillin; SAM, Ampicillin/sulbactam; CRO, Ceftriaxone; PIP, Piperacillin; MEM, Meropenem; ATM, Aztreonam; FEP, Cefepime; LEV, Levofloxacin; MXF
Tetracycline; C, Chloramphenicol; TMP, Trimethoprim; LZD, Linezolid; Van, Vancomycin; CS, Colistin; NA, Not applicable.

Moxifloxacin; MNO, Minocycline; TGC, Tigecycline; TE,
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Figure | Phenotypic Confirmation of MRSA.

Multilocus Sequence Typing (MLST) of E. coli

The two-locus CH typing technique was used for E. coli MLST analysis. Each PCR amplicon was extracted from an
agarose gel with a QIAquick Gel Extraction kit (Qiagen, Hilden, Germany) and sequenced by Eurofins Scientific
(London, UK). For data analysis, the E. coli MLST database (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/) was used.

Anti-Bacterial Efficacy of Molecules
Agar Well Diffusion Assay of Various Molecules Against ESBL Producing E. coli ST 405 and MRSA

An agar well diffusion assay was used to test the anti-bacterial activity of the molecules (3, Sa, 5d—f, and 5h) against both
pathogens. In brief, a 0.5 McFarland bacterial suspension was prepared in sterile normal saline and cultured on MHA
plates and the wells were created on each plate using sterile 6 mm cork borers. One hundred microliters of each DMSO-
diluted compound with concentration of 5 mg, 10 mg, 20 mg, 30 mg, 40 mg, and 50 mg was added to each well, and the
plates were incubated at 37 °C overnight aerobically. A vernier caliper was used to measure the zone of inhibition (mm).
The test was carried out three times.

The MIC of Various Molecules Against ESBL Producing E. coli ST405 and MRSA

The MIC (% w/v) of 3, 5a, 5d-f, and 5h molecules was determined using the micro-broth dilution test. In short, the
bacterial suspension of both bacteria was diluted to 0.5 McFarland with sterile normal saline. Each well of microtiter
plate (1-12) received 100 pL of LB broth. One hundred microliters of 0.5McFarland of bacteria were added in well 1-10
and 12 as positive control while 11 well (negative control) received LB broth. One hundred microliters of each molecule
was double diluted from well 1-11. The microtiter plate was stored in a MaxQTM Mini overnight at 37°C. The MIC was
calculated by comparing each well to the negative and positive control wells and the test was repeated for three times.
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Scheme 1. Synthesis of butyl 2-bromoisonicotinate (3)
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O O~ B(OH), NN
| X + 1,4-dioxane, Pd(PPH3)4 | N
> ~
N/ Br R K3PO4, 95 °C, 8-18h N R
3 4 5a-h
Scheme 2. Arylation of butyl 2-bromoisonicotinate (3)
Arylated derivatives of butyl 2-bromoisonicotinate
(0) O\/\/ O O\/\/ (@) 0\/\/ (@) O\/\/
| R | AN | A | A
N/ N/ N/ F N/

(0] s~
| F

5a (89%) 5b (81%) 5c (61%) 5d (85%)
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X
| = -3
2 | | X
N N/ N/ l
s
(0] N \ N\
Cl
O S
5e (52%) 5f (68%) 59 (86%) 5h (72%)

Figure 2 An overview of synthesis of butyl 2-bromoisonicotinate (3) and its derivatives (5a—5h) via SMC reaction.

MBC Determination Against ESBL Producing E. coli ST405 and MRSA

The MBC is the lowest dilution required to prevent bacterial growth on an agar plate. To calculate the MBC, 10 pL was
taken from each well of microtiter plate and inoculated on the MHA for bacterial count. The plates were incubated at 37°
C overnight aerobically. The viability of the cells on the plates was determined, and any visible colonies were classified
as bacterial growth or no growth. Each experiment was carried out in triplicate.

Molecular Docking Studies

Molecular docking was carried out to predict the interaction of synthesized molecules with the binding sites of E. coli
CsgC in reduced form (PDB ID: 2Y2T) using Molecular Operating Environment (MOE version 2019.02). The 2D
structures of chemical molecules, ie, 3, 5a—5h were drawn using ChemBioDraw Ultra [Chemical Structure Drawing
Standard; Cambridge Soft Corporation, USA],** and then optimized by adding polar hydrogen atoms followed by the
energy minimization using Merck molecular force field (MMFF94)* in MOE. The X-ray crystallographic structure of E.
coli (PDB ID: 2Y2T) with a resolution of 2.30 A** was downloaded from Protein Data Bank (http://www.rcsb.org./pdb).
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The structure was prepared per the docking protocol by adding hydrogen atoms, removing hetero-atoms/water, and
minimizing energy with the AMBER99 force field in MOE. Further, induced fit molecular docking of the chemical
molecules was performed with the receptor site atoms with Alpha Triangle placement method using London dG scoring
method.*®> Additionally, 50 poses per molecule were generated to make the system flexible, and the best pose based on
least energy value (E-score) was selected for protein ligand interaction fingerprint. Visualization of the docked pose was
done with the help of MOE.

Results

Isolates Confirmation
The isolates were confirmed as ESBL-producing E. coli ST405 and MRSA after VITEK 2 compact system, phenotypic
confirmation and MLST data analysis.

Chemistry of the Compounds

Butyl 2-bromoisonicotinate (3) was formed by the reaction of commercially available 2-bromo isonicotinic acid (1) with
n-butanol (2) by F. esterification by using a catalytic amount of sulphuric acid (H,SO,4) to form the product in 91% yield.
Subsequently, the SMC reaction of butyl 2-bromoisonicotinate (3) with various heteroaryl and aryl boronic acids (4) in
the presence of potassium phosphate as a base and commercially available tetrakis(triphenylphosphine) palladium(0)
formed the targeted molecules (5a—h) in good to excellent yields (52-89%). The newly formed molecules were purified
by flash column chromatography, characterized by spectroscopic techniques. The influence of substituents on boronic
acids was previously investigated. Results showed that electron-rich groups were more crucial for effective yields than
electron-deficient groups.”®*’ Similarly, molecule (5e) has the lowest yield (52%) due to the presence of electron-poor
and bulky groups (Figure 2).

Anti-Bacterial Activity of Compound

A single isolate of ESBL producing E. coli ST405 and MRSA resistant to commonly used antibiotics such as
cephalosporins, B-lactam inhibitors, chloramphenicol, levofloxacin, and amikacin were used in this study. MRSA isolate
was sensitive to vancomycin, whereas E. coli was only sensitive to colistin. The phenotypic test confirmed E. coli isolate
as an ESBL producer, whereas Staphylococcus aureus was resistant to methicillin and hence designated MRSA. Upon
testing of ESBL-producing E. coli, molecule (3) produced the maximum zone of inhibition (29 mm) at the concentration
of 50 mg/mL followed by molecule (5a), which had 15mm zone, and molecule (5d) had 14mm zone inhibition. Further,
for the MRSA isolate, molecule (3) had 18mm zone of inhibition, molecule (5a) 24 mm zone and molecule (5d) 21 mm
zone inhibition at S0mg/mL concentration (Table 2 and 3). ESBL-producing E. coli was inhibited at the concentration of
0.78 mg/mL, molecule (3), followed by 3.12 mg/mL (5a), 6.25 mg/mL (5d), 25mg/mL (5¢), 25mg/mL (5f), and 25mg/

Table 2 Zone of Inhibition (mm) of ESBL-Producing E. coli ST405 Agar Well Diffusion Assay

Molecule Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm)
No. (50mg) (40mg) (30mg) (20mg) (10mg) (5mg) DMSO

3 29 18 17 13 I 9 0

S5a I5 13 I 9 8 7 0

5d 14 13 10 9 8 6 0

Se 12 10 9 8 7 5 0

5f 9 0 0 0 0 0 0

S5h 10 0 0 0 0 0 0
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Table 3 Zone of Inhibition (mm) of MRSA by Agar Well Diffusion Assay

Molecule Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm) | Zone (mm)
No. (50mg) (40mg) (30mg) (20mg) (10mg) (5mg) DMSO

3 18 13 12 10 9 7 0

5a 24 17 15 12 10 8 0

5d 21 19 18 17 15 12 0

Se 8 0 0 0 0 0 0

5f 9 0 0 0 0 0 0

5h 8 0 0 0 0 0 0

mL (5h). ESBL-producing E. coli were killed at the concentration of 1.56mg/mL, molecule (3), 6.25mg/mL (5a),
12.5mg/mL (5d), and 50mg/mL for each molecule (5e, 5f, and Sh).

MRSA was inhibited at the concentration of 0.78mg/mL, molecule (3) followed by 1.56mg/mL (5a), 6.25mg/mL (5d),
and 25 mg/mL for Se, 5f, and Sh. However, these isolates were killed at a concentration of 1.56 mg/mL, molecule (3),
3.12mg/mL (5a) and 12.5mg/mL (5d) and 25mg/mL for each molecule 5e, 5f, and 5h (Table 4 and Table 5, Figures 3 and 4).

Molecular Docking
In this study, a series of butyl 2-bromoisonicotinate (3) and its derivatives (5a—h) were studied in silico to investigate the
potential binding geometries and interaction modes with the active site of E. coli 2Y2T target protein using Molecular

Table 4 MIC (w/v) and MBC (w/v) of Different
Molecules Against ESBL-Producing E. coli ST405

Molecule No. | MIC (mg/imL) | MBC (mg/mL)
3 0.78 .56

5a 3.12 6.25

5d 6.25 125

Se 25 50

5¢ 25 50

Sh 25 50

Table 5 MIC (w/v) and MBC (w/v) of
Different Molecules Against MRSA

Molecule No. MIC MBC
3 0.78 1.56
5a 1.56 3.12
5d 6.25 12.5
Se 25 50

5f 25 50

5h 25 50
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MIC of the ESBL producing E. coli

Figure 3 MIC of the ESBL-producing E. coli ST405 and MRSA isolate X-axis are the isolates, and Y-axis is the different concentrations of the molecules, -ve: negative control
+ve: positive control.

Figure 4 MBC of the molecule (3) against ESBL producing E. coli ST405.

Operating Environment (MOE) version. 2019. According to the outcomes obtained from the docking studies, it has been
observed that the parent molecule (3) and two analogs (5a, 5b and 5d) showed better binding interaction (hydrogen
bonding and hydrophobic) with the common scaffold (2-bromoisonicotinate) and strongest binding energies (Table 6).
Moreover, the pyridinyl group of molecule (3) displayed two hydrophobic interactions (H-pi: C—S5ring, pi-H: 6ring—
CG2) with Ile71 and the hydrophobic side chain of Trp95 amino acid residue of the receptor as shown in Figure 5A.
Similarly, pyridinyl group of the molecule (5a) also showed two hydrophobic, ie, pi-H: 6-ring—CA and 6-ring—N
interactions with Arg76 and Val77 amino acid residues, respectively, Figure 5B. Additionally, the molecule (5b)
exhibited well-established hydrogen bonding (H-acceptor: O-—N) and hydrophobic (Pi-H: 6ring—CD) with Arg76 and
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Table 6 Binding Energies and Interaction Pattern of the Parent Molecule (3) and Its Analogues (5a-h)

Molecule | Binding Energies (k] mol™') | Hydrophobic Interactions | Hydrogen bonding Interactions
3 —4.5 Trp95, lle71 Nil

5a —4.3 Arg76, Val77 Nil

5b -39 Arg76 H-acceptor: Val77

5c -3.4 Nil H-acceptor: Val77

5d =37 Nil H-acceptor: Val77

Se -29 pi-H: Lys78 Nil

5f -3.5 Nil H-acceptor: Tyrl7

5g —-3.05 pi-H: Arg76 Nil

Sh NA Nil Nil

Val77, respectively, Figure 5C. However, for the rest of the molecules (5c, e-h), a weak or no interaction pattern
(Figure S9) was observed which might be due to the bulky group substitution on the 2-bromoisonicotinate.

Discussion

The emergence of AMR pathogens is becoming a serious threat to the public health sector globally. Globally, around 4.9
million people’s deaths are associated with AMR pathogens (https://www.thelancet.com/journals/lancet/article/PIIS0140-
6736(21)02724-0/fulltext). By 2050, one person will die every three seconds if we not tackle the AMR now (https://www.
dovepress.com/molecular-epidemiology-of-extensively-drug-resistant-acinetobacter-bau-peer-reviewed-fulltext-article-

IDR). Therefore, novel therapeutic approaches are need of the hour to combat the global AMR issue. Metal-catalyzed cross-
coupling reactions have become indispensable in various stages of drug development, particularly in the discovery phase
where rapid access to a variety of chemical matter for biological evaluation is critical. The Suzuki-Miyaura coupling is one
of the most widely used cross-coupling reactions in pharmaceutical synthesis due to its mild reaction conditions, functional
group tolerance, and the stability, ease of preparation, and environmental friendliness of organoboron reagents. The rapid

transmetalation using palladium™

complexes allows for feasible scaling up of the process and low reagent cost, making it
applicable to agrochemical, fine chemical, pharmaceutical, and modern material industries. The successful and adaptable
application of SM coupling in constructing biaryl moieties has made it the “gold standard” in medicinal chemistry.?® It has
also been utilized to modify and enhance the activity of natural products and pharmaceuticals in late stages to achieve better
yields and chemoselectivity.”* ' Our research team employed SMC coupling to synthesize carboxamides and carboxylate
derivatives, which were then tested for their in-vitro anti-bacterial properties against WHO-listed extremely resistant
bacterial strains, aiming to identify potential therapeutic candidates.>* > In the present study, both the ESBL producing E.
coli and MRSA were resistant to commonly used antibiotics including penicillins, cephalosporins, and beta-lactam
inhibitors. The anti-bacterial activity of butyl 2-bromoisonicotinate molecules and its derivatives against ESBL-producing
E. coli ST405 and MRSA. Molecule (3) produced the maximum zone of inhibition (29 mm) at 50 mg/mL concentration
against ESBL producing and 18mm against MRSA.

Our previous studies revealed that carboxamide is one of the significant scaffolds against resistant bacteria.
Previously we studied the biofilm inhibitory activity against E. coli and B. subtilis and found that the aryl groups act
as proliferative sites and show hydrophobic (non-polar) interactions. At the same time, the amides behave as a
hydrophilic binding site against bacterial enzyme proteins, which may cause death or make static growth, leading to
good inhibitory activity.*® Further, we studied the N, O, and S heterocycles carboxamides like N-(4-bromophenyl)furan-
2-carboxamide,”>  2-aryl-4-chlorophenyl-5-arylthiophene-2-carboxylates®®  4-bromo-N-(5-methyl-1H-pyrazol-3-yl)
benzamide,*> N-(4-methylpyridin-2-yl) Thiophene-2-Carboxamide®’ to study the effectiveness of these scaffolds and
found effectiveness against different resistant strains of E. coli, A. baumannii, S. enterica, E. cloacae, S. aureus and K.
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Figure 5 The best and stable conformations of the highly active synthesized molecules (5a and 5b) including parent molecule (3). (A) Molecule (3) forming 2 hydrophobic
bonds with lle71 and Trp95. (B) Molecule (5a) forming 2-hydrophobic bonds with Arg76 and Val77. (C) Molecule (5b) forming IH bond and |-hydrophobic bonds with Val77
and Arg76.

pneumoniae. We found that heterocyclic carboxamides are pivotal in anti-bacterial activities. Due to the importance of
facile synthesized small molecules in drug discovery, there is a need for the modern world due to economic and
environmental factors. So, we designed a molecule with a linear alkyl group that can let the compounds’ proliferation
into the bacterial cell. N-heterocyclic amide moiety makes it hydrophilic to attach with the bacterial proteins.

ESBL-producing E. coli ST405 was inhibited at the MIC of 0.78 mg/mL of molecule (3), and 3.12 mg/mL with
molecule 5a. However, MRSA was inhibited at the concentration of 0.78mg/mL with molecule (3) and 1.56mg/mL
with 5a.

Herein, we used an approachable, conventional and friendly technique to make butyl 2-bromoisonicotinate (3) by
Fischer esterification. The esterification reaction is commonly utilized to convert carboxylic acids into esters by using a
strong acid catalyst and an excess of alcohol as the reactants to form ester from 2-bromo isonicotinic acid (1). Nicotinic
acid has ability to show anti-bacterial activity as reported in the literature.>*™*' So, we extend our study and make a
functionalized series of compounds (5a—5h) from 2-bromoisonicotinate (3) using SMC.

The advancement of docking methodologies has led to more accurate predictions of the biological activity of
molecules. Computational techniques and theoretical approaches have enabled the development of explanatory hypoth-
eses on drug mechanisms of action. This work presents in-silico studies using the MOE software (Molecular Operating
Environment), to validate the results. The results showed that the most of the interactions observed in the present in silico
study are hydrophobic. Thus, we can propose that the hydrophobic cavity of the receptor (2Y2T) would be the better
binding cavity for inhibiting the E. coli receptor involved in urinary and bloodstream infections. Furthermore,
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synthesized molecules (3, 5a, 5b and 5d) showed good binding energy (Table 6) toward the target protein ranging from
—3.0 to —4.5 kJ mol " and interestingly, these findings are well aligned with the findings from the experimental assays for
the prediction of inhibitory potency.

Conclusions

We successfully synthesized butyl-2-bromoisonicotinate by Fischer esterification and its analogues via SMC in medium
to good yields. Fischer esterification is comparatively a greener approach as it has been done in water. Molecule (3) was
found to be most effective against ESBL-producing E. coli ST405 with 29 mm zone inhibition, and molecules (5a and
5d) were most effective against MRSA strain with 24 mm and 21 mm zone inhibition, respectively. Furthermore, docking
studies revealed that the hydrophobic cavity of the receptor (2Y2T) would be the better binding cavity for inhibiting the
E. coli ST405 receptor. It showed that hydrophobic interactions play a key role in the attachment to the hydrophobic
pocket. The synthesized molecules (3, 5a, 5b, and 5d) showed good binding energies. However, weak or no interaction
pattern was observed for the rest of the molecules (5c, Se—h).
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