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Abstract

From decades, antibiotics has been identified as powerful source for the treatment of bacterial
disease. However, their effectiveness reduced over time due to the development of antibiotic
resistance in bacteria. Further, their non-judicial usage impacted the environment negatively
emphasizing the need of novel ecofriendly way of treating bacterial infections. Among the various
mechanism through which bacteria resist antibiotics, -lactamase is considered a key factor because
of its wide distribution and high variability. B-lactamase production mainly responsible for drug
failure against bacteria, it weakens -lactam antibiotics which responsible for inhibiting bacterial cell
wall synthesis. Centre for Disease Control and Prevention (CDC) and World Health Organization
(WHO) also reported that humans are moving to post antibiotic era and unsafe in this condition. The
need of the hour is to break this antibiotic resistance in bacteria to restore the activity of existing
antibiotics or inventing newer generation of antibiotics. The aim of this study is to find a B-lactamase
inhibitors from medicinal plants.

In Objective I, secondary metabolites from thirty plant samples were extracted in six different
solvents, choose based on their increasing polarity. The extracts were concentrated, and -lactamase
inhibition assay was performed using chromogenic method, where nitrocefin used as substrate. Total
seven extracts belong to four plants were showing >50% inhibition at 10-300 pg/ml. The pB-lactam
potentiating activity of selected extracts were examined using checkerboard method against three
multi drug resistance bacterial strains (Bacillus cereus, Pseudomonas aeruginosa, and Klebsiella
pneumoniae) which were showing synergistic and additive effects. Additionally, all seven extracts
were showing good antioxidant activity, evaluated using the assay like Total Antioxidant Activity
(TAA) and Ferric reducing antioxidant power (FRAP) Assay.

In Objective II, total seven extracts showing lowest ICso values and effective antibiotic
potentiation were selected for further studies. The inhibition kinetics studies revealed uncompetitive
type of inhibition in all extracts. Metabolic profiling through High Resolution Liquid
Chromatography Mass Spectrometry (HR-LCMS) analysis identified 77 metabolites in all these
extracts which dominated by polyphenolics and lipids compounds. Chemometric analysis correlating
the all metabolites with [B-lactamase inhibitory activity revealed that Partial Least Square
Discriminant Analyses (PLS-DA) clearly segregated the extract according to the correlation between
concentration and activity compared to Principal Component Analysis (PCA) analysis. Variable

independent projection (VIP) score analysis revealed that metabolites responsible for segregation of



extracts, among which 2-Hexylbenzothiazole, Luteolin 7-O-glucuronide, and Veranisatin C was
found to be higher in Syzygium cumini indicate their positive involvement in separation of extracts.
Person correlation analysis between metabolite abundance and ICso value revealed that compounds
like (+)-Gallocatechin, CDP-ethanolamine, Senampeline A, 3-Methylellagic acid 8-(2-acetyl
rhamnoside), Cinncassiol A 19-glucoside, Gomisin B, Acutissimin A, Guajavin B, Veranisatin C,
Luteolin 7-O-glucuronide, Nigakilactone B, and 2-Hexylbenzothiazole as a possible inhibitor of -
lactamase.

In Objective 111, acetone extract of Syzigium cumini bark was selected for further purification
and characterization due to its effective B-lactamase inhibition and antibiotic potentiating activity
against multidrug-resistant bacteria. After extraction using a Soxhlet apparatus, the metabolites were
separated using reverse-phase thin layer chromatography (RP-TLC) with a standardized mobile
phase of water and acetonitrile (7:3). Combi-flash chromatography was then employed to fractionate
the crude extract, and the active fractions were isolated. The separated fractions were analyzed for -
lactamase inhibitory activity, and further utilized using UV-VIS spectroscopy, high-performance
liquid chromatography (HPLC), and liquid chromatography-mass spectrometry (LC-MS). LC-MS
analysis identified major PSMs in the bioactive fraction, including 4-(2-Carboxyethyl)-2-
methoxyphenyl B-D-glucopyranosiduronic acid, 4-(B-D-Glucopyranosyloxy)-3,5-dimethoxybenzoic
acid, 9,12-Octadecadienal, Erucamide, Eschweilenol C, Maraniol and Methyl ricinoleate.

Objective IV was aimed to identify the potential of B-lactamase inhibitors obtained from
Objective II and IIT using computational tools. The study was conducted using 12 compounds from
correlation analysis (Objective II) with B-lactamase inhibition, 7 compounds from Syzygium cumini
bark extract (Objective III), and 206 compounds from literature. The study retrieved 3D coordinates
of B-lactamase enzymes (SHV1, TEM1, CTX-M, and KPC-2) and performed molecular dynamics
(MD) simulations using the GROMACS suite. Ensemble docking, consists multiple receptor
conformations, were performed to shortlist the compounds for MD Simulation. Docking against
enzyme catalytic residues revealed binding energies from 58.99 to -6.74 kcal/mol. Twelve
compounds were shortlisted for simulation analysis, revealing structural and functional transitions
during 100 ns simulations. MMPBSA analysis of the last 10 ns indicated that 1-Galloyl glucose,
Dicoumarin, a-Dichroine, Senampeline, and 2-Hexylbenzothiazole had the lowest binding energies

and can be potential B-lactamase inhibitors.



Overall, the present study revealed the potential of plant secondary metabolites (PSMs) from
Syzigium cumini bark as B-lactamase inhibitors and B-lactam potentiators. More in vitro and in vivo

studies may bring these PSMs into the line of drug development.
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Figure 1.9 | An updated classification of B-lactamase. 12
Figure 1.10 | B-lactamase production regulation system in bacteria. 13
Figure 1.11 | Mechanism of B-lactam antibiotics hydrolysis by serine B-lactamase. 14
Figure 1.12 | Mechanism of -lactam antibiotics hydrolysis by the mononuclear class of s
Metallo B-lactamase.
Figure 1.13 | Mechanism of B-lactam antibiotics hydrolysis by the binuclear class of 6
Metallo B-lactamase.
Figure 2.1 | Chemical structure of B-lactamase inhibitors: A to C - B-lactamase
inhibitor with a B-lactam ring; D to H — Non-B-lactam B-lactamase 20
inhibitors.
Figure 2.2 | Classification of plant secondary metabolites based on structural diversity. 24
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Figure 3.1 | Plant processing for the metabolite’s extractions (A. Plant sample
collection, B. Dry powder of sample, C. Stored in Airtight plastic 36
container).
Figure 3.2 | A.) Extraction of metabolites using Soxhlet apparatus and B.) Concentrate 37
plant extracts using Rota evaporator.
Figure 3.3 | Representative picture of B-lactamase inhibition assay. 39
Figure 3.4 | A representative Resazurin based MIC detection of plant extracts and 41
antibiotic in bacterial strains.
Figure 3.5 | A.) Box plot and Histogram representing the distribution of ICso values of
180 plant extract against 3-lactamase and B.) A clustered heat map of ICso 47
was recorded against B-lactamase by 180 extracts belonging to 30 plants.
Figure 3.6 | Antibiotic resistance/susceptibility of Bacillus cereus. 51
Figure 3.7 | Antibiotic resistance/susceptibility of Klebsiella pneumoniae. 52
Figure 3.8 | Antibiotic resistance/susceptibility of Pseudomonas aeruginosa. 53
Figure 3.9 | Confirm the presence of B-lactamase in bacterial strains. 55
Figure 3.10 | Confirm the extracellular production of B-lactamase in bacterial strains. 56
Figure 3.11 | Detection of B-lactamase category following double disc synergy method.
(1 - Klebsiella pneumoniae, 2 - Pseudomonas aeruginosa, 3 - Bacillus 57
cereus and A — ESBL detection, B— MBL detection).
Figure 3.12 | Resazurin based MIC detection of plant extracts and antibiotic (alone and 61
in combination) against K. pneumoniae using checkerboard assay.
Figure 3.13 | Resazurin based MIC detection of plant extracts and antibiotic (alone and 0
in combination) against P. aeruginosa using checkerboard assay.
Figure 3.14 | Resazurin based MIC detection of plant extracts and antibiotic (alone and 6
in combination) against B. cereus using checkerboard assay.
Figure 3.15 | Representation of MIC reduction of ampicillin against test bacterial strains. | g4_¢5
Figure 3.16 | Comparative evaluation of total phenolic content in f-lactamase inhibitory 6

plant extracts.
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Figure 3.17 | Comparative evaluation of flavonoid content in B-lactamase inhibitory
plant extracts. 7

Figure 3.18 | Comparative evaluation of Total antioxidant activity of f-lactamase
inhibitory plant extracts. !

Figure 3.19 | Comparative evaluation of ferric-reducing antioxidant power of j3-
lactamase inhibitory plant extracts. 72

Figure 4.1 | Representative picture of enzyme kinetics analysis in the presence/absence
of plant extracts. 7

Figure 4.2 | Inhibition kinetics of control; (A). Time-dependent curve, (B).

Lineweaver-Burk plot analysis. %0

Figure 4.3 | Inhibition kinetics of Cyperus rotundus acetone extract; (A). Time-
dependent inhibition, (B). Lineweaver-Burk plot analysis. 50

Figure 4.4 | (A) Inhibition kinetics of Areca catechu acetone extract and (B)

Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Areca catechu 81
methanol extract and (D) Lineweaver-Burk plot analysis.

Figure 4.5 | (A) Inhibition kinetics of Phyllanthus emblica acetone extract and (B)
Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Phyllanthus 82
emblica methanol extract and (D) Lineweaver-Burk plot analysis.

Figure 4.6 | (A) Inhibition kinetics of Syzygium cumini acetone extract and (B)
Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Syzygium cumini 83
methanol extract and (D) Lineweaver-Burk plot analysis.

Figure 4.7 | Chromatogram of all selected seven plant extracts at positive (A) and
negative (B) mode. 8>-88

Figure 4.8 | Representation of structural relationship of metabolites identified in HR-

LCMS analysis. 77

Figure 4.9 | Representation of metabolites class identified in HR-LCMS analysis. 97

Figure 4.10 | PCA (A.) and PLS-DA (B.) score plot analysis of metabolites presents in 9

seven plant extracts.
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Figure 4.11 | Variable independent projection (VIP) score plot of top 20 molecules with
significant influence in determining the pB-lactamase inhibitory in plant 101
extracts.

Figure 4.12 | Hierarchical cluster analysis of compounds. 101

Figure 4.13 | Pearson correlation coefficient of selected 12 compounds. 106

Figure 5.1 | Syzigium cumini tree grown at Mahatma Gandhi Gramodya Parisar, CRDT, 109
ITD.

Figure 5.2 | Extraction of Syzygium cumini bark acetone extract A.) Syzygium cumini 1o
bark B.) Soxhlet extraction C.) Dried extract.

Figure 5.3 | Visualization of metabolites on the RP-TLC separated using different 13
combination of mobile phase A.) 365 nm B.) 254 nm.

Figure 5.4 | Chromatogram of Syzygium cumini bark acetone extract using Combi-flash 14
chromatography.

Figure 5.5 | Different fractions collected from combi-flash chromatography exhibitory
varied level of B-lactamase inhibition. A.) Representation picture of assay, 115
B.) Inhibition percentage.

Figure 5.6 | Visualization of fraction in mobile phase W: ACN (7:3). 116

Figure 5.7 | Separation of metabolites from Syzygium cumini acetone extract fraction "
(31-34) on RP-TLC plate.

Figure 5.8 | Percentage inhibition graph of all bands against B-lactamase. 117

Figure 5.9 | Band of Syzygium cumini acetone extract fraction (F31-F34) and collected -
band B5 on TLC plate.

Figure 5.10 | Catalytic activity of enzyme measured with different substrate concentration 19
A.) Graph of absorbance vs time, B.) Lineweaver-Burk Plot.

Figure 5.11 | UV-visible spectra of fraction (F31-F34) and B5. A.) The spectrum includes
UV, visible, and IR regions. B.) The spectrum comprises a broad view of | 121
the UV region.

Figure 5.12 | Comparative analysis of fraction and B5S by HPLC analysis. A.) HPLC 123

chromatogram of fraction. B.) HPLC chromatogram of BS.
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Figure 5.13 | HR-LCMS analysis of samples on positive mode. A.) HR-LCMS 124
chromatogram of fraction. B.) HR-LCMS chromatogram of BS5.

Figure 5.14 | HR-LCMS analysis of samples on negative mode. A.) HR-LCMS 125
chromatogram of fraction. B.) HR-LCMS chromatogram of BS5.

Figure 6.1 | Structure of B-lactamases with their respective active site residues. 143

Figure 6.2 | Venn diagram of top 100 compounds from literature which recorded binding L4
energy of lower than -5 kcal/mol against B-lactamase.

Figure 6.3 | 2D analysis of molecular interactions between ampicillin and four B- 150
lactamases.

Figure 6.4 | 2D analysis of molecular interactions between avibactam and four - 151
lactamases.

Figure 6.5 | 2D analysis of molecular interactions between 1-galloyl glucose and four f3- 152
lactamases.

Figure 6.6 | 2D analysis of molecular interactions between kaempferol and four B- 153
lactamases.

Figure 6.7 | 2D analysis of molecular interactions between dicoumarin and four - 154
lactamases.

Figure 6.8 | 2D analysis of molecular interactions between alpha-dichroine and four f3- 155
lactamases.

Figure 6.9 | 2D analysis of molecular interactions between ellagic acid and four B- 156
lactamases.

Figure 6.10 | 2D analysis of molecular interactions between veranisatin C and four - 157
lactamases.

Figure 6.11 | 2D analysis of molecular interactions between 2-hydroxybenzothiazole and 158
four B-lactamases.

Figure 6.12 | 2D analysis of molecular interactions between senampeline A and four p- 159
lactamases.

Figure 6.13 | 2D analysis of molecular interactions between nigakilactone B and four - 160

lactamases.
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Figure 6.14 | 2D analysis of molecular interactions between dihydroferulic acid 4-O- 61
glucuronide and four B-lactamases.

Figure 6.15 | 2D analysis of molecular interactions between eschweilenol C and four j3- 62
lactamases.

Figure 6.16 | 2D analysis of molecular interactions between glucosyringic acid and four 163
B-lactamases.

Figure 6.17 | The root-mean-square deviation (RMSD) analysis. (A) The RMS deviation
of SHV1 the apo state. (B) The RMS deviation of ligands coupled to TEM 1 165-
active site. (C) The RMS deviation of KPC-2 in the apo state. (D) The RMS 166
deviation of ligands coupled to the active site of CTX-M.

Figure 6.18 | Root-mean-square fluctuations (RMSF) from the initial structures of (A)
SHV1 and SHVI1-ligand complexes and (B) TEM1 and TEMI1-ligand
complexes during the simulation time Root-mean-square fluctuations | 168-
(RMSF) from the initial structures of (C) KPC2 and KPC-2-ligand 169
complexes and (B) CTX-M and CTXM-ligand complexes during the
simulation time.

Figure 6.19 | Time evolution plot of Rg for all Ca atoms in apo and holo states of (A) | 171-
SHV1, (B) TEMI, (C)KPC-2 and (D) CTX-M 172

Figure 6.20 | Time evolution plot of Solvent accessible surface area (SASA) for all Ca 173
atoms in apo and holo states of (A) SHVI, (B) TEMI1, (C)KPC-2 and (D) 174
CTX-M.

Figure 6.21 | Hydrogen bond formation during the 100 ns simulation; (A) SHV1 (B) | 175-
TEM1 (C) KPC-2 (D) CTX-M. 176

Figure 6.22 | Hydrogen bond distribution between B-lactamase and ligand Hydrogen bond 177
distribution during the 100 ns simulation; (A) SHV1 (B) TEM1 (C) KPC-2 17
(D) CTX-M.

Figure 6.23 | Bioavailability radar plot of metabolites. 186

Figure 6.24 | Bioavailability radar plot of metabolites. 187
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PSMs
ICso
MIC
FIC

Km
Vmax
ng

ml

Kcal

KJ

PCA
PLS-DA
VIP
HPLC
HR-LCMS
RP-TLC
BE

MD
SDF
PDB

2D

3D

ns

nm
NVT
NPT
VWE
EE

PSE
RMSD

Abbreviations

Plant secondary metabolites

Half-maximal inhibitory concentration

Minimum inhibitory concentration

Fractional inhibitory concentration

Michaelis-Menten constant
Maximum velocity

Microgram

Microliter

Kilocalorie

Kilo joule
Principal Component Analysis

Partial Least Square Discriminant Analyses

Variable importance in the projection

High performance liquid chromatography

High resolution liquid chromatography-mass spectrometry
Reverse phase-thin layer chromatography

Binding energy

Molecular dynamic

Structure Data File

Protein databank file

2 dimension

3 dimension

nano second

nano meter

Constant Number of atoms, Volume, and Temperature
Constant Number of atoms, Pressure, and Temperature
Van der Waals energy

Electrostatic energy

Polar solvation energy

Root mean square deviation
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RMSF
Rg

SASA
HBO
MMPBSA
ADME/T

Root mean square fluctuation

Radius of gyration

Solvent accessible surface area

Hydrogen bond occupancy

Molecular mechanics Poisson—Boltzmann surface area

Absorption Distribution Metabolism Excretion/Toxicity
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