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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, β-lactamase is considered a key factor because 

of its wide distribution and high variability. β-lactamase production mainly responsible for drug 

failure against bacteria, it weakens β-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 β-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 β-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 µg/ml. The β-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 IC50 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 β-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 
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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 IC50 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 β-

lactamase. 

In Objective III, acetone extract of Syzigium cumini bark was selected for further purification 

and characterization due to its effective β-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 β-

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 β-D-glucopyranosiduronic acid, 4-(β-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 β-lactamase inhibitors obtained from 

Objective II and III using computational tools. The study was conducted using 12 compounds from 

correlation analysis (Objective II) with β-lactamase inhibition, 7 compounds from Syzygium cumini 

bark extract (Objective III), and 206 compounds from literature. The study retrieved 3D coordinates 

of β-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, α-Dichroine, Senampeline, and 2-Hexylbenzothiazole had the lowest binding energies 

and can be potential β-lactamase inhibitors. 
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Overall, the present study revealed the potential of plant secondary metabolites (PSMs) from 

Syzigium cumini bark as β-lactamase inhibitors and β-lactam potentiators. More in vitro and in vivo 

studies may bring these PSMs into the line of drug development.  
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शोध साराााांश 

दशक ों से एों टीबाय टटक्स क  बैक्टीरियल ि ग ों के इलाज के टलए एक शक्तिशाली साधन के रूप में 

पहचाना गया है। हालाोंटक, समय के साथ बैक्टीरिया में एों टीबाय टटक प्रटिि ध (िेट़िस्टेंस) टिकटसि ह  जाने के 

कािण इनकी प्रभािशीलिा कम ह  गई है। इसके अलािा, इनका अनुटचि उपय ग पयााििण पि भी नकािात्मक 

प्रभाि डालिा है, टजससे बैक्टीरियल सोंक्रमण के उपचाि के टलए एक नए, पयााििण-अनुकूल (इक -फ्रें डली) 

ििीके की आिश्यकिा महसूस की जा िही है। बैक्टीरिया द्वािा एों टीबाय टटक्स के प्रटि प्रटिि ध टिकटसि किने 

के कई ििीक ों में से, β-लैक्टामे़ि (β-lactamase) क  एक प्रमुख कािक माना जािा है, क् ोंटक यह व्यापक 

रूप से पाया जािा है औि इसमें उच्च परिििानशीलिा ह िी है। β-लैक्टामे़ि का टनमााण मुख्य रूप से 

एों टीबाय टटक दिाओों की असफलिा के टलए टजमे्मदाि ह िा है, क् ोंटक यह β-लैक्टाम एों टीबाय टटक्स क  

कमज ि कि देिा है, ज  बैक्टीरिया की सेल िॉल के टनमााण क  ि कने के टलए ट़िमे्मदाि ह िे हैं। सेंटि फॉि 

टड़िी़ि कों टर  ल एों ड टप्रिेंशन (CDC) औि िर्ल्ा हेल्थ ऑगानाइ़ेिशन (WHO) ने भी यह रिप टा टकया है टक 

मानििा एक "प स्ट-एों टीबाय टटक युग" की ओि बढ़ िही है, ज  अत्योंि असुिटिि क्तिटि है। इस क्तिटि में सबसे 

़िरूिी है टक हम बैक्टीरिया में टिकटसि ह  चुके एों टीबाय टटक प्रटिि ध क  ि डें, टजससे मौजूदा एों टीबाय टटक्स 

की कायािमिा क  टफि से बहाल टकया जा सके या नई पीढ़ी की एों टीबाय टटक दिाएों  टिकटसि की जा सकें । 

उदे्दश्य I के अोंिगाि, िीस पौध ों के नमून ों से टद्विीयक चयापचय ों (secondary metabolites) क  छह 

टिटभन्न घुलनशीलिा िाले सॉल्वेंट्स में टनकाला गया, टजन्हें उनकी बढ़िी धु्रिीयिा (polarity) के आधाि पि 

चुना गया था। इन अकों क  सघन (concentrate) टकया गया औि β-लैक्टामे़ि अिि धन पिीिण (β-

lactamase inhibition assay) क्र म जेटनक टिटध द्वािा टकया गया, टजसमें नाइटर  सेटफन (nitrocefin) क  

सब्सटर ेट के रूप में उपय ग टकया गया। कुल साि अका , ज  चाि पौध ों से सोंबोंटधि थे, ने 10–300 µg/ml की 

साोंद्रिा पि 50% से अटधक अिि धन टदखाया। चयटनि अकों की β-लैक्टम क  प्रभािी बनाने की टक्रया (β-

lactam potentiating activity) क  चेकिब डा टिटध द्वािा जाोंचा गया, टजसमें िीन मल्टी-डर ग िेटजस्टेंट 

बैक्टीरियल स्टर ेन्स — Bacillus cereus, Pseudomonas aeruginosa, Klebsiella pneumoniae — पि 

पिीिण टकया गया, टजसमें synergistic (सहटक्रयात्मक) औि additive (सोंय जक) प्रभाि देखे गए। इसके 

अटिरिि, सभी साि अकों ने अच्छी एों टीऑक्सीडेंट गटिटिटध भी प्रदटशाि की, टजसका मूल्ाोंकन कुल 

एों टीऑक्सीडेंट टक्रयाशीलिा (Total Antioxidant Activity - TAA) औि फेरिक रिडू्यटसोंग एों टीऑक्सीडेंट 

पािि (Ferric Reducing Antioxidant Power - FRAP) टेस्ट के माध्यम से टकया गया। 
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उदे्दश्य II के अोंिगाि, कुल साि ऐसे अकों का चयन टकया गया टजन्ह ोंने सबसे कम IC₅₀ मान औि 

प्रभािशाली एों टीबाय टटक सहय ग (potentiation) टदखाया था, िाटक इन पि आगे के अध्ययन टकए जा सकें । 

इनटहटबशन टकनेटटक्स (Inhibition kinetics) अध्ययन से पिा चला टक सभी अकों में "अनकमे्पटटटटि 

अिि धन" (uncompetitive inhibition) प्रकाि पाया गया। हाई रि़ि लू्शन टलटिड क्र मैट ग्राफी मास 

से्पक्टर  मेटर ी (HR-LCMS) के माध्यम से मेटाब टलक प्र फाइटलोंग की गई, टजसमें कुल 77 मेटाब लाइट्स की 

पहचान हुई। इन मेटाब लाइट्स में पॉलीटफन टलक यौटगक औि टलटपड्स की प्रमुखिा पाई गई। केम मेटटर क 

टिशे्लषण (Chemometric analysis), टजसमें सभी मेटाब लाइट्स क  β-लैक्टामे़ि अिि धन गटिटिटध से 

ज डा गया, ने टदखाया टक Partial Least Square Discriminant Analysis (PLS-DA) ने अकों क  उनके 

एकाग्रिा औि टक्रयाशीलिा के बीच सोंबोंध के अनुसाि स्पष्ट रूप से अलग टकया, ज  टक Principal 

Component Analysis (PCA) की िुलना में अटधक प्रभािी था। Variable Importance in Projection 

(VIP) स्क ि टिशे्लषण ने उन मेटाब लाइट्स की पहचान की ज  अकों के टिभाजन के टलए टजमे्मदाि थे। इनमें 

2-Hexylbenzothiazole, Luteolin 7-O-glucuronide, औि Veranisatin C क  Syzygium cumini में 

अटधक मात्रा में पाया गया, ज  टक अकों के पृथक्किण में उनकी सकािात्मक भूटमका का सोंकेि देिा है। 

टपयिसन सहसोंबोंध टिशे्लषण (Pearson correlation analysis), ज  टक मेटाब लाइट की प्रचुििा औि IC₅₀ 

मान के बीच टकया गया, से पिा चला टक टनम्नटलक्तखि यौटगक सोंभििः  β-लैक्टामे़ि के अिि धक (inhibitor) 

ह  सकिे हैं: (+)-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. इन सभी 

यौटगक ों क  β-लैक्टामे़ि अिि धन में सोंभाटिि रूप से सटक्रय माना गया है। 

उदे्दश्य III के अोंिगाि, Syzygium cumini की छाल के एसीट न अका  क  आगे की शुक्तिकिण औि 

लिण टनधाािण (characterization) के टलए चुना गया, क् ोंटक इसने मल्टी-डर ग िेटसस्टेंट बैक्टीरिया के टिरुि 

प्रभािी β-लैक्टामे़ि अिि धन औि एों टीबाय टटक सहय गी (potentiating) गटिटिटध प्रदटशाि की थी। 

सॉक्सलेट उपकिण (Soxhlet apparatus) की सहायिा से अका  टनकाले जाने के बाद, मेटाब लाइट्स क  

रििसा फे़ि टथन लेयि क्र मैट ग्राफी (RP-TLC) द्वािा अलग टकया गया, टजसमें जल औि एसीट नीटर ाइल (7:3) 

का मानकीकृि म बाइल फे़ि उपय ग टकया गया। इसके पश्चाि कॉम्बी-फै्लश क्र मैट ग्राफी के माध्यम से कचे्च 

अका  क  टिटभन्न भाग ों में टिभाटजि टकया गया, औि सटक्रय अोंश ों क  पृथक टकया गया। पृथक टकए गए अोंश ों 

की β-लैक्टामे़ि अिि धन गटिटिटध का पिीिण टकया गया, औि इनका आगे टिशे्लषण UV-VIS से्पक्टर  स्क पी, 
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हाई पिफॉमेंस टलटिड क्र मैट ग्राफी (HPLC) औि टलटिड क्र मैट ग्राफी-मास से्पक्टर  मेटर ी (LC-MS) द्वािा 

टकया गया। LC-MS टिशे्लषण में जैिसटक्रय अोंश (bioactive fraction) में प्रमुख प्ाोंट से्पटशटफक 

मेटाब लाइट्स (PSMs) की पहचान की गई, टजनमें टनम्नटलक्तखि यौटगक शाटमल थे: 4-(2-Carboxyethyl)-2-

methoxyphenyl β-D-glucopyranosiduronic acid, 4-(β-D-Glucopyranosyloxy)-3,5-

dimethoxybenzoic acid, 9,12-Octadecadienal, Erucamide, Eschweilenol C, Maraniol and 

Methyl ricinoleate. इन यौटगक ों की उपक्तिटि से यह सोंकेि टमलिा है टक िे β-लैक्टामे़ि अिि धन औि 

एों टीबाय टटक सहटक्रयाशीलिा में सटक्रय भूटमका टनभा सकिे हैं। 

उदे्दश्य IV का उदे्दश्य था टक उदे्दश्य II औि III में प्राप्त β-लैक्टामे़ि इनटहटबटसा की कम्प्यूटेशनल टूल्स 

के माध्यम से सोंभािनाओों की पहचान की जाए। यह अध्ययन कुल 12 यौटगक ों (ज  उदे्दश्य II के सहसोंबोंध 

टिशे्लषण से प्राप्त हुए थे), Syzygium cumini की छाल के अका  से प्राप्त 7 यौटगक ों (उदे्दश्य III), औि साटहत्य 

से टलए गए 206 यौटगक ों पि आधारिि था। अध्ययन के टलए β-लैक्टामे़ि एों जाइम्स — SHV1, TEM1, CTX-

M, औि KPC-2 — के 3D समन्वय (coordinates) क  प्राप्त टकया गया औि GROMACS सॉफ़्टिेयि सूट 

का उपय ग कििे हुए मॉटलकू्लि डायनाटमक्स (MD) टसमुलेशन टकया गया। एने्सम्बल डॉकी ोंग (ensemble 

docking), टजसमें एों जाइम की कई सोंिचनाओों (receptor conformations) क  शाटमल टकया गया, क  लागू 

किके यौटगक ों क  MD टसमुलेशन के टलए शॉटाटलस्ट टकया गया। एों जाइम की catalytic residues के टिरुि 

डॉकी ोंग किने पि बाइोंटडोंग एनजी 58.99 से −6.74 kcal/mol के बीच पाई गई। बािह यौटगक ों क  टसमुलेशन 

टिशे्लषण के टलए चुना गया, टजससे 100 ns टसमुलेशन के दौिान उनकी सोंिचनात्मक औि कायाात्मक 

गटिशीलिा (transitions) का खुलासा हुआ। अोंटिम 10 ns के MMPBSA टिशे्लषण से यह टनष्कषा टनकला 

टक टनम्नटलक्तखि यौटगक ों की बाइोंटडोंग एनजी सबसे कम थी औि ये सोंभाटिि β-लैक्टामे़ि अिि धक 

(inhibitors) ह  सकिे हैं: 1-गैलॉयल गू्लक ज, टडकौमरिन, α-डाईक्र इन, सेनामे्पलीन औि 2-

हेक्साइलबें़ि टथया़ि ल। 

यह अध्ययन Syzygium cumini की छाल के पौध ों के टद्विीयक मेटाब लाइट्स (PSMs) क  β-

लैक्टामे़ि अिि धक औि एों टीबाय टटक सहय गी के रूप में सामने लािा है। इन टिटर   औि इन टिि  अध्ययन 

इन PSMs क  औषटध टिकास की टदशा में ले जा सकिे हैं।  



ix 
 

Table of contents 

Certificate  

Acknowledgments i - ii 

Abstract iii - viii 

List of Contents ix - xiv 

List of Tables xv -xvi 

List of Figures xvii - xxii 

Abbreviations xxiii - xxiv 

Chapter 1: Introduction 1-17 

1.1 Bacterial diseases and their epidemiology 1-3 

1.2 Antibiotics and their resistance   4-5 

1.3 Antibiotics and Ecosystem 5-6 

1.4 Bacterial resistance to antibiotics 6-9 

1.5 Bacterial cell wall synthesis and the role of trans-peptidase in cross-linking 9-10 

1.6 β-lactam antibiotics 10-11 

1.7 β-lactamase enzyme 12 

1.8 Mechanisms of β-lactamase upregulation: Antibiotic resistance activation 13 

1.9 Mechanism of serine β-lactamase (SBL) 14 

1.10 Mechanism of Metallo β-lactamase (MBLs) 14-17 

Chapter 2: Review literature 18-31 

2.1 Introduction 18 

2.2 Natural β-lactamase inhibitors 18 



x 
 

2.2.1 β-lactam β-lactamase inhibitors 18 

2.2.2 Non β-lactam β-lactamase inhibitors  18 

2.3 Synthetic β-lactamase inhibitors 18 

2.3.1 β-lactam β-lactamase inhibitors 19 

2.3.2 Non β-lactam β-lactamase inhibitors 19-23 

2.4 Plant’s derived β-lactamase inhibitors 24-29 

2.5 Plants as a potential inhibitor of β-lactamase  30-31 

Research Gap 32 

Objectives 33 

Chapter 3: Screening plants extracts for their β-lactamase inhibition and β-

lactam potentiating activities 
34-73 

3.1 Introduction 34 

3.2 Material and methods 35-42 

3.2.1 Chemicals and reagents  35 

3.2.2 Equipment 35 

3.2.3 Plant materials 35 

3.2.4 Plant sample processing, and metabolite extraction 35-36 

3.2.5 Bacterial isolates 36 

3.2.6 Characterization of bacteria revealed their MDR nature and β-lactamase 

production potential 
37-38 

3.2.7 β-lactamase inhibition assay 38-39 

3.2.8 β-lactam potentiating activity of plant extracts 40-41 

3.2.9 Total Phenolic Content (TPC) and Total Flavonoid Content (TFC) 41 



xi 
 

3.2.10 Antioxidant potential of plant extracts 42 

3.3 Result and discussion 42-73 

3.3.1. β-lactamase inhibition using plant extracts 42-46 

3.3.2 Characterization of bacteria revealed their MDR nature and β-lactamase 

production potential 
46-58 

3.3.3 β-lactam potentiating activity of plant extracts 59-68 

3.3.4 Total Phenolic Content (TPC) and Total Flavonoid Content (TFC) 68-70 

3.3.5 Antioxidant potential of plant extracts 71-73 

Chapter 4: Employing LCMS and chemometrics analysis to identify the 

possible β-lactamase inhibitory secondary metabolites from selected plant 

extracts 

74-107 

4.1 Introduction 74-75 

4.2 Material and methods 75-77 

4.2.1 Software and Web servers 75 

4.2.2 Enzyme kinetics 75 

4.2.3 HR-LCMS analysis of selected plant extracts and data analysis 75-76 

4.2.4 Chemometric analysis 76-77 

4.3 Result and discussion 77-107 

4.3.1 Enzyme kinetics 77-84 

4.3.2 HR-LCMS analysis of selected plant extracts 84-97 

4.3.3 Chemometric analysis 98-101 

4.3.4 Correlation analysis 102-107 

Chapter 5: Identification of potential β-lactamase inhibitory plant secondary 

metabolites from Syzygium cumini bark extract 
108-127 



xii 
 

5.1 Introduction 108-109 

5.2 Material and Methods 110-113 

5.2.1 Syzigium cumini bark collection, processing, and metabolite extraction 110 

5.2.2 Chemicals and reagents 110 

5.2.3 Optimization the mobile phase for the separation of secondary metabolites 

on RP-TLC 
110 

5.2.4 Fractionation of crude extracts metabolites 111 

5.2.4.1 A Combi flash chromatography and Assay guided selection of positive 

fraction 
111 

5.2.4.2 A RP-TLC and Assay guided selection of positive fraction 111 

5.2.5 Enzyme kinetic analysis of collected upbeat band B5 112 

5.2.6 Characterization of bioactive fraction 112-113 

5.2.6.1 A UV-Vis Spectroscopy 112 

5.2.6.2 A HPLC analysis 112 

5.2.6.3 A HR-LCMS analysis 113 

5.3 Result and Discussion 113-126 

5.3.1 Extraction and fractionation of bioactives from Syzygium cumini bark 

acetone extract 
113-118 

5.3.2 Enzyme kinetic analysis of collected upbeat band B5 118-119 

5.3.3 Characterization of bioactive fraction 120-126 

5.3.3.1 Multispectral characterization of B5 and F31-F34 120-121 

5.3.3.2 Comparative analysis of metabolites present in B5 and fraction (F31-F34) 

through HPLC analysis 
121-122 

5.3.3.3 Identification of suspected β-lactamase inhibitory PSMs through HR-

LCMS analysis 
122-126 



xiii 
 

Chapter 6: Computational studies to identify potential β-lactamase inhibitory 

PSMs and to understand their molecular interactions 
128-188 

6.1 Introduction 128-129 

6.2 Material and methods 129-132 

6.2.1 Software’s and Web servers 129 

6.2.2 Metabolites library of selected plants 129 

6.2.3 Ligand preparation for ensemble docking 129 

6.2.4 Protein preparation for clustering 130 

6.2.5 Ensemble docking 130 

6.2.6 Molecular dynamic simulation 130-131 

6.2.7 Trajectory analysis 131 

6.2.8 MMPBSA analysis 131 

6.2.9 Drug likeness of Selected Metabolites 132 

6.3 Result and discussion 132-187 

6.3.1 Metabolites library of selected plants 132-142 

6.3.2 Ensemble docking 143-163 

6.3.3 Molecular dynamic simulation 164 

6.3.3.1 Root mean square deviation (RMSD) 164-166 

6.3.3.2 Root mean square fluctuation (RMSF) 167-169 

6.3.3.3 Radius of gyration (Rg) 170 

6.3.3.4 Solvent accessible surface area (SASA) 170 

6.3.3.5. Hydrogen bond number and distribution 174-178 

6.3.3.6 MMPBSA analysis 178-184 



xiv 
 

 

  

6.3.4 Drug likeness of Selected Metabolites 185-187 

Chapter 7: Summery, conclusion and future perspective 189-192 

References 193-214 

Biodata 215-217 

Supplementary Data 218-221 



xv 
 

List of Tables 

Table 

No. 
Tables content 

Page 

No. 

Table 1.1 Pandemic diseases with the devastating effects caused by bacteria on humans. 3 

Table 1.2 The zinc ligands in class B β-lactamases. 15 

Table 2.1 List of common commercialized drug combinations with β-lactam β-

lactamase inhibitor against β-lactam resistant bacterial infection approved by 

the Food and Drug Administration (FDA).  

21 

Table 2.2 List of common commercialized drug combinations with non-β-lactam β-

lactamase inhibitor against β-lactam-resistant bacterial infection approved by 

FDA. 

22 

Table 2.3 List of drug combinations against β-lactam-resistant bacterial infection being 

marketed or under clinical trials. 
23 

Table 2.4 A list of compounds that contain β-lactamase inhibition property identified by 

In vitro studies. 
28-29 

Table 2.5 A list of compounds that contain β-lactamase inhibition property identified by 

In silico studies. 
29 

Table 2.6 A list of plants that contain β-lactamase inhibition property. 31 

Table 3.1 List of plant samples used in the study. 44-45 

Table 3.2 List of plant samples showing IC50 less than 300 µg/ml. 48 

Table 3.3 List of antibiotics with catalogue number used for Antibiotic susceptibility 

test. 
48-50 

Table 3.4 Comparison of zone of inhibition to check antibiotic resistance/ susceptibility 

in three bacterial strains. 
54 

Table 3.5 Bacterial β-lactamase type detection using double disc synergy method. 58 

Table 3.6 Fractional inhibitory concentration (FIC) index exhibited by the selected 

extracts against three multi-drug-resistant bacterial isolates. 
67 

Table 4.1 The Km and Vmax value of β-lactamase inhibitory plant extracts. 84 



xvi 
 

 

Table 4.2 List of the PSMs of selected 7 plant extracts identified by HR-LCMS analysis. 89-95 

Table 4.3 List of metabolites having higher VIP score. 100 

Table 4.4 List of metabolites with their correlation coefficient value. 102-104 

Table 4.5 List of shortlisted metabolites having correlation coefficient more than 0.5.  107 

Table 5.1 Classification for Kingdom Plantae Down to Species Syzygium cumini. 109 

Table 5.2 Ratio of mobile phase (Water and acetonitrile) used for mobile phase 

optimization. 
114 

Table 5.3 Km and Vmax value of B5 and control. 119 

Table 5.4 List of shortlisted metabolites present in fraction (F31-F34) and B5. 126 

Table 6.1 List of compounds shortlisted through chemometrics from HRLCMS data. 133 

Table 6.2 List of compounds shortlisted through partial purification from HRLCMS 

data. 
134 

Table 6.3 List of compounds obtained from literature survey. 134-142 

Table 6.4 List of shortlisted metabolites with their binding energy and class obtained 

through Venn diagram analysis. 
145-147 

Table 6.5 List of metabolites with their binding energy and class shortlisted through 

correlation analysis from HRLCMS data. 
148 

Table 6.6 List of metabolites with their binding energy and class shortlisted through 

partial purification from HRLCMS data. 
149 

Table 6.7 MM-PBSA analysis of β-lactamase-ligand complexes. 180-184 

Table 6.8 A list of selected metabolites drug likeliness parameters. 185 



xvii 
 

List of Figures 

Figure no. Figures content 
Page 

No. 

Figure 1.1 Timeline of epidemic and pandemic microbial diseases with devastating 

effects on humans, animals, and plants. 
2 

Figure 1.2 Antibiotics mode of action on bacterial cell.  4 

Figure 1.3 Antibiotics dispersion in the ecosystem. 5 

Figure 1.4 Percentage change in antibiotic consumption in high-income countries. 6 

Figure 1.5 Antibiotic resistance in bacteria and community spread. 7 

Figure 1.6 Pictorial representation of cell wall biosynthesis by trans-peptidase 

(Penicillin-binding protein) enzyme. 
10 

Figure 1.7 (A). Structure of four-membered β-lactam ring, (B) Structure of antibiotics 

contains a β-lactam ring in their core. 
11 

Figure 1.8 Mechanism of inhibition of trans-peptidase enzyme through β-lactam 

antibiotics. 
11 

Figure 1.9 An updated classification of β-lactamase. 12 

Figure 1.10 β-lactamase production regulation system in bacteria. 13 

Figure 1.11 Mechanism of β-lactam antibiotics hydrolysis by serine β-lactamase. 14 

Figure 1.12 Mechanism of β-lactam antibiotics hydrolysis by the mononuclear class of 

Metallo β-lactamase. 
15 

Figure 1.13 Mechanism of β-lactam antibiotics hydrolysis by the binuclear class of 

Metallo β-lactamase. 
16 

Figure 2.1 Chemical structure of β-lactamase inhibitors: A to C - β-lactamase 

inhibitor with a β-lactam ring; D to H – Non-β-lactam β-lactamase 

inhibitors. 

20 

Figure 2.2 Classification of plant secondary metabolites based on structural diversity. 24 



xviii 
 

Figure 3.1 Plant processing for the metabolite’s extractions (A. Plant sample 

collection, B. Dry powder of sample, C. Stored in Airtight plastic 

container). 

36 

Figure 3.2 A.) Extraction of metabolites using Soxhlet apparatus and B.) Concentrate 

plant extracts using Rota evaporator. 
37 

Figure 3.3 Representative picture of β-lactamase inhibition assay. 39 

Figure 3.4 A representative Resazurin based MIC detection of plant extracts and 

antibiotic in bacterial strains. 
41 

Figure 3.5 A.) Box plot and Histogram representing the distribution of IC50 values of 

180 plant extract against β-lactamase and B.) A clustered heat map of IC50 

was recorded against β-lactamase by 180 extracts belonging to 30 plants. 

47 

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 β-lactamase in bacterial strains. 55 

Figure 3.10 Confirm the extracellular production of β-lactamase in bacterial strains. 56 

Figure 3.11 Detection of β-lactamase category following double disc synergy method. 

(1 - Klebsiella pneumoniae, 2 - Pseudomonas aeruginosa, 3 - Bacillus 

cereus and A – ESBL detection, B – MBL detection). 

57 

Figure 3.12 Resazurin based MIC detection of plant extracts and antibiotic (alone and 

in combination) against K. pneumoniae using checkerboard assay. 
61 

Figure 3.13 Resazurin based MIC detection of plant extracts and antibiotic (alone and 

in combination) against P. aeruginosa using checkerboard assay.  
62 

Figure 3.14 Resazurin based MIC detection of plant extracts and antibiotic (alone and 

in combination) against B. cereus using checkerboard assay. 
63 

Figure 3.15 Representation of MIC reduction of ampicillin against test bacterial strains. 64-65 

Figure 3.16 Comparative evaluation of total phenolic content in β-lactamase inhibitory 

plant extracts.  
69 



xix 
 

Figure 3.17 Comparative evaluation of flavonoid content in β-lactamase inhibitory 

plant extracts.  
70 

Figure 3.18 Comparative evaluation of Total antioxidant activity of β-lactamase 

inhibitory plant extracts.  
71 

Figure 3.19 Comparative evaluation of ferric-reducing antioxidant power of β-

lactamase inhibitory plant extracts. 
72 

Figure 4.1 Representative picture of enzyme kinetics analysis in the presence/absence 

of plant extracts. 
79 

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

Lineweaver-Burk plot analysis. 
80 

Figure 4.3 Inhibition kinetics of Cyperus rotundus acetone extract; (A). Time-

dependent inhibition, (B). Lineweaver-Burk plot analysis. 
80 

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

Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Areca catechu 

methanol extract and (D) Lineweaver-Burk plot analysis. 

81 

Figure 4.5 (A) Inhibition kinetics of Phyllanthus emblica acetone extract and (B) 

Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Phyllanthus 

emblica methanol extract and (D) Lineweaver-Burk plot analysis. 

82 

Figure 4.6 (A) Inhibition kinetics of Syzygium cumini acetone extract and (B) 

Lineweaver-Burk plot analysis; (C) Inhibition kinetics of Syzygium cumini 

methanol extract and (D) Lineweaver-Burk plot analysis. 

83 

Figure 4.7 Chromatogram of all selected seven plant extracts at positive (A) and 

negative (B) mode. 
85-88 

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

LCMS analysis. 
97 

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 

seven plant extracts. 
99 



xx 
 

Figure 4.11 Variable independent projection (VIP) score plot of top 20 molecules with 

significant influence in determining the β-lactamase inhibitory in plant 

extracts. 

101 

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, 

IITD. 
109 

Figure 5.2 Extraction of Syzygium cumini bark acetone extract A.) Syzygium cumini 

bark B.)  Soxhlet extraction C.) Dried extract. 
110 

Figure 5.3 Visualization of metabolites on the RP-TLC separated using different 

combination of mobile phase A.) 365 nm B.) 254 nm. 
113 

Figure 5.4 Chromatogram of Syzygium cumini bark acetone extract using Combi-flash 

chromatography. 
114 

Figure 5.5 Different fractions collected from combi-flash chromatography exhibitory 

varied level of β-lactamase inhibition. A.) Representation picture of assay, 

B.)  Inhibition percentage. 

115 

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. 
117 

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

Figure 5.9 Band of Syzygium cumini acetone extract fraction (F31-F34) and collected 

band B5 on TLC plate.   
118 

Figure 5.10 Catalytic activity of enzyme measured with different substrate concentration 

A.) Graph of absorbance vs time, B.) Lineweaver-Burk Plot. 
119 

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 

the UV region.  

121 

Figure 5.12 Comparative analysis of fraction and B5 by HPLC analysis. A.) HPLC 

chromatogram of fraction. B.) HPLC chromatogram of B5.  
123 



xxi 
 

Figure 5.13 HR-LCMS analysis of samples on positive mode. A.) HR-LCMS 

chromatogram of fraction. B.) HR-LCMS chromatogram of B5.  
124 

Figure 5.14 HR-LCMS analysis of samples on negative mode. A.) HR-LCMS 

chromatogram of fraction. B.) HR-LCMS chromatogram of B5. 
125 

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

Figure 6.2 Venn diagram of top 100 compounds from literature which recorded binding 

energy of lower than -5 kcal/mol against β-lactamase. 
144 

Figure 6.3 2D analysis of molecular interactions between ampicillin and four β-

lactamases. 
150 

Figure 6.4 2D analysis of molecular interactions between avibactam and four β-

lactamases. 
151 

Figure 6.5 2D analysis of molecular interactions between 1-galloyl glucose and four β-

lactamases. 
152 

Figure 6.6 2D analysis of molecular interactions between kaempferol and four β-

lactamases. 
153 

Figure 6.7 2D analysis of molecular interactions between dicoumarin and four β-

lactamases. 
154 

Figure 6.8 2D analysis of molecular interactions between alpha-dichroine and four β-

lactamases. 
155 

Figure 6.9 2D analysis of molecular interactions between ellagic acid and four β-

lactamases. 
156 

Figure 6.10 2D analysis of molecular interactions between veranisatin C and four β-

lactamases. 
157 

Figure 6.11 2D analysis of molecular interactions between 2-hydroxybenzothiazole and 

four β-lactamases. 
158 

Figure 6.12 2D analysis of molecular interactions between senampeline A and four β-

lactamases. 
159 

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

lactamases. 
160 



xxii 
 

 

 

Figure 6.14 2D analysis of molecular interactions between dihydroferulic acid 4-O-

glucuronide and four β-lactamases. 
161 

Figure 6.15 2D analysis of molecular interactions between eschweilenol C and four β-

lactamases. 
162 

Figure 6.16 2D analysis of molecular interactions between glucosyringic acid and four 

β-lactamases. 
163 

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 TEM1 

active site. (C) The RMS deviation of KPC-2 in the apo state. (D) The RMS 

deviation of ligands coupled to the active site of CTX-M. 

165-

166 

Figure 6.18 Root-mean-square fluctuations (RMSF) from the initial structures of (A) 

SHV1 and SHV1–ligand complexes and (B) TEM1 and TEM1–ligand 

complexes during the simulation time Root-mean-square fluctuations 

(RMSF) from the initial structures of (C) KPC2 and KPC-2–ligand 

complexes and (B) CTX-M and CTXM–ligand complexes during the 

simulation time. 

168-

169 

Figure 6.19 Time evolution plot of Rg for all Cα atoms in apo and holo states of (A) 

SHV1, (B) TEM1, (C)KPC-2 and (D) CTX-M   

171-

172 

Figure 6.20 Time evolution plot of Solvent accessible surface area (SASA) for all Cα 

atoms in apo and holo states of (A) SHV1, (B) TEM1, (C)KPC-2 and (D) 

CTX-M. 

173-

174 

Figure 6.21 Hydrogen bond formation during the 100 ns simulation; (A) SHV1 (B) 

TEM1 (C) KPC-2 (D) CTX-M. 

175-

176 

Figure 6.22 Hydrogen bond distribution between β-lactamase and ligand Hydrogen bond 

distribution during the 100 ns simulation; (A) SHV1 (B) TEM1 (C) KPC-2 

(D) CTX-M. 

177-

178 

Figure 6.23 Bioavailability radar plot of metabolites. 186 

Figure 6.24 Bioavailability radar plot of metabolites. 187 



xxiii 
 

Abbreviations 

PSMs                                         Plant secondary metabolites 

IC50                                            Half-maximal inhibitory concentration 

MIC                                           Minimum inhibitory concentration 

FIC                                            Fractional inhibitory concentration 

Km                                            Michaelis-Menten constant 

Vmax                                        Maximum velocity 

μg                                              Microgram 

ml                                              Microliter 

Kcal                                           Kilocalorie 

KJ                                              Kilo joule 

PCA                                          Principal Component Analysis 

PLS-DA                                    Partial Least Square Discriminant Analyses 

VIP                                            Variable importance in the projection 

HPLC                                        High performance liquid chromatography 

HR-LCMS                                 High resolution liquid chromatography-mass spectrometry 

RP-TLC                                     Reverse phase-thin layer chromatography 

BE                                              Binding energy 

MD                                            Molecular dynamic 

SDF                                           Structure Data File 

PDB                                           Protein databank file 

2D                                              2 dimension 

3D                                              3 dimension 

ns                                               nano second 

nm                                             nano meter 

NVT                                          Constant Number of atoms, Volume, and Temperature 

NPT                                           Constant Number of atoms, Pressure, and Temperature 

VWE                                          Van der Waals energy 

EE                                              Electrostatic energy 

PSE                                            Polar solvation energy 

RMSD                                       Root mean square deviation 



xxiv 
 

RMSF                                        Root mean square fluctuation 

Rg                                              Radius of gyration 

SASA                                        Solvent accessible surface area 

HBO                                          Hydrogen bond occupancy 

MMPBSA                                 Molecular mechanics Poisson–Boltzmann surface area 

ADME/T                                   Absorption Distribution Metabolism Excretion/Toxicity 

 

 


