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ABSTRACT 
	
	
Infectious diseases are the leading cause of death all over the world, with substantial 

contributions from microbial infections to this high rate of mortality. The traditional 

approaches to control bacterial infections were identified, and primarily derived from 

other microorganisms. These approaches mainly depend upon the disruption of the 

microbial growth cycle by inhibiting the synthesis, and association of the essential 

components of bacterial processes like cell wall synthesis, DNA replication, and 

protein synthesis. Although these methods and compounds were highly effective, but 

they have created substantial stress on target microorganism, and subsequently during 

the course of evolution, these bacterial pathogens rapidly selected for resistant 

subpopulations. The emergence of drug resistance in bacterial pathogens is pressing 

concerns in health sector all over the world. Antibiotic resistance in microbes is the 

outcome of innate genetics and physiology, which are vertically transmitted through 

species, and the outstanding ability of bacteria to perform the horizontal transfer of 

genetic material across species and genera.  

Since the bacterial pathogens have developed the resistance against the antibiotics, 

which targeted the essential pathways like cell wall synthesis, DNA (or RNA) 

replication, protein synthesis, and folate biosynthesis pathways it has become more 

important to discover antibacterial agents targeting other vital pathways or processes 

of bacteria. Other important pathways of bacteria that have been validated for drug 

development are shikimate pathway, fatty acid biosynthesis, lipid polysaccharide 

synthesis, cell division, two-component regulatory system, and bacterial efflux pumps.  

The current study focuses on the two such essential pathways, including shikimate 

pathway and fatty acid biosynthesis pathway. The thesis encompasses the 

biochemical, biophysical and structural characterization of three proteins, including 

chorismate mutase like domain of DAHPS from Bacillus subtilis, and β-hydroxyacyl-

acyl carrier protein dehydratase and Malonyl-CoA: acyl carrier protein transacylase 

from drug-resistant pathogen Moraxella catarrhalis. More importantly, new inhibitors 

against these three proteins have been discovered and characterized using 

biochemical, biophysical, and in silico based approaches. 
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Shikimate pathway is responsible for the synthesis of chorismate that serves as the 

substrate for aromatic amino acids, folate and ubiquinone biosynthesis pathways. The 

first enzyme of shikimate pathway, 3-deoxy-D-arabino-heptulosonate-7-phosphate-

synthase (DAHPS) catalyzes the aldol-condensation of D-erythrose-4-phosphate 

(E4P) and phosphoenolpyruvate (PEP) to form 3-deoxy-D-arabino-heptulosonate-7-

phosphate (DAHP). In this study, we have determined the crystal structure of 

chorismate mutase type II in complex with chlorogenic acid from Bacillus subtilis 

(BsCM_2) at 1.8 Å resolution. The structure provides the insight into the mode of 

binding of the inhibitor with enzyme and active site plasticity via the flexibility of 

active site loop L1'. Molecular dynamic simulation results showed that helix H2' 

undergoes uncoiling at the first turn and increases the mobility of loop L1'. Residues 

Arg45, Phe46, Arg52 and Lys76 show flexibility in side chain orientation, which may 

play an important role in DAHPS activity regulation by the formation of domain-

domain interface. Biochemical characterization has shown that this domain has 

residual activity with kcat of 0.78 S-1 which is much lesser that the other reported 

chorismate mutases or AroH classes of CMs. Chlorogenic acid has shown the 

competitive mode of inhibition for BsCM_2 enzyme with Ki of 0.34 ± 0.07 mM. 

Additionally, the binding study showed that chlorogenic acid binds to BsCM_2 with 

more affinity than chorismate. The chlorogenic acid’s minimum inhibitory 

concentration against B. subtilis was calculated to 30 ± 5µg/ml. In the era of prevalent 

antibiotic resistance among pathogenic bacteria, these findings may lead to explore 

the possibility of validating the chlorogenic acid as an inhibitor of chorismate mutase, 

type II enzyme.  

Fatty acid biosynthesis is an essential pathway in the metabolism of microbes and 

most under-exploited for the development of antibacterial agents. In this study, we 

have characterized two important drug targets; β -hydroxyacyl-acyl carrier protein 

dehydratase (FabZ) and Malonyl-CoA:acyl carrier protein transacylase (FabD) from 

Type II FAS pathway. FabZ is an essential component of type II fatty acid 

biosynthesis and performs the dehydration of β -hydroxyacyl-ACP to trans-2-acyl-

ACP in the elongation cycle of the FAS II pathway. FabZ is ubiquitously expressed 

and has uniform distribution, which makes FabZ an excellent target for developing 

novel drugs against pathogenic bacteria. We focused on the biochemical and 

biophysical characterization of FabZ from drug-resistant pathogen Moraxella 
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catarrhalis (McFabZ). More importantly, we have identified and characterized new 

inhibitors against McFabZ using biochemical, biophysical and in silico based studies.  

We have identified three isoflavones (daidzein, biochanin A and genistein) as novel 

inhibitors against McFabZ. Mode of inhibition of these compounds is competitive 

with IC50 values lie in the range of 6.85 µΜ to 27.7 µΜ. Conformational changes 

observed in the secondary and tertiary structure marked by a decrease in the helical 

and the sheet content in McFabZ structure upon inhibitors binding. In addition, 

thermodynamic data suggest that biochanin A has a strong binding affinity for 

McFabZ as compared to daidzein and genistein. Molecular docking studies have 

revealed that these inhibitors are interacting with the active site of McFabZ and 

making contacts with catalytic and substrate binding tunnel residues. These 

biochemical and biophysical findings lead to the identification of chemical scaffolds, 

which can lead to broad-spectrum antimicrobial drugs targeted against FabZ, and 

modification to existing FabZ inhibitors to improve affinity and potency.  

The next part of the study will focus on Malonyl-CoA:acyl carrier protein transacylase 

(FabD), which is an attractive target for developing broad-spectrum antibiotics. It 

performs initiation reaction to form malonyl-ACP, which is a key building block in 

fatty acid biosynthesis.   In this study, we have characterized the FabD from drug-

resistant pathogen Moraxella catarrhalis (McFabD). More importantly, we have 

shown the kinetic inhibition and binding of McFabD with three new compounds from 

the class of aporphine alkaloids. ITC based binding studies have shown that 

apomorphine is binding to McFabD with a stronger affinity (KD = 4.87 µΜ) as 

compared to boldine  (KD = 7.19 µΜ) and magnoflorine (KD = 11.7 µΜ). The possible 

mechanism of fluorescence quenching is found to be static with Kq values higher than 

1010, which was associated with the ground state complex formation of aporphine 

alkaloids with McFabD. Conformational changes observed in the secondary and 

tertiary structure marked by the loss of helical content during the course of 

interactions. Molecular docking based studies have predicted the binding mode of 

aporphine alkaloids and it is found that these compounds are interacting in a similar 

fashion as known inhibitor corytuberine is interacting with McFabD. The analysis of 

docking poses has revealed that His 210, Leu102, Gln19, Ser101 and Arg126 are 

critical residues which may play important role in binding of these alkaloids to 

McFabD. The growth inhibition assay has shown that apomorphine has better MIC 

value (4-8 µg/ml) against Moraxella catarrhalis as compared to boldine and 
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magnoflorine. Therefore, this study suggests that aporphine alkaloids can act as 

antibacterial agents and possible target of these compounds could be FabD enzyme 

from the FAS II pathway, and apomorphine scaffold will be more suitable among 

these compounds for the development of antibacterial agents.  

In the last part of the study, we tried to develop the multi-targeted inhibitor of FAS II 

pathway. In this study, we reported the 1,4-Naphthoquinone as dual inhibitors of two 

enzymes, FabD and FabZ of Moraxella catarrhalis. The biochemical inhibition assay 

has shown that NPQ has inhibited both FabZ and FabD with IC50 of 26.67 µΜ and 

23.18 µΜ respectively. Mode of inhibition of NPQ against both enzymes was found to 

be non-competitive inhibition. Conformational changes marked by the loss of helical 

content were observed using CD based studies. Fluorescence quenching based binding 

studies have shown that NPQ has ≈7x more binding affinity for FabZ as compared to 

FabD enzyme which is in agreement with binding affinities determined using ITC 

based assay. In both cases, binding reactions were exothermic in nature driven by 

ethlapy change (ΔΗ<0). Molecular docking has predicted the binding poses of NPQ, 

and found that NPQ is interacting with active site key residues of both proteins. 

Additionally, we have checked the inhibitory action of aporphine alkaloids on FabZ, 

and BLD has inhibited FabZ with IC50 of 20.56 µΜ as compared to MNG (IC50 = 

41.88 µΜ) and AMF (IC50 = 76.56 µΜ). Therefore, this study suggests that single 

inhibitor can be developed to target these key enzymes of FAS II pathway.  
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Chapter 1 

1. Introduction 

 

1.1 Antibiotics- Historical overview  

Selman Waksman, one of the reputed investigators in the field of bacteriology coined 

the term “antibiotic” and defined it as the substance that has ability to kill 

bacteria[1,2]. Earlier this term was used to define a molecule which can be 

bacteriostatic or bactericidal, however in todays world this definition has been 

changed and expanded – it applies to natural as well as synthetic products which have 

antibacterial, antifungal, and antiparasitic activities[1]. 

The discovery of penicillin in 1928 by Alexander Fleming was one the greatest 

achievement of humankind[3,4]. The active compound found in penicillin was 

identified, isolated, and produced in large scale, thanks to Howard Florey and Ernst 

Boris Chain[5] for their outstanding work, for which they received Nobel Prize in 

1945 along with Sir Alexander Fleming. After the discovery of penicillin, some 

untreatable diseases like Streptococcus and Chlamydial infections become treatable 

with the introduction of penicillin.  

The discovery of antibiotics started a new era in the treatment of infectious diseases 

and become the backbone of modern medicine with golden era of antibiotic drug 

development from 1940-1960’s. However, excessive unchecked usage of antibiotics 

for many decades have rendered the worlds supply of new antibiotics severely 

deteriorated. Regular use of antibiotics has created substantial stress on target 

microorganism, and subsequently during the course of evolution these bacterial 

pathogens rapidly selected for resistant subpopulations[6].  

The emergence of drug resistance in bacterial pathogens is pressing concerns in health 

sector all over the world and led to the post antibiotic era, where from the last decades 

very few new scaffolds have been discovered creating a huge discovery void in the 

field of antibiotic discovery (Figure 1.1). Drug-resistant pathogens are responsible for 

approximately 24 000 deaths in the United States and 26 000 deaths in Europe per 

annum, and this number is much higher in developing countries. Based upon the 

world bank data, the mortality rate due to crude infectious diseases in India is 420 per 

100 000 persons[7,8].  
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Figure 1.1 The pipeline of antibiotic discovery. Adopted from Gwynn et al[9]. 

 

1.2 Mechanism of action of known classes of antibiotics  

The most commonly used antibiotics act upon the three primary targets with in the 

bacteria, and each class has different mode of action (Figure 1.2). These targets 

include inhibition of protein synthesis, cell wall biosynthesis and DNA or RNA 

replication enzymes (DNA polymerase or RNA polymerase) [6,8,10]. Brief overview 

of mode of action of these antibiotics are given as follows: 

 

1.2.1 Bacterial cell wall biosynthesis inhibitors 

The β-lactams based antibiotics like penicillin and cephalosporins, which interfere 

with the crosslinking step of peptidoglycan synthesis which is the precursor of 

bacterial cell wall and vital for its survival. These compounds act as a suicide 

inactivator of transpeptidase enzyme, which performs the transpeptidation reaction. 

The four membered β -lactam rings in these compounds are attacked by serine 

hydroxyl and forming a acyl intermediate, which is slow to hydrolyze further halts the 

synthesis of cell wall, and therefore weakens the replicating cells. Others antibiotics, 

which attack on transpeptidase enzyme but with different mode of actions are 

vancomycin and glycopeptides. These drugs bind to the terminal D-Ala-D-Ala 

peptidyl tail through strong hydrogen bonding and inhibiting the cell wall construction 

from proceeding. 
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1.2.2 Protein synthesis inhibitors 

There are several classes of antibiotics, which inhibit protein synthesis specifically 

acting upon different components of the bacterial ribosome. These include natural 

products derived macrolides like erythromycin which acts by binding to 50S larger 

subunit in polypeptide exit tunnel. Others are synthetically derived like 

oxazolidinones (linezolid), which bind to 50S subunit. Another natural products 

derived antibiotic class tetracyclines bind to smaller 30S subunit in acceptor site (A-

site), where it blocks the attachment of charged aminoacyl tRNA which further 

prevents the introduction of new amino acids. 

 

 
 

Figure 1.2 The schematic representation of the major pathways targeted by commonly 

used antibiotics.  
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1.2.3 Inhibition of DNA replication  

The third major target of antibiotics is DNA replication and its repair mechanisms. 

Most of antibiotics in this category are synthetically derived class of quinolones, 

including ciprofloxacin, which targets DNA gyrase specifically DNA topoisomerase 

II. These gyrases play important role in relieving the torsional stress in the replicating 

supercoils by making cuts in both strands of DNA. These quinolones bind to the 

cleavage sites of these enzymes, and thus preventing the further repair to system[11]. 

 

1.2.4 Folate biosynthesis inhibitors  

Another class of antibiotics includes sulfa drugs (sulfonamides) like sulfamethizole, 

which targets the folate biosynthesis in the bacterial system. These classes of drugs 

are the structural mimics of p- aminobenzoic acid, an important precursor in the 

synthesis of folate. This pathway synthesize the important precursors required for 

maintaining the necessary cellular functions, and also contains an essential node 

dihydrofolate reductase (DHFR) which has been shared between prokaryotes and 

eukaryotes. The DHFR is important target for anticancer drugs (methotrexate) and for 

antibacterials (trimethoprim). The dihyropteroate synthase (DHPS) is the primary 

target of sulfa drugs, which act synergistically with DHFR inhibitors[12]. 

 

1.3 Emergence of Antibiotic Resistance 

Although targeting many essential pathways, antibiotics have lost their efficacy due to 

the emergence of resistance mechanisms among various pathogens. It is postulated 

that antibiotics are evolved as arsenals to biological combat between bacteria which 

means resistance among pathogens has been developing for millennia. Because, as per 

the “survival of the fittest”, methods to resist the antibiotic induced death in microbes 

are passed to the next generation through cell division further ensuring the 

multiplication of resistant bacteria with evolutionary advantages. Additionally, the 

resistant mechanisms among pathogens are also shared through horizontal gene 

transfer. Although these resistance mechanisms are quite diverse across the bacterial 

species, but can be grouped based upon the general similarities. Particularly, microbes 

have evolved three different mechanisms to resist antibiotics, including the decreasing 

the penetration of drug via limiting the permeability and efflux pumps, modifying the 

binding target by mutations, and degradation of antibiotic itself (Figure 1.3). Also, as 

the targeted pathways are critical for bacterial survival, there is a substantial selection 
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pressure, which drives the spread of resistance[11,13,14]. Brief overview of resistance 

mechanism relevant to each class of antibiotics among pathogens has been addressed 

in the following sections. 

 

1.3.1 Drugs efflux 

The porins present in the outer membrane of bacteria are responsible for the entry of 

antibiotics into the cell. The reduced expression of porins or mutations in the porins 

genes leads to the reduction of the antibiotics entry into the cell rendering them lesser 

effective. Apart from this, bacteria also possess multidrug efflux pumps, which are 

responsible for the active transport of antibiotics out of the bacterial cells. These 

pumps found in both gram-positive gram-negative bacteria and exhibit variable level 

of substrate scope and specificity.  The first identified efflux pump was tetracycline 

pump critical for providing resistance to tetracycline in bacteria. Some of the pumps 

have properties to remove various substrates from the cell making these factors 

important for developing multidrug resistance. These are classified in the five major 

families with difference in the structure, source of energy, specificity to substrates, 

and species distribution [15,16]. 

 

1.3.2 Modification of antibiotics 

Another mechanism of resistance in microbes is either degradation of antibiotic by 

enzymes or inactivation in such a fashion that it cannot bind to its own target. The 

method mainly depends upon the chemical modification or transformation of 

antibiotics to destroy their inherent bioactivity. Enzymes, which are responsible for 

the degradation of these antibiotics, are present in several bacteria. Different variants 

of β-lactamases are encoded in the bacteria, and each of these variants can degrade 

various β-lactam based antibiotics. Bacteria resistant to all kind of β-lactam antibiotics 

have been emerged and new classes of β-lactamases have been discovered in 

pathogenic microbes like Klebsiella pneumoniae, E.coli, Pseudomonas aeruginosa, 

etc. Additionally, there are various known enzymes that can transfer different 

chemical groups (phosphate, nucleotidyl, acyl, etc.) to the antibiotics making them 

lesser effective with reduced affinity to their respective targets. The amino-glycoside 

based antibiotics are known to be modified by acetyltransferases, 

nucleotidyltransferases, as well as phosphotransferases [17].   
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1.3.3 Modification of antibiotic target 

The third mechanism that confers resistance to antibiotics in bacteria is the 

modifications or mutations in the binding sites of the antibiotic targets. Although only 

those mutations that lead to the decreased drug binding without compromising the 

activity of protein are favored.  Well-known examples are the methylation of 

ribosomes to inhibit binding of ribosomes targeting antibiotics and mutation in the 

rpoB gene encoding the β- subunit of RNA polymerase providing resistance to M. 

tuberculosis against rifampicin. In the first case, the methylation provides the stearic 

hindrance or blockage, which results in the clash of highly substituted backbone of 

macrolide-based antibiotics.  

 

 
 

Figure 1.3 Emergence of drug resistance in bacteria. The three main ways in which 

bacteria acquired resistance to antibiotics are changes in the efflux of drugs, modification of 

antibiotics and modification of the antibiotic target. 
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In another case, a single point mutation is responsible for reducing the affinity of 

rifampicin while allowing the bacteria to operate normally with maintained RNA 

polymerase functions. Also, bacterial genome can acquire a gene, which encodes the 

homologue of a drug target that does not bind to the respective drug. In this case, the 

most studied example is methicillin resistant S. aureus (MRSA), where this bacterium 

possesses a similar type of penicillin binding protein (PBP2a) in addition to genome 

encoded PBP. Therefore, β -lactam based drugs will inhibit PBP but cell can carry out 

cell wall synthesis as homologue protein PBP2a will be resistant to the action of β-

lactam antibiotics [8,18,19]. 

 

1.4 Combating drug resistance in bacteria  

The antimicrobial drug resistance is the one of the important challenges in the 

management of the diseases caused by infectious pathogens. This is the issue that has 

impact in all kind of infections caused by different microbes (viruses, parasites, fungi 

or bacteria). However it’s the manifestation of the multi-drug resistance in the bacteria 

that has resulted in the pressing concern in modern medicine[20,21]. The most 

celebrated golden era of antibiotics had led to the discovery of several vital antibiotics 

but the last decade has produced very few possible drug candidates. This has set the 

alarming concerns in the world as its becoming challenging to treat the drug resistant 

pathogens.  The list of drug resistant pathogens is increasing and most commonly 

classified as ESKAPE pathogens, which include Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, 

Pseudomonas aeruginosa, and Enterobacter species. These are classified as 

‘ESKAPE’ because of capability of these pathogens to effectively escape the effects 

of antibiotics [22,23]. In order to address this issue, we need the collaborations of 

many disciplines, innovations in the identification of new scaffolds and 

complementing antibacterial strategies.  Combating drug-resistant needs: (a) a 

comprehensive understanding of drug resistance at molecular level, its evolution and 

dissemination across different species; (b) new chemical scaffold with potential 

antimicrobial properties to fill the classical antibiotic pipeline; (c) innovative 

strategies to modify the currently used antibiotics to increase their life or discovering 

new approaches to control the growth of microbial pathogen[20,24–30]. 

As the bacterial pathogens have developed the resistance against the antibiotics which 
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targeted the essential pathways like cell wall synthesis, DNA (or RNA) replication, 

protein synthesis, and folate biosynthesis pathways[6,8,10,31] it has become more 

important to discover antibacterial agents targeting other vital pathways or processes 

of bacteria. Other important pathways of bacteria that have been validated for drug 

development are shikimate pathway, fatty acid biosynthesis, lipid polysaccharide 

synthesis, cell division, two-component regulatory system, and bacterial efflux pumps 

[32–42]. In the past, most common approach to discover antibiotics was the mining of 

environmental microbes for their metabolites, and screening and testing against 

pathogens. The compounds, which have shown antibacterial effects, were considered 

to be the putative drug candidate with lesser information deciphering their mode of 

action. However, now a days target based approach can be followed for the 

development of new drugs with the advancement in the genome sequencing 

techniques[20,35,43–49].   

A typical drug discovery process starts form the identification of drug target followed 

by the target validation using various biochemical or gene knockout based studies. 

Drug target should be essential for the survival of the pathogen. Once the target is 

validated, hit identification and lead discovery process will start, where inhibitors are 

screened based upon biochemical based high-throughput assays or structure based 

screening. After this step, lead optimization followed by the selection of candidate 

compound for clinical development [50–54]. A pictorial presentation of drug 

discovery process has been shown in Figure 1.4. 

The present study focuses on the two essential pathways from bacteria, including 

shikimate pathway and fatty acid biosynthesis pathway. The thesis encompasses the 

biochemical, biophysical and structural characterization of three proteins, including 

chorismate mutase like domain of DAHPS from Bacillus subtilis, and β-hydroxyacyl 

acyl carrier protein dehydratase (FabZ) and Malonyl-CoA: ACP transacylase (FabD), 

from drug-resistant gram-negative pathogen Moraxella catarrhalis. More importantly, 

new inhibitors against these three proteins have been discovered and characterized 

using biochemical, biophysical, and In silico based approaches. 
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Figure 1.4 The overview of drug discovery process. Drug discovery process from target ID and 
validation through to filing of a compound and the approximate timescale for these processes. FDA, 
Food and Drug Administration; IND, Investigational New Drug; NDA, New Drug Application.  

 

1.5 Shikimate pathway 

The shikimate pathway, being an important pathway in the metabolism of plants, 

fungi, bacteria, and apicomplexian parasites, links the metabolism of carbohydrates 

with the synthesis of aromatic amino acids. Since this pathway is absent in animals, 

enzymes of this pathway are considered as attractive targets for the development of 

drugs and herbicides. The pathway involved the seven metabolic steps where primary 

metabolites phosphoenol pyruvate (PEP) and erythrose 4-phosphate (E4P) are 

converted into chorismic acid, which is the key precursor of aromatic amino acids and 

various secondary metabolites.  The structural and functional characterization of the 

enzymes of this pathway is important to understand the regulation of biosynthesis of 

aromatic amino acids as well as for the development of drugs against bacteria or 

parasites. The glyphosate is the known herbicide to inhibit the bacterial growth in 

vitro via inhibiting the penultimate step of the shikimate pathway[55–58]. The 

schematic representation of the seven metabolic steps of this pathway has been shown 

in Figure 1.5.  

The metabolic enzymes of this pathway were first discovered through studies on 

bacteria, mainly E.coli and Salmonella typhimurium. Although substrates, products 
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and intermediates of the pathway are identical in prokaryotes and eukaryotes but 

sometimes major differences are found in primary sequence level and some of the 

properties of enzymes of prokaryotes and eukaryotes[59]. A brief overview of the 

seven enzymes of shikimate pathway and reaction catalyzed by respective enzymes 

have been given as follows:  

 

 

 

 
Figure 1.5 The Shikimate pathway. The seven key enzymes of shikimate pathway and 

reactions performed by them. 



	

	 13	

 

 

1.5.1 The Enzymes of the main trunk 

 

1.5.1.1 Deoxy-D-Arabino-Heptulosonate 7-Phosphate Synthase (DAHP synthase) 

The first committed step towards the biosynthesis of aromatic amino acids is 

performed by DAHP synthase (EC 2.5.1.54). It catalyzes the aldol condensation of 

PEP and E4P to form 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) and 

inorganic phosphate (Figure 1.6). This enzyme is first purified from E. coli at the level 

of electrophoretic homogeneity and most intensively studied. In most of the microbes 

including E.coli this enzyme exists in three isozymes each regulated by feedback 

inhibition from one of the aromatic amino acids (Phe, Tyr or Trp)[57,60,61]. Phe 

regulated DAHPS is the major form of the enzyme exists around 80% of the microbes 

while Tyr and Trp regulated DAHPS are less abundant constitutes around 20% and 

1% respectively. All these isozymes require divalent cations for their activity with 

most efficient in presence of Mn2+ ions followed by Fe2+, Co2+, Cu2+, Ni2+ and Zn2+. 

At sequence level these isozymes share 41% identity with each other[62].  

 

 
Figure 1.6 Reaction catalyzed by the DAHP synthase (DAHPS) enzyme. 

 

The DAHPS has been classified into two types Type I and Type II, which mainly 

differs in the sequence length.  Type I are relatively smaller in sequence length (~270 

residues) and contains only DAHP synthase domain while Type II are longer in 

sequence length (~ 350 residues) and contains additional segment at N or C 

terminus[61]. These two types of DAHP synthases share less than 10 % sequence 
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identity and have substantial differences in the quaternary structures. Although if we 

look at the monomeric level their fold, arrangement of amino acids, and interaction 

with substrate (PEP) and divalent ions, are highly conserved in these two types of 

DAHP synthases[60,63]. Type II enzymes are primary associated with plants and 

microbes while type I are mainly found in bacteria[61]. The reaction mechanism of 

DAHP synthase involves the nucleophilic attack of water molecule on PEP (C2 

position) followed by the addition C3 of PEP to C1 of arabinose-5-phoshphate. The 

metals ion plays a important role in activating the enzyme through structural 

organization of the active site and arranging the key active sites residues in a suitable 

position for water activation and further activating the water molecule for nucleophlic 

attack[64]. 

 

Structural features of DAHP synthase  

The crystal structures of DAHP synthase have been reported from bacteria as well as 

from eukaryotic organisms. Most of the structures deposited in PDB databases are 

from bacteria including Mycobacterium tuberculosis, E.coli, Thermotoga martium, 

Listeria monocytogenes, Geobacillus, and Pyrococcus. In eukaryotes, major fractions 

of structures deposited were from Saccharomyces cerevisiae [60]. The first crystal 

structure of DAHP synthase was determined from E.coli in complex with PEP and 

divalent Pb2+ [65]. Each subunit has a typical tim barrel fold (β/α)8, which is 

characteristic to this family of enzymes. The active site of this enzyme is mainly 

dominated by the positively charged residues and located at the C-terminal end. The 

secondary structure elements that involved in the formation of active site in E.coli 

DAHPS were beta strands- β2, β5, β8, and β-α loops. The substrate PEP and metal ion 

were positioned at the active site and interacting with Arg92, Lys97, Cys61, His268, 

Ala164, Arg165, Lys186, Asp326, Arg324, and Glu302 residues. The sequence 

comparison has shown that these residues were found to be conserved in known 

DAHPS structures with exception in type II DAHPS from M. tuberculosis where 

Lys97 is conserved. There is also a variation in two types of DAHPS with respect to 

phosphate binding motif. In type I DAHPS this motif is RxxxxKPRS/T where as in 

type II DAHPS there is insertion of two amino acids in the same motif 

(RxxxxxxKPRS/T). This motif plays an important role in the binding of E4P for the 

condensation reaction with PEP. Regulation of DAHP synthase in microbes were 
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accomplished either by any metabolite intermediate or by feedback inhibition by end 

products of the pathway or by repression at the transcription level[61].   

 

 

1.5.1.2 Dehydroquinate Synthase (DHQS) 

The second step in the shikimate pathway is catalyzed by 3-Dehydroquinate Synthase 

(EC 4.2.3.4) enzyme. This is a NAD dependent metalloenzyme that performs the five-

step transformation of 3-deoxy-D-arabino-heptulosonate-7- phosphate (DAHP) to 

dehydroquinate (Figure 1.7). DHQS has been characterized from prokaryotes and 

eukaryotes with significant variations found at structural level. In bacteria, this 

enzyme is encoded by the single gene (AROB) and exists as a monofunctional 

enzyme while in eukaryotes it exists as multifunctional polypeptide (encoded by 

AROM gene), which catalyzes the five enzymatic reactions starting from step 2 to 

step 7 of the shikimate pathway i.e. conversion of DAHP to chorismate[66].  DHQS is 

an oxido-reductase enzyme where five sequential reactions were performed at the 

single active site. Reaction mechanism involves alcohol oxidation, elimination of 

phosphate group, reduction of carbonyl, ring opening and intramolecular condensation 

of aldol moiety. NAD+ mediated oxidation of alcohol is carried out at C5 of the 

DAHP led to the formation of NADH which is further used in the reduction of 

ketone/carbonyl intermediate at C5 of DAHP followed by the spontaneous opening 

and cyclization of the ring. Co2+ and Zn2+ are the divalent cations required for the 

activity of microbial DHQS[67].  

 

 
Figure 1.7 Reaction catalyzed by the DHQS enzyme. This enzyme requires NAD for its 

activity. 
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The first 3D structure of DHQS was determined from fungus Asperegillus nidulans 

(PDB: 1DQS) and monomeric unit of multifunctional polypeptide composed of N – 

terminal (α/β) domain and C- terminal α - helical domain[68]. The activity of this 

enzyme is solely associated with the N- terminal domain, which consists of seven 

stranded β-sheets, containing a βαβ unit and αβαβαβ unit. The secondary structures 

elements of the N- terminal domain fold to form Rossmann fold which is reported to 

bind with NAD cofactor. The crystal structures of DHQS were also reported from 

Helicobacter pylori, Staphylococcus aureus, Thermus thermophilus, and Vibrio 

cholerae. It has been reported that plants DHQS are more related to bacetrial DHQS 

as compared to fungus DHQS.  

 

1.5.1.3 Dehydroquinate dehydratase (DHQD) 

The third step in the shikimate pathway is catalyzed by dehydroquinate dehydratase 

(EC 4.2.1.10) enzyme, which belongs to the family of lyases and cleaves carbon-

oxygen bonds. It performs the dehydration of substrate 3-dehydroquinate and lead to 

the synthesis of 3-dehydroshikimate (Figure 1.8). Reaction performed by this enzyme 

is common to two metabolic pathways – the biosynthetic shikimate pathway and 

catabolic quinate pathway. Shikimate pathway leads to the formation of chorismate, 

which is essential for aromatic amino acids synthesis, while quinate is used as carbon 

source for the synthesis of paracatechuate[69]. The first 3D structure of DHQD was 

reported in 1999 from M. tuberculosis (PDB: 2DHQ). This enzyme is important 

because it exists as bifunctional form (DHQD-SDH) in plants and is useful to 

understand the channeling of dehydroshikimate from DHQD to the active site of SDH.  

 

 
Figure 1.8 Reaction catalyzed by the DHQD enzyme. 
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Structurally, DHQD protein has TIM barrel fold, which consists of alternating α/β 

secondary structure elements and is characteristic to the dehydratase family. There are 

two classes of DHQD enzymes (type I and type II) with major differences found in 

primary sequences and 3D structures. Type I is found in plants, fungi and some of the 

bacterial species while type II are limited to bacteria and fungi only[70]. 

 

1.5.1.4 Shikimate dehydrogenase (SDH) 

Shikimate dehydrogenase (EC 1.1.1.25) is the fourth enzyme of shikimate pathway 

and catalyzes the reduction of substrate 3- dehydroshikimate using NADPH to form 

the shikimate as product (Figure 1.9). It belongs to the family of oxidoreductases. 

Based upon the biochemical characterization and phylogeny, SDH has been classified 

into three different classes AroE (SDH), YdiB (shikimate/quinate dehydrogenase) and 

SDH-L (SDH-like). AroE type is broadly distributed as NADP dependent SDH that is 

only active in shikimate pathway. YdiB is NAD(H) or NADP(H) dependent 

dehydrogenases are present in both quinate metabolism and shikimate pathway.  

The crystal structures of SDH have been reported from different organisms, including 

E.coli, Helicobacter, Haemophillus, Corneybacterium, Thermus thermophillus and 

Arabidopsis thaliana. 

 
Figure 1.9 The recation catalyzed by the shikimate dehydrogenase (SDH) enzyme. 

 

In E. coli, 3D structure has revealed that there is the presence of two structural 

domains- one is catalytic domain while another is NADPH binding domain. The 

catalytic domain has distinct α/β fold involving six stranded β-sheets surrounded by α- 

helices, while NADPH binding C-terminal domain forms Rossmann fold similar to 

other NADPH binding dehydrogenases[60,71]. 
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1.5.1.5 Shikimate kinase (SK)  

The conversion of shikimate to shikimate-3-phospahte is catalyzed by the shikimate 

kinase (EC 2.7.1.71) using ATP as cosubstrate (Figure 1.10). This enzymes exists in 

two isoforms in E. Coli (Type I & Type II). Type II isoenzyme has higher affinity 

(100 fold more) for shikimate as compared to type I, and therefore plays a main role in 

the catalysis reaction in shikimate pathway. The two isoforms share 45% sequence 

homolgy and have type A Walker motif for the binding of ATP or GTP. The crystal 

structures of SK were mainly reported from bacteria with one structure came from 

eukaryotes (Arabidopisis thaliana).  

 

 
Figure 1.10 The reaction catalyzed by the shikimate kinase enzyme. 

 

Among bacteria, structures are known from M. tuberculosis, E. coli and Erwinia 

chrysanthemi. Shikimate kinase belongs to the family of NMP kinase despit having 

low sequence identity.  Both isoforms (type I & type II) have similar structurral fold 

conatning five stranded parallel β -sheets surrounded by eight α - helices. Similar to 

NMP kinase family, SK is also composed of three domains including core domain, 

LID and shikimate binding domain[72]. 

 

1.5.1.6 5-Enolpyruvylshikimate 3-phosphate synthase (EPSPS) 

The penultimate step towards the biosynthesis of aromatic amino acids in higher 

plants, bacteria and fungi is catalyzed by 5-Enolpyruvylshikimate 3-phosphate 

synthase a carboxyvinyl transferase (Figure 1.11). It performs the condensation 

reaction of PEP with shikimate-3-phosphate to form 5-enolpyruvyl-3- shikimate 

phosphate and inorganic phosphate (Pi). This enzyme along with MurA (involved in 
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bacterial cell wall synthesis) exists in monomeric form among the class of 

enolpyruvyl transfeases. EPSPS and MurA have share unique structures with two 

globular domains made up of β- sheets and α-helices comprised of three copies of 

βαβαββ folding units which further forms an overall structural fold with inverse α/β 

barrel. The active site is sandwiched between the two globular domains linked by two 

strands and during the substrate-product conversion these strands behave like a hinge 

to bring these two domains closer to each other allowing the conformational changes.  

 

 
Figure 1.11 The reaction catalyzed by EPSPS enzyme. 

 

Being an essential enzyme of the pathway, it's not surprising that numerous studies 

have been performed to characterize the EPSPS to understand its mechanism and 

structure. MurA, a homologue of this enzyme is considered as potent target for 

naturally existing fosfomycin antibiotic. The glyphosate, a potent inhibitor of the plant 

EPSP synthase is considered to be one of the most effective herbicide in the field of 

agriculture, and has revolutionized the agricultural field for the development of 

glyphosate resistant plants. Additionally, same compound is also known to inhibit the 

EPSPS enzyme in several pathogenic parasites, including Plasmodium falciparum, 

Taxoplasma and Cryptosporidium. The majority of the crystal structures of EPSP 

synthase has been reported from E. coli. Schonbrunn et al determined the crystal 

structure of this enzyme in two states: first one is in complexed with S3P and 

glyphosate in the active site (PDB: 1G6S), and the second one is complexed with S3P, 

phosphate ion and formate (PDB: 1G6T). In both of these structures, the two globular 

domains of the enzyme come closer and forming the active site in the inner cleft 

rendering the induced fit mechanism of substrate binding to EPSPS active site[73].  
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1.5.1.7 Chorismate synthase (CS) 

The last step in the shikimate pathway is catalyzed by chorismate synthase (EC 

4.2.3.5) which involves the trans-1,4 elimination of a phosphate group from 5-

enolpyruvylshikimate-3-phosphate (EPSP) to form chorismate (Figure 1.12).  

Chorismate is an essential precursor for the synthesis of aromatic metabolites 

including aromatic amino acids, Coenzyme Q, folate, vitamin K and E, plastoquinones 

and entrobactin. CS is the only enzyme to perform such kind of transformation in 

biological systems and therefore considered as unique enzyme. This enzyme requires 

a reduced FMN for its activity, however transformation of EPSP into chorismate does 

not involve any kind of redox change[74].  

 

 
Figure 1.12 The reaction catalyzed by chorismate synthase (CS) enzyme. 

 

Based upon the functionality, chorismate synthase has been classified into two types, 

monofunctional and bi-functional. In plants and eubacteria, it possesses only trans- 

elimination activity, thus constitute its monofucntional form. However in fungi 

(Neurospora and Saccharomyces), it has additional NADPH: FMN oxidoreductase 

activity along with trans-elimination activity, therefore it exists as bifucntional form. 

In Bacillus subtilis another kind of CS exists where it forms heterotrimeric complex 

with flavin reductase and DHS. The crystal structure of CS has been reported from 

Streptococcus pneumoniae, Helicobacter pylori, Mycobacterium tuberculosis and 

Aquiflex aelicus. In S. pneumonia, it has tetrameric structure formed by the dimer of 

dimers. The single monomeric subunit comprises of single large domain surrounded 

by loops and distinct stretches of α- helices and β-sheets[60].  
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1.6 Fatty acid biosynthesis pathway 

Fatty acids are the essential metabolites synthesized by the efficient, complex and 

important biosynthetic machinery. Fatty acids are produced in the nature for many 

purposes including for biological scaffolds like cell wall and cell membranes, key 

elements for the synthesis of essential metabolites like biotin or lipoic acid, and for 

energy storage in the form of triglycerides [75]. The biogenesis of cell membranes is 

important phenomenon in microbial physiology. The survival of bacteria depends 

upon the homeostasis of the cell membranes and specifically depends upon the ability 

of bacteria to adjust their lipid content to acclimatize in different environments[76]. 

The major and essential component of the bacterial cell membrane is lipid bilayer 

composed of phospholipids. The majority of the phospholipids in the bacterial world 

are glycerolipids consists of two fatty acid chains. The viscosity of the cell membrane 

depends upon the composition of phospholipids, which further govern the many vital 

membrane associated functions like transport of different molecules across the 

membrane and protein-protein interactions. As the fatty acids play an important role in 

the membrane architecture, the fatty acid biosynthesis considered as attractive 

pathway for the development of new antibacterial agents.  

In nature, the fatty acid synthesis (FAS) pathway has evolved into two different types, 

type I (FAS I) and type II (FAS II). Type I exists in mammals, fungi, and 

mycobacteria, where all the reactions are catalyzed by the active sites situated at the 

same polypeptide chain. In this case single multifunctional protein carries all the 

proteins as distinct domains. While type II system exists in bacteria, protozoa and 

plants, where a collection of separate enzymes catalyzed the each reaction[77–79]. 

Although both the systems catalyze the similar reactions, but the difference in their 

structural organization provide us an opportunity to target FAS II pathway in 

pathogenic bacteria without exerting toxic effects to human host. The difference in the 

subcellular organization of the different components of the FAS II pathway as 

compared to FAS I and predominance of FAS II system in bacteria, makes FAS II 

pathway as an attractive target for the development of antibacterial agents. Also, the 

higher level of conservation in most of the enzymes of FAS II systems holds the 

possibility of developing broad-spectrum antibiotics[80]. The gene knockout and 

knockdown experiments have validated this pathway, and shown that this pathway is 

important for the survival of bacterial cell[78,81,82]. Additionally, this pathway is 
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further validated as drug target by the use of triclosan and isoniazid, which target the 

enzymes from the bacterial FAS II pathway.  

The fatty acid biosynthesis pathway (FAS II) has been extensively studied in E.coli 

system and provides the detailed information about the underlying mechanism of each 

reaction[83,84]. The reactions of the FAS II pathway in E. coli have been shown in 

Figure 1.13. The each of the enzymes exists in soluble form and encoded by the 

unique separate genes. Although this pathway (FAS II) is conserved in bacteria, but 

subtle differences have been observed in different organisms.  

 

1.6.1 The FAS II pathway in E. coli 

That FAS II pathway in E. coli is divided into two parts. First part of the pathway 

involves the enzymes, which constitute the initiation module (Figure 1.13).  

The first step in the synthesis of fatty acid is catalyzed by the acetyl coenzyme A 

(CoA) carboxylase (ACC), which performs the carboxylation of acetyl-CoA to yield 

malonyl-CoA.  AAC requires biotin as cofactor to catalyze this reaction. Acetyl-CoA 

carboxylase is a multi-subunit protein, and to perform the carboxylation reaction 

overall coordination of four gene products (AccA, AccB, AccC and AccD) is requited 

[85–87]. Next reaction of this module is the transfer of malonyl moiety to the 

sulfhydryl group of acyl carrier protein (ACP), which acts as transport machinery and 

carried the product of each reactions of elongation step [88]. FabD (malonyl-CoA: 

ACP transacylase) catalyzes this reaction through transthioesterification. Next 

reaction in this module is the condensation of malonyl-ACP with acetyl-CoA to form 

the β-ketoacyl-ACP, catalyzed by the β -ketoacyl-ACP synthase III (FabH) enzyme 

[89]. 

The second part of the FAS II pathway is the elongation module (Figure 1.13) where 

β-keoacyl-ACP formed by the reaction of FabH enters the elongation cycle, and 

progressively elongated by the two carbon units after each cycle via the activities of 

four enzymes. 

The next step is the NADPH dependent reduction of the β-keoacyl-ACP to give β-

hydroxyacyl-ACP by ubiquitously expressed FabG (β-ketoacyl-ACP reductase) 

enzyme [91]. The next step is catalyzed by β-hydroxyacyl-ACP dehydratase (FabA or 

FabZ), which involves the dehydration of β-hydroxyacyl-ACP to form trans-2-enoyl-

ACP [92]. The next step is the NADH dependent reduction of enoyl-ACP by enoyl-

ACP reductase (FabI) to complete the cycle. There are two other isoforms of this 
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enzyme exists in bacteria including FabK and FabL. FabK is found in gram-positive 

bacteria and has additional cofactor in the form of flavin. 

 
Figure 1.13 The schematic representation of Type II FAS pathway.  
The pathway is divided into two parts, initiation module and elongation module. In the initiation stage, 

apo from of ACP is converted into the holo form by attaching the 4-phosphopantethine moiety. The 

FabD (MCAT) uses the ACP as one of the substrate and transfers the malonyl group from malonyl-

CoA to form the malonyl-ACP. The elongation modules perform four catalytic reactions catalyzed by 

FabH/B/F, FabG, FabZ/A, and FabI/K/L respectively. After each elongation cycle 2-carbon units have 

been added to fatty acid chain, and fatty acid chain either re-enters to elongation cycles fro further 

extension or released from ACP by thioesterase (TE) enzyme. Adopted from Zhang et al[90]. 

 

The subsequent rounds involve the condensation of the acyl-ACPs (products of the 

elongation cycle) with malonyl-ACP by the condensing enzyme known as β-ketoacyl-

ACP synthase I or II (FabB or FabF). These enzymes increase the length of growing 

acyl chains by two carbon units per cycle. Finally, fatty acid is cleaved by the 

thioesterases from ACP once the chain length reaches to sufficient length (16-18 

carbons) [83]. 

 

1.6.2 Inhibiting bacterial fatty acid biosynthesis pathway (FAS II) 

The fatty acid biosynthesis pathway is validated target for the development of 

antibacterial drugs. Structural differences in the two types of FAS systems (Type I and 
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II) allow the identification of inhibitors molecules that specifically target the bacterial 

system. The most of the enzymes of FAS II pathway are vital for the survival of the 

bacteria and in principle become the attractive targets for developing antibacterial 

drugs. Additionally, high-resolution three-dimensional structures of all the enzyme 

components of the pathway also facilitate the structure based drug design[93,94]. 

Brief overview of the each component and their suitability as target for drug discovery 

has been addressed in the following sections.  

 

1.6.2.1 Enzymes involved in the initiation modules  

The first committed step in the FAS II pathway is catalyzed by acetyl-CoA 

carboxylase (ACC). Being a committed, regulated and rate limiting step in the 

pathway, this reaction is considered as good and potential chemotherapeutic target. 

The ACC is a multifunctional complex composed of four subunits as AccA 

(Carboxytransferase subunit), AccB (Biotin carboxyl carrier protein), AccC (Biotin 

carboxylase) and AccD (Carboxytransferase subunit). This complex in bacteria is 

found to be highly conserved and structurally different from the mammalian 

counterpart, rendering it a potential broad-spectrum drug target [94]. Naturals 

compounds like moiramide B known to inhibit the growth of bacteria by targeting 

AccAD complex. The plants also possess bacteria like ACC complex and being 

targeted for the development of herbicides. The consistent efforts have been made for 

developing ACC inhibitors against bacteria [95]. Malonyl-CoA: ACP transacylase 

(FabD or MCAT) catalyzes the transfer of malonyl group to ACP forming malonyl-

ACP. This enzyme is essential enzyme and only single isoform of fabD is known in 

nature. Gene knock out studies on temperature sensitive mutants have revealed the 

importance of this protein for the functionality of the FAS II pathway. All these 

features suggest the suitability of FabD as excellent drug target for developing 

antibiotics. Also, a natural compound corytuberine has bee reported to inhibit the 

FabD from Helicobacter pyroli with IC50 of 33.1 µΜ in uncompetitive manner 

[96,97]. FabH performs the condensation reaction, which is also the one of rate 

limiting step in FAS II pathway. This makes the FabH potential targets for antibiotic 

development. The most of the inhibitors of FabH have been developed against 

Streptococcus pneumoniae. However, it has been reported that there is wide 

differences in the effectiveness of the inhibitors of SpFabH against EcFabH and 

HiFabH (H. influenza)[98].  
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1.6.2.2   Enzymes involved in the condensation of elongation products  

FabB/FabF catalyzes the condensation of the elongation products and play main role 

in the regulation of FAS II pathway. Naturals products are reported to inhibit this step 

of fatty acid biosynthesis, clearly makes these enzymes as desirable drug targets.   

Cerulenin was the first known inhibitor of FabB/FabF enzymes, and it covalently 

modifies the cysteine residue of the active site[99]. Binding sites of these natural 

inhibitors are not known, but as these inhibitors have hydrophobic structures it might 

possible they can bind to acyl chain pocket (hydrophobic) of the enzymes. Another 

natural compound known to inhibit these condensing enzymes is thiolactomycin, and 

it binds to the site that is occupied by malonyl-ACP. Also, as these condensing 

enzymes catalyze similar kind of reactions and have similar mechanism, its also 

possible single inhibitor can inhibit both classes of condensing enzymes [94,95].  

1.6.2.3 Enzymes involved in the reduction (Reductases)  

In the elongation cycles, there are two reduction reactions catalyzed by FabG and FabI 

respectively. There are four characterized isoforms of enoyl-ACP reductases (FabI, 

FabK, FabV and FabL). FabI is a validated target for antibacterial therapeutics and 

presently some of the inhibitors of FabI are being evaluated in clinical trials. 

However, fabI distribution is not uniform in nature but it has been found that it is 

present in key pathogens like Streptococcus, Mycobacterium, Neisseria, 

Acinetobacter, Enterococcus, etc. It is the target of biocide triclosan and anti 

tuberculosis drug isoniazid. Because of these features, FabI has been most intensively 

exploited drug target from the FAS II pathway [100–102]. Another reductase of 

elongation cycle is FabG (beta-ketoacyl-ACP reductase). It has been found to be 

highly conserved which suggests that inhibitors against FabG would have broad-

spectrum effects. Validation of FabG for its potential as drug target needs to be 

explored yet. However, some natural compounds have been reported to inhibit this 

enzyme[103].  

 

1.6.2.4 Dehydratases and isomerases  (FabZ and FabA)  

FabA is the vital enzyme required for the synthesis of unsaturated fatty acids in many 

bacetria. It has dehydratase as well as isomerase activity. It is mainly present in those 

organism who synthesis unsaturated fatty acids. It does get much attaention as it has 
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limited distribution in nature, which poses the limitation of its use as drug target. The 

most attractive target for antibacterial development in this pathway would be FabZ. 

This enzyme is ubiquitously expressed in Type II systems, and has uniform 

distribution in bacteria. All these features makes FabZ desirable and potential target 

for broad-spectrum drugs. Inhibitors of FabZ have been developed from various 

pathogens like Plasmodium, Helicobacter, Yersinia, Moraxella, etc [104–107].  

 

1.6.2.5 Targeting Acyl carrier protein (ACP) and Co-enzymeA (CoA) 

Another target that can be exploited for antibacterial drug development is ACP. This 

protein is released as apo form and converted into the functional form by the 

attachment of phosphopantetheine group by AcpS (ACP synthase) enzyme. AcpS has 

wide distribution among bacteria and considered as essential gene. Natural inhibitor 

against AcpS has been reported showing antibacterial activity against S. aureus[108]. 

Another important enzyme, which can be targeted for antibacterials development, is 

phosphopantetheine adenylyltransferase (PPAT). It is the most logical target as it 

plays important role in two pathways, including FAS II and CoA synthesis pathway. It 

has uniform distribution and single gene (CoaD) code for this enzyme. Inhibitors 

against PPAT have been reported but high quality 3D resolution structures are 

required for further inhibitor screening and development of inhibitors against 

PPAT[109].  

1.7 Natural products as continuing source of drugs 

Naturals products and their complicated molecular scaffolds are the source of wide 

range of chemoypes for the discovery of drugs and chemical probes. Naturals products 

normally possess the biologically useful molecular scaffolds with pharmacological 

features that evolved as preferred protein- ligand binding motifs. Therefore, natural 

products have been exploited for providing the leads compounds for medicinal 

chemists for drugs discovery especially for cancer and infectious diseases[110,111].  

The fragment based drug discovery is the one of the alternative approach emerged 

from last two decades which take care of the typical drawbacks of the traditional drug 

discovery approaches. This approach has been benefitted by the diverse biophysical 

methods and ligand efficiency metrics. Fragment based drug discovery poised to 

optimize the small molecular compounds, which have potent biological activity into 

lead candidates through stepwise molecule growing and linking[112].   
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The natural products based synthetic molecular scaffold can provide the possible and 

advanced solutions to resolve the bottleneck in the field of drug designing. There have 

been many examples where natural products inspired compounds have been optimized 

for lead candidates. For example deoxynybomycin based chemical compound have 

potent inhibitory activity against Staphylococcus aureus and enhanced water 

solubility. Infected mice when treated with this compound have shown the 

significantly longer life span as compared to untreated mice[113]. Most of the 

investigated lead candidates compounds fail to fit into the stringent criteria set by 

medicinal chemists for drugs leads. However, the deoxynybomycin based chemical 

compound has been optimized and validated as lead probe by thoroughly analyzing 

the physiochemical and pharmacological profiling. The success of this compound 

suggests that the stringent decision guidelines and rules like ‘Lipinski's rule of 

five’[114] or ‘rule of three’[115] may prevent the finding of new biologically relevant 

chemical scaffolds. In fact if we compare the data, 18-20 % of the natural products 

from the Natural Products Database violate the ‘rule of five’ (Also 31 % traditional 

Chinese Medicine Database, 10 % ChEMBL database and 15 % Drug Bank). 

Therefore, careful application of these guidelines is important for synthetic as well as 

natural compounds[116].  

 

1.7.1 Prediction of macromolecular targets for natural products  

The progress of natural products based discovery of useful molecular scaffolds and 

drugs is hampered by the lack of information about the molecular targets of most of 

the known natural compounds. Many new target prediction tools are now available 

which help in the identification of macromolecular target, potential drawbacks of 

drugs like or lead molecules and also may help in the identification of different 

biological activities natural compounds[117].  The contemporary virtual screening of 

a group of potential drug targets offers a feasible and attractive solution to know about 

the possible ligand-target interactions. For example, cyclooxygenase-2 and 

peroxisome proliferator-activated receptor, the targets of meranzin have been 

successfully identified using inverse molecular docking approach and this inhibitor 

has exhibited similar activities as rosiglitazone and indomethacin[111].  

The PASS is the one of the software that can predict the numerous biological 

activities qualitatively from the 2D chemical structure using molecular fragment based 

descriptors. This software has been successfully used to predict the anti cancer 
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activities form the naturals products isolated from the set of marine sponges[118].  

The several target identification tools have been established to analyze the numerous 

synthetic molecules. Most of these tools exploit the different features including 

similarity in the chemical substructure for target based upon the information of the 

reference drugs with known targets, precise ligand-receptor docking poses, and 

knowledge of pathway and genomic sequence[119,120]. Other tools like SPiDER 

works in different approaches and relies on the pharmacophore topology and 

physiochemical properties[121].  

 
1.8 Outline of the Research work  

The emergence of drug resistance against the most commonly used antibiotics has set 

the alarming concerns in the health sector all over the world. It has become more 

important to find innovative strategies to combat drug resistant pathogens. To address 

this problem, pathways that have not been targeted by the traditional antibiotics  

become more important. In the present study, we have characterized the drug targets 

from such pathways, including shikimate pathway and type II FAS pathways, via 

biochemical, biophysical and structural based characterization. The overall aim of this 

study is to discover the new inhibitors with antibacterial activities against the drug 

resistant pathogens.  

The first study described in the chapter 2, focused on the biochemical and structural 

characterization of chorismate mutase like domain of DAHPS of shikimate pathway 

from Bacillus subtilis. In this study, we have determined the high-resolution crystal 

structure of BsCM_2 domain of DAHPS in complex with new inhibitor chlorogenic 

acid at 1.8 Å resolution. Active site analysis and structural comparison of BsCM_2 

with related homologs have been performed. Binding studies of BsCM_2 with natural 

substrate as well as with chlorogenic acid have been performed using ITC basesd 

binding assays. Biochemical characterization and inhibition assays have been studied 

and discussed in detail.  

Chapter 3 describes the biochemical, biophysical and in silico structural 

characterization of FabZ from Moraxella catarrhalis (McFabZ). FabZ gene is cloned 

in pET28c vector and expressed in rosetta cell lines. McFabZ protein was purified 

using Ni-NTA affinity-based chromatography and oligomeric state characterization 

has been determined using size exclusion chromatography. The biochemical activity 
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of McFabZ is determined using a continuous assay and kinetic parameters (Km, Vmax, 

kcat, kcat/Km, etc) were determined. Biophysical characterization of McFabZ was 

accomplished using circular dichroism (CD) and fluorescence-based assays. Structural 

characterization was performed using in silico based approaches. More importantly, 

three new inhibitors from the class of isoflavones have been identified and 

characterized using biochemical, biophysical and in silico based methods. Kinetic 

inhibition parameters (Ki and IC50) have been determined and compared with known 

inhibitors. Structural changes in the secondary and tertiary structure of McFabZ upon 

the binding of inhibitors were analyzed using CD and fluorescence based assays. 

Binding studies were further performed using ITC based assays. Molecular docking 

based studies have shown how these inhibitors are interacting with the active site of 

McFabZ. Molecular dynamics-based simulations were performed to evaluate the 

stability of best-docked inhibitor complexes. A detailed structure-activity relationship 

(SAR) studies were conducted and discussed in this chapter. 

Chapter 4 describes the biochemical, biophysical and in silico characterization of 

FabD from drug- resistant Moraxella catarrhalis. FabD gene is cloned, expressed and 

purified. Oligomeric state characterization was performed using gel filtration 

chromatography. Biochemical characterization and kinetic inhibition studies were 

performed. Biophysical studies of FabD are carried out using CD, fluorescence and 

UV-visible spectroscopy based techniques. Structural characterization is carried out 

using homology based in silico methods. More importantly, three new inhibitors from 

the class of aporphine alkaloids have been identified and characterized. CD studies 

have shown how the secondary and tertiary structure of McFabD changes upon 

ligands binding. Fluorescence quenching based studies were performed to determine 

the binding parameters (Binding constant and N). Thermodynamic parameters (KD, N, 

ΔH, TΔS and ΔG) of binding were calculated using ITC based binding assays. 

Molecular docking studies were carried out to predict the binding mode and plausible 

interactions observed during the course of binding. Critical residues, which play an 

important role in binding, have been identified. Minimum inhibitory concentrations of 

aporphine alkaloids against Moraxella catarrhalis have been determined.  

Chapter 5 describes the inhibitory activities of aporphine alkaloids, and 

naphthoquinone against McFabZ. Based upon the analysis of active sites of FabD and 

FabZ, it has been found that a single compound can inhibit both enzymes. In this 

chapter, we have shown the inhibitor actions of NPQ against FabD and FabZ 
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enzymes. Molecular docking based studies have shown that aporphine alkaloids can 

also bind to McFabZ. To further validate this study, kinetic inhibition experiments 

against McFabZ were conducted for these alkaloids. Kinetic inhibition parameters (Ki 

and IC50) were determined using continuous assays. Fluorescence quenching studies 

were further conducted to calculate the binding parameters (Kb and N). Binding 

parameters obtained through molecular docking (binding constant and binding energy) 

and fluorescence quenching for these compounds against FabZ and FabD were 

compared and structure-activity relationships were drawn.  
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Chapter 2 

Biochemical and Structural characterization of Chorismate 

mutase like domain of DAHP synthase from Bacillus subtilis. 
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Chapter 2 
 

2.1 Introduction 
Chorismic acid, the precursor for a wide range of aromatic compounds, including 

aromatic amino acids, folate, and ubiquinones, is essential for the survival of bacteria, 

and synthesized through the shikimate pathway[122]. The shikimate pathway is 

present in microorganisms, plants, and apicomplexan parasites, but is absent in higher 

eukaryotes. Altogether, these properties make enzymes of this pathway promising 

targets for the development of antibiotics, herbicides and pesticides [123,124]. The 

DAHP synthase enzyme catalyzes the first committed step of the pathway and it 

performs the aldol condensation of phosphoenolpyruvate (PEP) and D-erythrose-4-

phosphate (E4P) to yield 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP). 

DAHP synthase activity is regulated by feedback or allosteric based mechanisms to 

control the substrate input with respect to the cellular concentration of downstream 

reaction products [125–127]. Different organisms have evolved to regulate DAHP 

synthase activity through different allosteric mechanisms and associated allosteric 

machinery [128,129]. 

All structurally characterized DAHPS enzymes share a characteristic (β/α)8 TIM – 

barrel fold and similar active site architecture[130–133]. Initially, based on variations 

in amino acid sequences, DAHPS enzymes were classified into different classes, 

including type Iα, type Iβ and type II. With the availability of structural information, 

these sequence variations were attributed to different structural additions to the core 

catalytic barrel[131,134–137]. In Escherichia coli, three isoenzymes of DAHPS type 

Iα are present, and each isoenzyme is responsive to phenylalanine, tyrosine or 

tryptophan[138]. Mycobacterium tuberculosis DAHPS, a type II enzyme, has a 

synergistic mode of inhibition caused by binding of tyrosine and tryptophan or 

phenylalanine and tyrosine at discrete allosteric sites. Additionally, noncovalent 

complex formation between chorismate mutase (CM) and DAHPS in M. tuberculosis 

modifies allosteric regulatory properties of both the enzymes through molecular 

symbiosis[134,139]. Chorismate, a substrate of CM, inhibits DAHPS activity, which 

suggests that CM has a regulatory role in this complex[63]. In Thermotoga maritima 

DAHPS, a type Iβ enzyme, is regulated by an N-terminal ferredoxin-like (FL) 

regulatory domain. Aromatic amino acids, phenylalanine or tyrosine binds to the FL 
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domain and cause a conformational change which restricts substrate access to the 

active site[126,140,141]. 

A DAHPS enzyme from Listeria monocytogenes has an N-terminal CM, type II 

domain (LmCM), which regulates the enzyme’s activity through binding of 

chorismate or prephenate[131]. The regulatory LmCM domain is entirely helical in 

structure and is classified as a “Chorismate Mutase II fold” in the SCOP 

database[142]. The regulatory domain is connected to the DAHPS domain through a 

linker region.  Light et al. have also summarized the possible mode of allosteric 

regulation, such as (i) domain linker mediated transmission of inhibitory 

conformational changes or (ii) domain-domain inhibitory interaction stabilization. 

Domain-domain interface interactions are mediated by polar and hydrophobic contacts 

between catalytic and regulatory domains. In L. monocytogenes, residues Phe46, 

Leu49, Arg52, and Lys76 of the regulatory domain participate in domain-domain 

interface interactions with Phe163, Asp326, and Val329 of the catalytic domain[131]. 

The N-terminal domain of bifunctional P-protein from E. coli (EcCM) also has a 

chorismate mutase II fold [143,144]. Although, EcCM shares same fold as LmCM, it 

is a fully functional enzyme, unlike LmCM. 

A recently published crystal structure of DAH7PS from Geobacillus sp. shares a 

similar architecture, with an N-terminal CM domain, which is shown to be 

catalytically active. The full-length protein exhibits the activity of both enzymes, but 

interestingly, in the absence of the CM domain, the DAHPS activity is significantly 

increased, whereas the separated CM domain is catalytically less active. This 

observation clearly implies that the CM domains interacts with the DAHPS domain 

and possess a regulatory role in the wild-type enzyme. Furthermore, Nazmi et al. 

showed the inhibition of DAHPS domain activity in the wild-type enzyme in the 

presence of prephenate, the product of CM. This inhibitory activity was not observed 

for a separated DAHPS domain. Based on the prephenate bound DAHPS crystal 

structure, in addition to SAXS analysis, Nazmi et al. proposed that in the unbound 

state, the CM domain adopts a open conformation and allows the DAHPS substrate to 

access its active site. In contrast, binding of prephenate to the CM domain induces 

conformational changes resulting in a more compact closed conformation, which 

bring both domains close to each other. This structural rearrangement results in 

obstruction of the DAHPS active site, thereby inhibits its activity[145].  
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The N-terminal domain of DAHPS from B. subtilis is homologous to the AroQ class 

of chorismate mutase, type II [58,146]. However, B. subtilis also contains a 

monofunctional AroH class of chorismate mutase situated downstream of the 

shikimate pathway[147]. Chorismate mutase converts chorismic acid into prephenate, 

which is further converted into the aromatic amino acids tyrosine and phenylalanine.  

The N-terminal domain of DAHPS has minimal catalytic activity, and CM’s 

substrate/product have been shown to inhibit the activity of the BsDAHPS enzyme 

[148,149]. Previously, it was argued that the N-terminal domain has a regulatory 

function rather than a catalytic one[137,146] . Chlorogenic acid (CGA), one of the 

most abundant polyphenols in human diet, is the ester of caffeic acid and quince acid. 

CGA decreases the incidence of chemical carcinogenesis in animal models, and also 

inhibits bacterial growth [150,151]. However, the molecular mechanism of its 

anticancer and antibacterial activity is largely elusive. 

In the present study, we have determined the high-resolution structure of chorismate 

mutase like domain of DAHPS from Bacillus subtilis (BsCM_2) in complex with 

chlorogenic acid at 1.8 Å resolution. Based on our biochemical and structural 

findings, we have shown that chlorogenic acid, a structural analogue of chorismic 

acid, is an inhibitor of chorismate mutase, type II regulatory domain (BsCM_2) of 

DAHPS. The present study is the first report of the AroQ class of BsCM_2 structures 

and provides insight into active site architecture and its regulatory role. Molecular 

dynamics simulations were performed to observe active site loop flexibility. Through 

structural analysis, we have provided explanations of the minimal catalytic activity of 

BsCM_2 and other previously reported observations regarding its role in DAHPS 

activity regulation. This data also provides evidence to reinforce the domain-domain 

interface hypothesis of DAHPS regulation. More importantly, we have also 

determined the kinetic parameters of inhibitory activity of chlorogenic acid and its 

minimum inhibitory concentration against B. subtilis.  

 

2.2 Materials and Methods 
 

2.2.1 Materials 

Bacillus subtilis strain 3256 was purchased from Microbial Type Culture Collection 

and Gene Bank (MTCC No.1427). All nucleic acid manipulations were performed 
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using standard procedures [152]. All enzymes (DNA polymerase, restriction enzymes, 

T4 DNA ligase, etc.) were purchased from New England BioLabs. Qiagen kits were 

used for plasmid isolation, purification, and gel extraction. Escherichia coli DH5α 

cells and E. coli BL21 (DE3) cells were obtained from Novagene. Primer procurement 

and DNA sequencing was from Eurofins (India). All other chemicals and reagents 

were purchased from Sigma. 

 

2.2.2 Methods 

 

2.2.2.1 Protein expression and purification 

E. coli BL21(DE3) cells with the desired plasmid (pET28c/BsCM_2) were grown in 

kanamycin (50 µg/ml) containing LB (Luria–Bertani) medium at 37°C. When OD600 

of the culture reached to ~0.8, cells were induced with 0.4 mM isopropyl-β-D-

thiogalactoside and kept for growth at 37°C for 4h. Cells were harvested and stored at 

−80°C. Cell pellets were suspended in lysis buffer (buffer A) composed of 25 mM 

Tris buffer (pH 7.5), 200 mM NaCl and 10 mM imidiazole (pH 7.5). Cell pellets were 

disrupted using high-pressure cell disrupter (Constant Systems Limited, UK), with 20 

kPSI pressure in the minicell for 60s, followed by centrifugation to remove cell debris 

(12000 rpm, 60 min, 4°C). The clarified supernatant was loaded onto a 5 ml HisTrap 

Ni-NTA agarose affinity column (GE Healthcare) pre-equilibrated with buffer A, and 

elution was performed with a linear or step gradient of 50–250 mM imidazole in 

buffer A. The fractions containing the desired protein, as confirmed by SDS-PAGE, 

were pooled and dialyzed overnight against 2 litres of 25 mM Tris buffer (pH 7.5). 

The protein was further concentrated up to approximately 5 mg/ml using a 3kDa 

cutoff Amicon Ultra-15 concentrator (Millipore, Bedford, Massachusetts, USA). The 

concentrated protein sample was loaded onto a HiLoad 16/60 prep grade Superdex 75 

size-exclusion chromatography column (GE Healthcare), pre-equilibrated with 25 mM 

Tris-HCl (pH 7.5) and 50 mM NaCl, operated by UNICORN software. The 

absorbance of eluted protein samples was continuously monitored 

spectrophotometrically at 280 nm. The purity of the major chromatogram peak 

collected in different fractions was further analyzed with 12 % SDS-PAGE 

(Figure2.1). The purified protein was concentrated up to 18 mg/ml for crystallization 

trials. 
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Figure 2.1 Purification of BsCM_2 enzyme.  
The BsCM_2 enzyme is purified by Ni-NTA affinity based chromatography.  Lane 1-5, fractions eluted 

by 250 mM imidiazole; Lane 6-7, fractions eluted at 100 mM imidiazole; Lane 8, Flow through; Lane 

9, Protein ladder (Abcam).   

 

2.2.2.2 Crystallization and data collection 

For crystallization, a sitting drop vapor diffusion method was used in which each well 

was loaded with 1.0 µl of protein sample and an equal volume of the reservoir 

solution, equilibrated against 50 µl reservoir solutions. The initial screening for the 

crystallization of BsCM_2 was carried out using various commercial kits from 

Hampton Research (Hampton Research Inc., Aliso Viejo, CA). Crystal hits were 

observed in conditions containing 1 M ammonium sulphate, 0.1 M potassium sodium 

tartrate, and 0.1 M sodium citrate pH 5.8 as the buffer at 20°C in 15 days. In order to 

make a complex with the substrate analogue, BsCM_2 was co-crystallized with 

chlorogenic acid (25 mM). BsCM_2 protein mixed with chlorogenic acid at a 1:1 

molar ratio was incubated at 4°C for 2-4 hrs prior to crystallization. 

Prior to data collection, crystals of BsCM_2-chlorogenic acid (Figure 2.2A) were 

cryoprotected by brief soaking with well solutions containing 20% glycerol and 10% 

ethylene glycol, respectively. X-ray diffraction was performed at the home source, 

with a Bruker-Nonius Microstar H rotating-anode X-ray generator (CuKα = 1.54 Å), at 

100K temperature. Diffraction data from crystals were collected using a MAR345dtb 

image plate detector. Diffraction data (Figure 2.2B) were processed using the 

HKL2000 program[153]. 
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Figure 2.2. BsCM_2 crystallization and X-ray diffraction. BsCM_2 crystals in complex with 

chlorogenic acid (A), Diffaraction image (B). 

 

2.2.2.3 Structure solution and refinement 

Protein structures were solved and refined using PHENIX [154] and CCP4i[155] 

suites. MOLREP[156] was used for molecular replacement; and phenix.refine[153] 

and REFMAC5[157] programs were used for refinement. COOT was used for 

visualization of electron density maps and manual model building[158]. The BsCM_2 

domain shares 64% identity with N-terminal CM domain of bifunctional DAHPS 

from Listeria monocytogens (PDB ID: 3NVT). The LmCM domain structure 

(modified 3NVT containing only residues 25-108) was used as template for initial 

phase determination using molecular replacement. The BsCM_2-chlorogenic acid 

complex (BsCM_2-CGA) structure was refined up to Rwork and Rfree values of 17.73 % 

and 21.52 %, respectively. Data collection, structure refinement, and validation 

statistics of BsCM_2-CGA is shown in Table 2.1. For structural validation, 

stereochemical properties of crystal structures were accessed through 

MolProbity[159]. PISA (Protein Interfaces, Surfaces and Assemblies) tool was used 

for dimer interface interactions analysis[160]. The PyMOL visualization tool was used 

for structural analysis and figure preparation [Schrödinger, LLC][161]. 
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Table 2.1 Summary of data collection, structure refinement, and validation statistics. 

 

	 BsCM_2-CGA	

PDB ID	 5GMU	

Crystallographic data	 	

Space group	 P21	

Resolution	 1.80	

Cell dimensions	 	

a, b, c (Å)	 35.7, 47.0, 56.8	

α, β, γ (°)	 90, 107.2, 90	

Unique reflections (Last shell)	 16372 (716)	

Completeness (%) (Last shell)	 98 (88)	

Rmeas
a	 0.07	

Rpim
b	 0.04	

I/σ (Last shell)	 37.2 (3.76)	

Multiplicity (Last shell)	 3.4 (2.7)	

Refinement	 	

No. of Residues	 171	

Water molecules	 116	

Resolution range (Å)	 50.00-1.80 (1.83-1.80)	

Rwork (%)	 17.73	

Rfree (%)	 21.52	

RMSD on bond lengths (Å)	 0.016	

RMSD on bond angles (Å)	 1.769	

 

Average B-factors (Å2)	
	

ChainA	 20.64	

ChainB	 19.32	

Water atoms	 40.91	

Ramachandran plot (%)	 	

Favored	 100	

Outliers	 0	
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*Statistics for the highest-resolution shell are shown in parentheses. 
aRmeas = ∑hkl{N/(N-1)}½∑i |Ii,hkl − <Ihkl>| /∑hkl∑i |Ii,hkl| 
bRpim = ∑hkl[1/{Nhkl – 1}]½∑i |Ii,hkl − <Ihkl>| /∑hkl∑i |Ii,hkl| 
 

2.2.2.4 Molecular dynamics based simulation 

To study the backbone flexibility and the side chain orientation of the loop connecting 

helices H1-H2, the Bs_CM2-CGA protein structure in the chlorogenic acid bound 

form was simulated using Discovery Studio (Accelrys Inc., San Diago, CA, USA) 

suite’s simulation protocol. Before the simulation, the protein structure was prepared 

by adding hydrogen atoms and was typed with CHARMm forcefield[162]. Typed 

protein was solvated with the explicit periodic boundary solvation model in an 

orthorhombic cell whose edges had minimum 7Å distance from protein surface. 

Sodium (Na+) and chloride ions (Cl-) were also added to the system as counter ions for 

neutralizing the system. Solvated protein was subjected to the molecular dynamics 

simulation using Standard Dynamics Cascade protocol. The protocol consists of two 

minimization steps along with heating, equilibrium, and production steps. 

Minimazation1 and minimization2 steps were performed using the steepest descent 

algorithm for 1000 cycles and Powell algorithm for 2000 cycles, respectively. The 

system was heated for 120ps from 50K to 300K temperature. Subsequently, the 

system was equilibrated for 100ps at 300K temperature under constant pressure 

conditions. Finally, 5ns production step was performed on isobaric-isothermal 

ensemble (NPT) at 300K temperature. The results were saved at every 5ps time 

interval. For the entire simulation, 2fs time step was used. The Particle Mesh Ewald 

(PME) method was used for handling electrostatic interactions with non-bond list 

radius of 14Å. SHAKE constraints were used for constraining hydrogen atoms 

involving bonds. 

 

2.2.2.5 Molecular docking 

To assess the plausible interactions of chlorogenic acid with the active site of 

monofunctional B. subtilis AroH class of chorismate mutase (BsAroH), molecular 

docking was performed using AutoDock4[163]. The crystal structure of BsAroH 

(PDB ID: 2CHT) was used for the same[164]. For docking, protein and ligand were 

prepared using AutoDock Tools-1.5.6. A grid centered at (51.787, 25.245, 45.348) 

with dimensions 40X40X40 (Å3) and 0.375 Å spacing was used for map calculations. 
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Lamarchian Genetic Algorithm was used for docking. AutoGrid4 and AutoDock4 

programs were executed for calculating energy maps and docking of ligands, 

respectively. Analysis of docking conformations was performed by converting 

docking conformations into Pdbqt files and visualizing in PyMol. 

 

2.2.2.6 BsCM_2 activity assay 

Chorismate mutase activity was measured by using the fixed-point assay, with minor 

modifications. The standard assay was carried out in assay buffer (50 mM Tris–HCl, 

pH7.5) supplemented with 2 mM chorismic acid in a final volume of 200 µl. The 

mixture was then incubated with shaking at 37°C for 5 min, and enzyme was further 

added to initiate the reaction. The reaction was terminated by the addition of 0.2 ml of 

1 M HCl. The reaction mixture was left over at 37°C for 15 min, and finally 

terminated by the addition of 0.5 ml of 1M NaOH. The absorbance of samples were 

recorded at 320 nm using Agilent Carry 300 UV/Vis Spectrophotometer, to monitor 

the formation of phenylpyruvate. For calculations, 17500 M−1cm−1 was used as the 

extinction coefficient at 320 nm (ε320nm) for phenylpyruvate[165]. Blank readings 

were taken without the addition of enzyme to account non-enzymatic conversion of 

the chorismate to the prephenate. 

 

2.2.2.7 Isothermal titration calorimetry based binding studies 

ITC experiments were performed on MicroCal ITC 200 unit (GE Healthcare) 

operating at 298K temperature.  The binding of a BsCM_2 protein with its natural 

substrate chorismic acid, and substrate analogue chlorogenic acid were studied. 

Protein sample was dialyzed against Buffer I (25 mM Tris HCl, pH 7.5) and 

concentrated up to 8 mg/ml concentration (750µM). All solutions were degassed 

before use. The reference cell was filled with buffer I. The Titration reactions were 

performed using BsCM_2 protein in ITC sample cell and ligands (Chorismate: 7.5 

mM, Citrate: 10 mM and Chlorogenic acid: 2.5 mM) in a syringe with 200 rpm 

stirring speed and initial delay of 60s.  A total of 15-20 injections were made with first 

one of 0.5µl and the rest of 2.0 µl each. The first injection was treated as scouting 

injection to calibrate the ITC200 instrument. The time interval between each injection 

was 150 s, and the reference cell power was set to 8 µW.  ITC data were analyzed 

using single binding site model using Origin 7.0 software. 
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2.2.2.8 Minimum inhibitory concentration (MIC) 

An MIC test for the chlorogenic acid on B. subtilis was performed using the broth 

micro dilution method on a 96 well microtiter plate[166]. A concentration gradient (10 

µg/ml – 200 µg/ml) of chlorogenic acid was tested. A single colony of B. subtilis 

strain 3256 was used to inoculate the nutrient broth medium. Correlation between 

OD600 and microbial number was determined using serial dilution. The OD600 of 

overnight grown culture was adjusted to 1 by dilution with PBS (1x) buffer. The 

culture was then serially diluted from 10-1 to 10-7 and 100 µl from the last four 

dilutions (10-4 to 10-7) were plated on nutrient agar plates followed by overnight 

incubation at 37°C. Colonies were counted and colony-forming-units (cfu) per ml of 

culture were calculated for each dilution. Correlation between OD600 and cfu per ml 

was then calculated. Bacterial suspensions having 1×108 cfu per ml were used to 

inoculate 96 well microtiter plates. Chlorogenic acid was dissolved in PBS buffer 

(1x). 100 µl of broth solution was added to all wells. 50 µl of inhibitor solution was 

used in each well, except growth control (broth and inoculum) and sterility control 

(broth only) wells. 50 µl of bacterial suspension adjusted to 1×106 cfu per ml was 

used, giving 5×105 cfu per ml in the final inoculum. Microtiter plates were then 

incubated at 37°C for 16-20 h. 

 

2.3 Results 
 

2.3.1 Overall structure of BsCM_2 

BsCM_2 crystals complexed with substrate analogue chlorogenic acid (BsCM_2-

CGA) diffracted up to 1.8 Å resolutions. BsCM_2-CGA structure contains two 

monomers per asymmetric unit. The BsCM_2 protein has an all-helix entirely helical 

tertiary structure. "In the BsCM_2-CGA structure, the electron density of first N-

terminal residue was missing from both the chains. Additionally, residues 2,3 and 40 

could not be modeled due to the absence of any interpretable electron density in chain 

A.  

In BsCM_2–CGA, the monomeric structure contains a ‘Chorismate Mutase, type II 

fold’, a three-helix bundle connected through the loops. In chain B, three helices H1, 

H2, and H3 are composed of residues 5-40, 48-60 and 68-87, respectively. Helix H2 is 

connected to the helices H1 and H3 by 7 residues long loops L1 and L2, respectively. 
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In chain A, helices H1', H2' and H3' are connected by loops L1' and L2' (Figure 2.3). 

The two chains are structurally very similar to each other, except for the L1 and L1' 

regions, with a root mean square deviation (RMSD) of 0.188. The BsCM_2-CGA 

structure has several residues in alternate conformations. His73 exists as alternative 

conformation in both the chains. In chain A, a sulphate ion, contributed by the 

crystallization buffer, coordinates with ND1 atoms in both conformations. The 

sulphate ion’s O3 atom interacts with the backbone carbonyl oxygen of His73 and the 

OE2 side chain atom of Glu77. The O1 atom of sulphate interacts with the NZ atom of 

Lys76. Altogether, these results indicate that backbone of these residues is rigid and 

alternative conformation of protein residues allow them to interact with the solvent 

and the surrounding environment. 

 

2.3.2 Dimeric structure 

In BsCM_2–CGA, two molecules are present in an asymmetric unit, which form a 

helical dimeric structure (Figure 2.3). Previously, few structures of CM_2 dimers 

from E. coli[144] and L. monocytogens[131] have been reported. Those structures are 

stabilized by cross-helical interactions between two subunits. The dimer interface and 

assembly analysis performed using PISA server[167] revealed that almost one third 

(~2260 Å2) of each monomer’s surface area was buried during dimer formation. 

Dimer assembly has a free energy of assembly dissociation (ΔGdiss) value of 31.7 

kcal/mol, which suggests that the assembly is stable. The solvation free energy gain 

(ΔGint) of the dimer is -37.7 kcal/mol. The negative ΔGint value corresponds to 

hydrophobic interfaces. The interface interactions are dominated by hydrophobic 

interactions between monomers. In BsCM_2, residues Leu6, Leu9, Leu16, Ile20, 

Leu23 and Val30 corresponding to Leu7, Leu10, Leu17, Leu21, Leu24 and Leu31 of 

EcCM, respectively, participate in these hydrophobic interactions. In previously 

reported CM_2 dimer structures, helices from both the monomers arrange themselves 

in an antiparallel manner[131,144].  
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Figure 2.3 Ribbon diagram of BsCM_2 complexd with chlorogenic acid. The dimeric 

structure of BsCM_2 complexed with chlorogenic acid. Chain A and Chain B shown in Hot Pink and 

Green color respectively. CGA molecules have been shown in yellow color.  

 

Similarly in BsCM_2, antiparallel H1-H1 ‘and H3-H3’ helix pairs form the dimeric 

interface. These interfaces are stabilized by inter-subunit interactions involving 

hydrogen bonding, salt bridge formation, and hydrophobic interactions. Residues 

Arg10, Ala13, Asn17, Arg27, Arg50 and Thr70 from chain A form hydrogen bonds 

with residues Arg10, Asn17, Arg27, Arg50, Met54 and Glu84 of chain B. Residues 

Asp14 and Arg50 from both the subunits are involved in salt bridge formation.  

 

2.3.3 Active site and its interaction with inhibitor 

In the BsCM_2-CGA structure, two active sites- S1 and S2 are located at the interface 

of two monomers, as shown in Figure 2.3. Residues from both the monomers 

contribute in each active site formations. Residues from helices H1, H2, H3, H1' and 

loop L1 form the S1 active site, while the S2 active site is formed by residues from the 

H1', H2', H3', H1 helices and the L1' loop. The active site contains charged/polar 

residues, which are highly conserved among all known chorismate mutases. Some 

hydrophobic residues, proposed to be essential for substrate binding and catalysis, are 

also present at the active site, but are not conserved. At active site S1, charged/polar 

residues Arg27, Lys38, Asp47, Arg50, Glu51, and Gln86 from chain B and Arg10 

from chain A provide the electrostatic environment for the incoming ligand 
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(substrate/inhibitor). The hydrophobic residues Ile34, Met54, Phe79, Gly82, and 

Leu83 are also part of the active sites (Figure 2.4A). 

Chlorogenic acid, a structural analogue of the enzyme's substrate, was co-crystallized 

with the BsCM_2 protein. Unambiguous electron density of this ligand was observed 

at both the active sites of the dimer. The ligand interacts with key active site residues 

through direct or water bridge-mediated hydrogen bonding. As shown in Figure 2.4B, 

at the active site, chlorogenic acid makes hydrogen bonds with the side chain of 

Arg27, Lys38, Gln86, and the main chain atoms of Arg45, Asp47, and Phe79 of chain 

B. The ligand molecule also interacts with Lys38, Arg50, and Lys80 of chain B, and 

Arg10 of chain A through water bridge formation. However, at another active site, 

along with the above interactions, the ligand forms a direct hydrogen bond with Lys80 

and an additional water bridge-mediated hydrogen bond with Gln86 of chain A.  

 Previously, our research group has crystallized BsCM_2 in native form where citrate 

molecules from crystallization solutions were found to interact with the active site of 

this enzyme. Figure 2.4C shows the interaction of BsCM_2 with citrate molecules. 

The citrate molecule interacts with the residues Arg27, Lys38, Asp47 and Gln86 of 

chain A and Arg10 of adjacent chain B through hydrogen bonding (Figure 2.4C). The 

citrate molecule also makes additional interactions with the residues Arg27, Arg50 

and Phe79 via water bridge formation. It has been previously reported that the citrate 

inhibits the 90-MtCM protein [168].  

 

2.3.4 Comparison with monofunctional B. subtilis AroH class of chorismate 

mutase Monofunctional B.subtilis chorismate mutase (BsAroH) exits as a trimer and 

forms a pseudo-αβ-barrel core structure via contributions of β -sheets from each 

monomer. A functional trimer has three active sites formed at the interface of two 

monomers. However, BsCM_2 forms an entirely helical dimeric structure with two 

active site clefts are formed by the residue contributions from both monomers, as 

previously described. 

The BsAroH active site contains charged residues Arg7, Arg90, Arg116, Arg63' and 

polar residues Glu78, Tyr108, Lys60', Thr74', and Cys75' (prime (') represents the 

residue from an adjacent chain). Residues Phe57', Ala59' and Leu115 are also part of 

the active site[164]. The BsCM_2 active site consists of similar residues. 
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Figure 2.4 Active site architechture (A) and interaction of BsCm_2 with chlorogenic acid 

(B) and citrate (C). (A) Stereo images of the active site. Residues contributing from both the chains 

of physiological dimer form the active site. The polar residues at the active site are highly conserved in 

all CM_2 or CM-like domains. However, hydrophobic acid residues are not conserved. (B) Shows the 

interaction of chlorogenic acid with the active site residues in BsCM_2-CGA structure. (C) Shows the 

interaction of citrate with the active site residues in the BsCM_2-CIT structure. Residues from different 

chains are colored accordingly.  

Polar residues Arg10', Arg27, Lys38, Asp47, Arg50, Glu51, and Gln86 form the active site 

along with hydrophobic residues Ile34, Met54, Phe79, and Gly82. The similarity of these 

active site residues and their chemical nature may allow the binding of similar small 

molecules to these enzymes. 

2.3.5 Comparison of BsCM_2-CGA with EcCM (catalytically active CM type 2) 

In E. coli, the N-terminal region of bifunctional P-protein (EcCM) contains a functional 

‘cChorismate mMutase II fold’[144]. Although, BsCM_2 shares only 37% sequence identity 

with EcCM, but they have a similar tertiary structure with an RMSD value of 0.815. Both the 

proteins’ active sites are formed by the residue contribution from both the monomers. 

BsCM_2 contains charged residues Arg27, Lys38, Asp47, Arg50, Glu51, and Gln86 from one 
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monomer and Arg10 from the other monomer corresponding to Arg28, Lys39, Asp48, Arg51, 

Glu52, and Gln88 from one monomer and Arg11 from the other monomer of EcCM. 

Hydrophobic residues Ile34 (Val35), Met54 (Leu55), Phe79 (Ile81), and Leu83 (Val85) are 

also present at the active site (residues mentioned in parentheses are corresponding 

hydrophobic residues present in EcCM). These hydrophobic residues are not conserved 

between these two proteins. The Ser84 residue of EcCM is also mutated to Gly82 in BsCM_2.  

In EcCM, residues Ser15, Asp18, Arg47, Asp48, and Gln88 are key residues playing that play 

a supporting role in inhibitor binding. But in BsCM_2, the corresponding residues are Asp14, 

Asn17, Phe46, Asp47, and Gln86. Variation in these residues may be a contributing factor 

towards the reduced catalytic activity of BsCM_2. Previous studies of EcCM have shown that 

mutation of residues A32, V35, I81, and V85 decreases the catalytic activity of the protein 

[103]. 

These residues may be important for substrate binding or catalytic activity of the 

protein. In BsCM_2, the corresponding residues were different, which may result in 

poor substrate binding/catalysis. 

 

 
Figure 2.5 Multiple sequence aligment of BsCM_2 with related homologs.  
Multiple sequence alignment of BsCM_2 with EcCM (1ECM), LmCM (3NVT), 90- MtCM (2QBV), 
TtCM (2D8D), GspCM (5J6F) and Pyrococcus furiosus hypothetical protein (1YBZ). 
 

2.3.6 Comparison of BsCM_2-CGA with LmCM (regulatory CM type 2) 

Overall, the folds of BsCM_2 and LmCM are similar with an RMSD of 0.816. In the 

LmCM domain structure, residues 40-44 of chain A and residues 33-52 of chain B 

(corresponding to connecting loop L1 of helices H1-H2) were missing, which 

indicates the structural flexibility of the loop regions. In BsCM_2-CGA, clear density 

for loop L1 was observed, however, residue 40 was missing from loop L1'. The 

binding of the substrate analogue may be responsible for stabilizing the loop. Chain A 

of the LmCM domain was used for further structural analysis. The comparison of the 
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loop region of LmCM with chain A of BsCM_2 showed a small shift in Cα atom 

positions of residues Arg45 (1.0 Å) and Phe46 (0.8 Å), but side chain orientations of 

these residues were significantly changed. However, chain B of BsCM_2 showed a 

relatively large shift in both side chain orientations and Cα atom positions of residues 

Arg45 (2.1Å) and Phe46 (1.2Å) (values represent Cα position shift) in comparison to 

the corresponding residues of LmCM. It is evident that such a significant shift in the 

backbone atoms, along with huge variation in side chain orientations in residues of L1 

loop, confers plasticity to the enzyme’s active site to accommodate different incoming 

ligands. The active site residues of both the proteins were similar. As LmCM has been 

shown to possess a more regulatory role than a catalytic role [90], the similarities in 

structure and active site architecture suggest that BsCM_2 may also have a regulatory 

function in the bifunctional DAHPS enzyme. Previous studies have also reported that 

BsCM_2 may have a regulatory function [96,106]. 

 

2.3.7 Comparison of BsCM_2 with CM domain of GspDAH7PS  

BsCM_2 shares high sequence identity (71%) over 90 amino acids with the CM 

domain of GspDAH7PS. Structurally, BsCM_2-CGA aligns very well with N-

terminal 95 residues corresponding to CM domain of GspDAH7PS with RMSD value 

of 0.556 Å (5J6F)[145]. The residues demarcating the active site of both structures are 

highly similar with comparable side chain orientations. In both the structures, ligand 

(chlorogenic acid in BsCM_2-CGA and prephenate in GspDAH7PS) occupies the 

active site with similar network of interactions. Comparison of inter-helical loop 

regions L1 and L2 of BsCM_2-CGA with GspDAH7PS showed minimal deviation in 

their relative orientation with similarly extended helix H1. These observations 

reinforce that binding of ligand induces the conformational changes with significant 

rearrangement of secondary structure in BsCM_2. Overall, the structure of BsCM_2-

CGA resembles the closed conformation observed in prephenate bound GspDAH7PS 

structure.  

Interestingly, the structural comparison of chain A of BsCM_2-CIT with CM domain 

of GspDAH7PS showed relatively less structural similarity with RMSD value of 

0.794 Å (5J6F). The structural variations are primarily confined to inter-helical loop 

L1 that adopted a less compact extended conformation with shortening of helix H1. 

This leads to straightening of helix H2 and overall structure resembles the open form 
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of enzyme. Together, these observations clearly indicate that binding of ligand to CM 

domain induces the significant conformational changes in active site loop L1. 

 

2.3.8 Molecular dynamics simulation 

As described earlier, chorismate mutase type 2 proteins have an intrinsically 

disordered loop region, which contributes to active site formation and may be 

involved in wider substrate specificity and/or regulation. Structural analysis of 

BsCM_2 revealed a significant shift in the backbone position of L1 and L1' loop 

residues, as well as changes in the side chain orientation. To assess the extent of loop 

movement and side chain flexibility, molecular dynamics (MD) simulation studies of 

BsCM_2 protein were performed. Discovery Studio suite’s Standard Dynamics 

Cascade tool was used for the simulation studies using CHARMm forcefield. For 

solvation, 4327 water molecules were added, along with 21 Na+ and 11 Cl- ions to 

neutralize the system. Conformations generated in a 5ns production step of simulation 

were used for analysis. Root mean square deviation (RMSD) of the chlorogenic acid 

bound BsCM_2 conformations generated during production step of simulation has 

been found to be fluctuating around an average of 1.9 Å within a narrow range (Figure 

2.6A1). Backbone shift was analyzed by calculation of the root mean square 

fluctuation (RMSF) for individual residues. A plot of RMSF values for each residue 

of both the chains is shown in Figure 2.6A2. Higher RMSF values correspond to 

higher flexibility of residues. For terminal residues, higher RMSF values were 

expected because of increased degree of freedom for these residues. From Figure 

2.6A2, it is evident that there is a sudden increase in RMSF values of intrinsically 

disordered loop residues (Gln41 to Val49). The chlorogenic acid bound at the active 

site S1 shows a slight deviation in its position. At active site S2, chlorogenic acid 

maintains its position during the initial 1ns. In 1ns-2ns time intervals, the caffeic acid 

moiety shifts towards the loop L1' and remains intact in the same conformation for the 

rest of the simulation. This change in the chlorogenic acid conformation may 

contribute to the shift in the loop L1' backbone. 

In chain A, loop L1' region residues show significant backbone deviation and side 

chain orientation change (Figure 2.6B). Residues Asn44, Arg45, Phe46 and Asp47 

show variations during simulation. During 1ns-2ns intervals, Asn44 undergoes a large 

shift in backbone position and also orients its side chain parallel to the active site.  
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Residue Arg45 and Phe46 main chains undergo large shifts away from the active site 

and also cause significant changes in side chain orientations (Figure 2.6D-E). The 

amino acid Asp47 orients its side chain towards the active site during simulation. 

Unlike chain A, chain B’s loop L1 region shows only slight deviation in backbone 

position (Figure 2.6C). 

 
Figure 2.6 Molecular dynamics simulation results of BsCM_2-CGA. (A1) RMSD of the 

backbone atoms with respect to initial structure of the chlorogenic acid bound BsCM_2 structure over 

5-ns simulations. (A2) Plot of RMSF values against individual residues for the conformation generated 

in production steps with respect to crystal structure. During a simulation backbone shift in loop L1 (B) 

and L1′ (C) regions were observed. In chain A, large changes were observed in side chain orientations 

of Arg45′ (D), Phe46′ (E), Pro48′ (F), and Arg52′ (G). However, relatively small changes were 

observed in chain B (H–K). Color code: Green (crystal structure), Cyan (after 1 ns), magenta (after 2 

ns), yellow (after 3 ns) and brown (after 4 ns).                                                                                                                 
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Arg45 and Phe46 undergo little deviation in side chain orientation, but obtain the 

initial orientation towards the end of the simulation (Figure 2.6H-I). For residue 

Asp47, main chain fluctuations were observed, but side chain orientation remained 

intact. 

In the crystal structure, Pro48 was positioned in the first turn of helix H2'. During the 

simulation, helix H2' undergoes local uncoiling at the first turn (Figure 2.6B). Due to 

uncoiling, Pro48 and Val49 shift their backbone position away from the protein. Large 

deviations were observed during the initial 2ns of production step, after which Pro48 

maintains a fixed position during the rest of the simulation (Figure 2.6F). Towards the 

end of the simulation, helix H2' continues to uncoil and increases the size of loop L1' 

extended to residue Glu51. 

Residue Arg52 of both the chains shows a significant change in side chain orientations 

during the simulation (Figure 2.6G and 2.6K). In chain A, Lys76 shows the deviation 

in side chain orientation during 1ns-2ns time intervals, but in chain B, the 

corresponding residue had no significant change in orientation. BsCM_2 residues 

Phe46, Val49, Arg52, and Lys76, corresponding to residues Phe46, Leu49, Arg52 and 

Lys76 of LmCM, show backbone or side chain flexibility. These residues may be 

involved in domain-domain interface formation between the catalytic and regulatory 

domains of bifunctional DAHPS.  

2.3.9 Chlorogenic acid’s interaction with monofunctional CM (BsAroH)               

To assess the plausible interaction of chlorogenic acid with the monofunctional AroH 

class of CM, the molecule was docked at the active site of BsAroH (PDB ID: 2CHT). 

Similar to BsCM_2, in BsAroH, the chlorogenic acid’s position is shifted from the 

transition state analogue (TSA) position. The chlorogenic acid interacts with residues 

Arg63, Val73, Thr74 from one chain and Arg7, Arg90, Val114, Leu115, and Arg116 

from the adjacent chain (Figure 2.7A). The similarity of chlorogenic acid’s interaction 

with both monofunctional BsAroH and BsCM_2 may result in similar binding to both 

proteins.  

 

2.3.10 BsCM_2 enzyme assay and activity 

The kinetic parameters (Km and kcat) for BsCM_2 have been calculated and compared 

with monofunctional BsAroH and chorismate mutase from other reported organisms. 

The catalytic turnover number, i.e. kcat, was determined to 0.78 ± 0.02 S-1 for 
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BsCM_2. Km was calculated and found to be 1514 ± 175 µM. A plot of Michaelis-

Menton kinetics is shown in Figure 2.7B. Both kcat and Km of BsCM_2 are compared 

with monofunctional BsAroH. kcat and Km values for BsAroH are 46.0 S-1 and 67.0 

µM, respectively[164]. As expected, the kinetic parameters clearly suggest that 

BsCM_2 has much lesser activity than BsAroH.  

 

 
 Figure 2.7 Molecular docking and biochemical characterization of BsCM_2. 
 (A) Interaction of CGA with BsAroH enzyme (Β) Michaelis–Menten kinetic curve of BsCM_2. 

BsCM_2 is found to be active with Km of 1514 ± 175 µΜ.!!

!

Table (2.2) Comparison of kinetic parameters of BsCM_2 with other reported CMs 

 

Enzyme kcat (S-1) Km (µΜ) 

BsCM_2 0.78 1514 

EcCM 72 296 

BsCM 47 67 

MtCM 27 112 

 

 

The CM activity of BsCM_2 follows Michaelis–Menten kinetics, with a catalytic 

efficiency (kcat/Km) of 0.5×103 M-1S-1. This catalytic efficiency is three orders of 

magnitude lower than expected for wild-type CMs[58]. The enzyme activity of 

BsCM_2 was also assessed in the presence of the substrate analogue, chlorogenic 

acid. There is a 60% reduction in activity of BsCM_2 after the addition of 1.0 mM 

chlorogenic acid. Higher concentrations of chlorogenic acid (>4.0 mM) resulted in 

complete loss of BsCM_2 activity. The kinetic inhibition constant (Ki) for chlorogenic 
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acid was 0.33 ± 0.07 mM. A plot of inhibition of BsCM_2 activity by chlorogenic 

acid has been shown in Figure 2.8A. Mode of inhibition was analyzed by plotting a 

double reciprocal plot shown in Figure 2.8B. From the plot it has been found that 

chlorogenic acid is a competitive inhibitor of BsCM_2.  

 

 
Figure 2.8 Kinetic inhibition of BsCM_2 with chlorogenic acid.  
Steady state inhibition curve of BsCM_2 (A), double reciprocal plot of inhibition of BsCM_2 (B). 

Lines intersecting at 1/V axis clearly indicated the competitive inhibition of BsCM_2 by chlorogenic 

acid. 

 

2.3.11 Isothermal titration calorimetry (ITC) 

Binding of BsCM_2 protein with its natural substrate chorismate was performed using 

ITC. Additionally, binding of BsCM_2 protein with citrate and chlorogenic acid was 

also assessed. Thermodynamic parameters – enthalpy change (ΔΗ), entropy change 

(ΔS), Gibbs free energy change (ΔG), and equilibrium dissociation constant (KD) have 

been determined. Table 2.3 shows the thermodynamic parameters of binding of 

ligands.  
Table 2.3 Binding parameters of BsCM_2 with chorismate, citrate, and chlorogenic acid 
using ITC.	

Compound	 Enthlapy change 
(Joules/mol)	

Entropy change 
(Joules/mol/K)	

Free energy 
(Joules/mol)	

Dissociation 
constant, KD 

(µM)	
Chorismate 	 -1.397× 105	 -408	 -1.8×103	 725	

Citrate 	 -4.291× 104	 -82.2	 -18.4×103	 602	

Chlorogenic 
acid 	

-1.504×105	 -441	 -18.9×103	 480	
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Reactions of these ligands with BsCM_2 are spontaneous in nature as evident by 

negative ΔG values. Binding of these three compounds with BsCM_2 is driven by 

enthalpy change (ΔΗ), which indicates that polar interactions are involved during 

binding. Reactions of these ligands are exothermic in nature as confirmed by the 

downward trend in ITC profile. The equilibrium dissociation constant for chorismate, 

citrate, and chlorogenic acid was calculated as 725 µM, 600 µM and 480 µM, 

respectively.  The KD values showed better affinity of chlorogenic acid for BsCM_2 

than citrate and chorismate. Figure 2.9 shows the thermogram and the fitting curve of 

chorismate, citrate and chlorogenic acid. 

  

 
Figure 2.9 ITC titration data describing the binding of chorismate (A), citrate (B) and 

chlorogenic acid (C) to BsCM_2. Data is fitted using single binding site model to evaluate 

dissociation constant (KD). Upper part of each panel shows the thermogram (thermal power Vs time) 

after baseline correction, while lower part of each panel is binding isotherm (normalized heat Vs molar 

ratio of reactants).  

2.3.12 Minimum inhibitory concentration (MIC)  

The MIC test for chlorogenic acid was performed with B. subtilis strain 3256 using 

the microdilution method. The MIC value of chlorogenic acid was calculated and 

found to be the range of 30 ± 5 µg/ml. The moderately high MIC value may be 

attributed to the low affinity of chlorogenic acid for BsCM_2. It has been reported that 

chlorogenic acid can inhibit bacterial growth or kill bacterial cells, but the exact 
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mechanism of its inhibitory effect is largely elusive. It has been reported that binding 

of either the substrate chorismic acid or the product prephenate to the regulatory 

domain of DAHP synthase of B. subtilis regulates the activity of DAHP 

synthase[148,149]. As described earlier, the ITC data reveals better binding of 

chlorogenic acid with BsCM_2 in comparison to chorismic acid, it is possible that 

chlorogenic acid can inhibit the DAHP synthase enzyme by binding to its regulatory 

domain, which will further lead to inhibition of the shikimate pathway.                       

 

2.4 Discussion  
During the course of evolution, nature has developed several mechanisms to regulate 

metabolic pathways. The molecular mechanisms involved in allosteric regulation of 

enzyme catalysis have been studied increasingly as more structural information on 

proteins become apparent. Different classes of DAHP synthases are regulated by 

different regulation mechanisms [84-89]. In B. subtilis, regulation of DAHP synthase 

is thought to be controlled by its N-terminal domain (BsCM_2), which has residual 

chorismate mutase activity [105,106,108]. Herein, we have reported the crystal 

structures of the BsCM_2 domain of DAHP synthase from B. subtilis in complex with 

chlorogenic acid. These crystal structures provide crucial information regarding the 

interaction of ligands with the protein and subsequent conformational changes, which 

may be responsible for allosteric regulation of DAHP synthase activity. Additionally, 

this data paves the way for rational drug design to inhibit the DAHPS activity via 

targeting the N-terminal chorismate mutase like domain. The active site of BsCM_2 

contains polar residues (Arg27, Lys38, Asp47, Arg50, Glu51, and Gln86 from one 

chain and Arg10 from an adjacent chain), which are highly conserved in all 

chorismate mutases (Figure 2.5). Additionally, the active site of BsCM_2 also 

contains some non-conserved hydrophobic residues (Ile34, Met54, Phe79, Gly82, and 

Leu83) (Figure 2.4A). Analysis of BsAroH and BsCM_2 structures revealed that both 

the structures have different folds, but contain similar active site architecture. 

Comparison with catalytic and regulatory CM type-2 domains/proteins showed that 

polar residues at the active site are conserved in all the CM_2 proteins/domains. 

However, variations were limited to the hydrophobic residues of the active site. These 

residues may be responsible for differences in catalytic activity in between functional 

and regulatory domains.  
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Citrate and the chlorogenic acid both interact with the active site residues through 

hydrogen bonds and water bridges, as shown in Figure 2.4. Position and interactions 

of the citrate with the protein differ from chlorogenic acid. Chlorogenic acid forms 

direct hydrogen bonds with Lys38, Arg45, and Lys80, as well as Water Bridge 

mediated interactions with Lys38 and Lys80. However, citrate only makes a hydrogen 

bond with Lys38 and does not have any polar contact with Arg45 and Lys80. 

Additionally, Phe79 backbone atoms form direct interactions with chlorogenic acid, 

but form water mediated interaction with citrate. These differences in protein-ligand 

interactions are likely to be responsible for differences in the binding of ligands with 

protein as observed in ITC studies. According to ITC data, the binding of chlorogenic 

acid to BsCM_2 is approximately 1.5X stronger than that of chorismic acid, and 

1.25X stronger than that of citrate molecules. 

The comparison of catalytic efficiency of BsCM_2 with previously reported 

parameters of monofunctional BsAroH suggests that the BsCM_2 enzyme has three 

fold less catalytic efficiency than BsAroH. These findings suggest that BsCM_2 may 

have regulatory role as fusion partner with BsDAHPS [105,106,108]. As per earlier 

reported data, chlorogenic acid is an antibacterial compound, but the mechanism of its 

inhibitory action is poorly understood [151]. The activity of BsCM_2 enzyme was 

assessed in the presence of chlorogenic acid, and it was found that chlorogenic acid 

inhibits the BsCM_2 enzyme competitively with a Ki of 0.33 ± 0.07 mM. 

As both BsCM_2 and BsAroH share similar active site architecture, it is plausible that 

chlorogenic acid might also bind to the BsAroH enzyme and inhibit its function. 

Docking studies to assess the interactions of chlorogenic acid with BsAroH showed 

that chlorogenic acid interacts with the active site residues of the protein in a manner 

similar to substrate. The MIC of chlorogenic acid for a B. subtilis strain was found to 

be 30 ± 5 µg/ml. These results suggest that chlorogenic acid and its structural 

analogues may be developed as potential drug molecules. 

 

2.4.1 Helices H1-H2 connecting Loop L1 flexibility 

In previous studies, the LmCM_2 domain structure had H1-H2 connecting loop 

regions disordered in both the chains, which emphasizes the flexible nature of the this 

loop. In BsCM_2-CGA, chlorogenic acid interacts with active site loop L1 residues 

Arg45 and Asp47 directly and via water bridges mediated by hydrogen bonds. This 

extensive hydrogen-bonding network might be stabilizing loop L1. In two chains of 
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BsCM_2-CGA structures, the position of loop region residues varies significantly 

relative to each other (Figure 2.10A). Between chain A and chain B, corresponding Cα 

atom positions of residues Gly42, Val33, Asn44, Arg45, and Phe46 deviated by 6.8, 

8.9, 4.6, 1.5 and 1.1 Å, respectively. Structural comparison with other proteins with 

the same fold also showed the deviation in the backbone position of loop region 

residues (Figure 2.10B&C). The huge shift in backbone position suggests the 

plasticity of active site loop L1. 

 

 

 
 

Figure 2.10 Flexibility of loop L1.	In panel (A), superimposition of two chains of the BsCM_2-

CGA structure shows the deviation in backbone position of residues corresponding to loop L1. Panel 

(B) depicts the conformational flexibility of loop L1 residues Arg45 and Phe46 in different structures 

(parentheses are corresponding residues in LmCM domain). Superimposition of BsCM_2-CGA chainB 

(hot pink), BsCM_2-CIT chainA (cyan) and LmCM domain (PDB ID: 3NVT) chainA (yellow) reveals 

the flipping of side chains of residues. In panel (C), superimposition of CM_2 domains has shown that 

loop L1 exists in different conformations. This backbone deviation and side chain flipping may 

participate in regulation of DAHPS activity by CM_2 domains. BsCM_2-CGA chainA (green), 

BsCM_2-CIT chainB (yellow), E. coli P-protein’s CM domain (PDB ID: 1ECM) chainA (red) and 
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MtCM (PDB ID: 2VKL) (cyan) were used for structural analysis to assess the conformational 

flexibility of loop L1. 

Molecular dynamics simulations of the BsCM_2-CGA structure showed deviations in 

backbone position and side chain orientations of loop region residues. In the BsCM_2-

CGA structure, loop L1' has a higher B-factor than loop L1. During simulation, large 

deviations were observed in the loop L1' region, but loop L1 showed only slight 

deviations in backbone atoms (Figure 2.6B-C). In chain A, helix H2' undergoes 

uncoiling at the first turn, thus increasing the size of loop region. Significant backbone 

movement was observed for the longer loop. This long loop region contains residues 

Phe46, Val49 and Arg52, which correspond to the Phe46, Leu49, and Arg52 of 

LmCM. These residues may be involved in domain-domain interface formation along 

with Lys76. The residues of loop L1' contribute to the active site formation, and 

flexibility of these residues provide plasticity to the active site and may play an 

important role in the wider substrate specificity.	

2.4.2 Regulation Mechanism 

Previously, Light et al. described plausible regulatory mechanisms of DAHPS activity 

by the CM_2-like domain [90]. They proposed two hypotheses by which the CM_2-

like domain may regulate DAHPS activity. First, domain linker mediated direct 

inhibitor conformation change transmission and second, domain-domain interface 

mediated allosteric regulation. They have also summarized the arguments against and 

in support of both the mechanisms. 

Recently, Nazmi et al. provided functional and structural evidences suggesting that 

CM mediated regulation of DAHPS activity results from the significant inter-domain 

conformational changes upon binding of ligand to the CM domain [104]. These 

changes make the DAHPS active site inaccessible to substrate, therefore inhibiting the 

DAHPS activity. 

From our structural and molecular dynamics simulation studies, we reinforce the 

hypothesis of the domain-domain interface interaction mediated DAHP synthase 

regulation mechanism in B. subtilis. Structural and molecular dynamics simulation 

studies revealed the flexibility of loop connecting helices H1 and H2. Structural 

analysis of LmDAHPS and GspDAH7PS showed that a linker region connecting the 

two domains is highly flexible and can exist in both open and close forms [90,104]. 

On the basis of our crystal structures, we propose that in the absence of ligand binding 
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in the BsCM_2 active site, the inter-helical loop L1 exist in an extended form leads to 

the shortening of helix H1 and the linker adopts an open conformation. Upon binding 

of the ligand at the BsCM_2 active site, the loop L1 becomes shorter and acquires a 

more compact form, result in longer helix H1. The change in the orientation of loop 

L1 leads to rearrangement of side chains of loop region residues, and linker regions 

adopt a closed conformation, bringing the two domains near to each other. The 

domain-domain interface formation may limit the access of the substrate to the 

DAHPS active site, inhibiting its activity. The ligands bound at the active site of 

BsCM_2 can be its substrate, product or their analogues. Binding of any of these 

ligands may allow BsCM_2 to form a domain-domain interface with the DAHPS 

domain and limit DAHPS catalytic activity (Figure 2.11). 

 

 
Figure 2.11 The proposed model for the regulation of DAHPS activity by the CM2 

domain. Panel  (A) shows the basic architecture of DAHPS-CM domain dimers in the absence of a 

CM2-ligand. Panel (B) shows the substrate (rectangular black box) binding at the active site of the 

DAHPS domain in the absence of a CM2-ligand. In panel (C), CM2-ligand (oval black box) binds at 

the active site of CM2, which leads to the conformational changes in linker region and loop L1, which 

connects helices H1-H2. e linker region adopts the kinked conformation and brings the DAHPS and 

CM2 domains near to each other. Loop L1 extends outward and ips side chains of loop residues. Loop 

L1 mediates the domain-domain interface formation between DAHPS and CM2 domains and blocks 

the DAHPS-substrate access to the DAHPS-active site. As shown in panel (D), the DAHPS domain 

undergoes conformational changes, which will hinder in the binding of substrate at the active site of 

this domain. For simplicity, the only dimer of DAHPS has been shown instead of the tetramer. 
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2.5 Conclusion and future prospects 
Previously, it has also been reported that the AroH and the AroQ type chorismate 

mutase enzymes share the functional uniformity and similar affinity towards common 

substrate. Therefore, inhibitors simultaneously targeting both types of CM enzymes 

can be developed. Targeting two different enzymes of the same shikimate pathway 

with a common inhibitor may limit the availability of essential aromatic amino acids 

and metabolites required by pathogenic microbes, thus causing death. Also, targeting 

multiple enzymes using a single inhibitor/drug reduce the possibility of developing 

drug resistance. The crystal structures of BsCM_2 complexed with chlorogenic acid, 

and citrate, provide insight into the mode of protein-ligand interactions. This 

information can be utilized for designing analogues of these ligands for potent 

BsCM_2 inhibitor development. Additionally, inhibitory activity of CGA shound be 

explored against full length DAHP synthase enzyme to further validate the allosteric 

regulation of DAHPS through CM domain. Crystallization of full length BsDAHPS 

with CGA will give more insights of its regulation and inhibitory actions and to 

develop more potent inhibitors of DAHPS, more derivatives of CGA can be explored 

and analyzed.  
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Chapter 3 
 

3.1 Introduction 
Moraxella catarrhalis is the third most common bacterial pathogen of respiratory tract 

after Streptococcus pneumoniae and Haemophilis infuenzae. It is a Gram-negative 

diplococcus aerobic bacterium first described in 1896 [169,170]. It causes infections 

in upper as well as lower respiratory tracts. In hosts with immune deficiency, this 

bacterium can cause a variety of severe infections, including pneumonia, endocarditis, 

septicemia, and meningitis. The emergence of strains of this pathogen producing β -

lactamase against a range of common antibiotics has generated much interest in this 

species. Moraxella catarrhalis produces two β -lactamases, BRO-1 and BRO-2 

classified under class A, hydrolyze penicillin, methicillin, ampicillin, and cefaclor.  β-

lactamases associated with this bacterial species are unique among β-lactamases [171–

173].  In the era of multidrug resistance, it has become more important to develop new 

approaches to combat bacterial pathogens.  A combination of antibiotics is a good 

strategy for treatment therapy and controlling resistance[174,175]. The utmost 

requirement for an effective antibacterial agent is that it should target a pathogen-

specific essential reaction or pathway in the infectious organism.  There are a number 

of reasons, which makes fatty acid biosynthesis an attractive target for the 

development of antibacterial agents. The microbes have developed resistance against 

the antibiotics, which have been used for decades. This antibiotic resistance has 

increased the value of agents, which acts orthogonally against their targets like fatty 

acid synthase (FAS) because of ineffective extant resistance mechanisms. The FAS II 

pathway is validated as a drug target pathway via the use of successful antibacterials, 

isoniazid and triclosan, which target an enzyme in the bacterial FAS II pathway. There 

is a higher level of conservation among the different component enzymes of the FAS 

II pathway, which holds the possibility of developing broad-spectrum antibiotics. The 

difference in the subcellular organization of the components of the FAS pathway in 

mammals (Type I FAS) and, bacteria, parasites, and plants (Type II FAS) further 

validate this pathway, as effective antibacterial drugs will be target specific 

[80,94,96]. 

The central feature of the type II FAS pathway is the elongation cycle, where a fatty 

acid chain is extended by two carbons in each round. There are four steps in the 
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elongation cycle and the enzymes involved as described in Escherichia coli are 1) 

Malonyl-ACP condensation with acyl- ACP, catalyzed by FabB and FabF, 2) 

NAD(P)H dependent reduction of keto moiety by FabG reductase, 3) FabA or FabZ 

perform dehydration of the β-hydroxyacyl- ACP  and 4) NAD(P)H dependent 

reduction of trans-2-acyl-ACP by FabI or FabK reductases. After each elongation 

cycle, resulted acyl-ACP is increased by two carbon units, and either re-enters the 

cycle for further rounds of elongation or is transferred to glycerol phosphate when 

chain lengths reach 16-18 carbons to produce phospholipids[83,176]. 

Dehydratases namely FabA and FabZ, which catalyze the third step in the elongation 

cycle of FAS II pathway, are the focus of our study. FabA was first discovered 

dehydratase; perform isomerization reaction along with dehydratase activity. It 

isomerizes trans-2- to cis-3-decenoyl-ACP as an important step in the synthesis of 

unsaturated fatty acids[177,178]. However, FabA has limited distribution in nature, 

and found in Gram-negative bacteria, which produce unsaturated fatty acids[179]. The 

second dehydratase; FabZ is ubiquitously expressed in type II FAS systems and 

cannot carry out isomerization reaction. It performs dehydration reaction, and only 

dehydratase, which exists in most of the bacteria[180,181]. FabZ, being a key 

component of FASII pathway, is an important target for the development of new 

antibacterial agents. It’s not surprising that considerable attention has given for 

identification and biochemical characterization of FabZ.  Enzymatic characterization 

of FabZ has been reported in Escherichia coli[182], Pseudomonas aeruginosa [92], 

Plasmodium falciparum [183,184], Enterococcus faecalis [181], Yersina pestis [106], 

and Helicobacter pylori [185]. Several crystal structures of native and inhibitor-bound 

FabZ from different organisms have been solved in recent years. These include 

structures from Pseudomonas aeruginosa [92] (PaFabZ), Helicobacter pylori [186] 

(HpFabZ), Plasmodium falciparum [104] (PfFabZ), Burkholderia thailandensis [187] 

(BtFabZ), Neisseria meningitides (NmFabZ)(PDB ID: 4I83), Yersinia pestis [145] 

(YpFabZ), and Campylobacter jejuni [188] (CjFabZ). Till now, two kinds of 

inhibitors are reported based upon their preferential binding sites, referred either as 

gate blocker or channel blocker [189]. Although enough biochemical and structural 

information is available for FabZ, there is a need to identify the new chemical 

compounds with high potency and efficacy in order to develop antibacterial agents 

targeting FabZ. Flavonoids are secondary metabolites synthesized by the plants in 

response to microbial infection. These polyphenolic compounds known to exhibit 
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various pharmacological activities like antioxidant, antibacterial, antiviral, 

antidiabetic, anticancer, etc. The activities and chemical nature of these compounds 

are structure dependent and governed by the degree of hydroxylation, the presence of 

different constituents, conjugations, and degree of polymerization [190–192].   

In this study, we have characterized FabZ from a drug resistant strain of Moraxella 

catarrhalis (McFabZ) biochemically and biophysically. We have identified three 

isoflavones (daidzein, genistein and biochanin A) as new inhibitors against bacterial 

FabZ. Additionally, we have also characterized other reported inhibitors of FabZ 

against McFabZ. Binding studies and thermodynamic characterization with inhibitors 

have been performed via biochemical, circular dichroism (CD), fluorescence 

spectroscopy and ITC based assays. Molecular modeling and docking studies have 

assessed the plausible interactions involved upon inhibitors binding to the McFabZ. 

Molecular dynamics-based simulations evaluate the stability of docked complexes. 

The growth inhibition assay has been performed to calculate the minimum inhibitory 

concentration (MIC). Therefore, the current study suggests that isoflavone and their 

analogues are potential antibacterial agents. Thus, comparing relative strength of new 

and known inhibitors against McFabZ could be helpful for the development of new 

chemical scaffolds against bacterial pathogens. 

 

3.2 Materials and Methods  
 

3.2.1 Materials  

Moraxella catarrhalis strain MTCC No.445 (equivalent to ATCC 8176) was procured 

from the Microbial Type Culture Collection and Gene Bank (MTCC) Chandigarh. All 

nucleic acid manipulations were performed using standard procedures[152]. All 

enzymes (DNA polymerase, restriction enzymes, T4 DNA ligase, etc.) were 

purchased from New England Bio Labs. The Qiagen kits were used for plasmid 

isolation, purification and gel extraction. Escherichia coli DH5α cells and E. coli 

Rosetta cells were obtained from Novagen. Primer procurement and DNA sequencing 

was done from Eurofins (India). All other chemicals, inhibitors and reagents were 

purchased from Sigma. Media components were purchased from HiMedia (India).  
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3.2.2 Methods  

 

3.2.2.1. Cloning of M. catarrhalis FabZ gene (McFabZ)  

Based on genome sequence of M. catarrhalis strain RH4 (Genbank Accession No. 

EKF84083), two PCR primers P1 (Forward: 5’- 

GGCTCATATGTCTGTTTCAAACA TTGATTTTG-3’) and P2 (Reverse: 5’-

GAACTCGAGTCATTTGACG CCATCCAC-3’) were designed. 525 bp fragment 

coding McFabZ gene was PCR amplified from genomic DNA of M. catarrhalis. The 

amplified product was PCR purified and digested with restriction enzymes (NdeI & 

XhoI) and then ligated into pET28c similar treated vector using T4 DNA ligase 

enzyme. Ligated product was then transformed into E.coli DH5α cells. Clone 

confirmation was done using restriction digestion and further confirmed by DNA 

sequencing. 

 

3.2.2.2. Protein Expression and Purification 

The pET28c-McFabZ construct was transformed in E.coli Rosetta cell lines and cells 

were cultured in LB broth media supplemented with kanamycin (50 µg/ml) and 

chloramphenicol (35 µg/ml) at 37 0C. After sufficient growth at OD600 reached to 0.6 - 

0.8, culture was induced with 0.5 mM IPTG concentration. The culture was then 

incubated at 20 0C for 16-18 hrs.  Cells were harvested by centrifugation at 6000 rpm 

for 10 min at 4 0C and stored at -80 0C. For purification of McFabZ protein, harvested 

cells were suspended in buffer A (25 mM Tris HCl, pH 7.8, 200 mM NaCl, 5% 

glycerol, 1 mM PMSF and 10 mM imidazole). Lysozyme was added to the final 

concentration 0.25 mg/ml. The Cells were further disrupted using high-pressure cell 

disrupter. Clear supernatant was obtained by centrifuging the disrupted cells at 12000 

rpm for 60 min at 4 0C in a high-speed centrifuge. His-tagged McFabZ protein was 

subsequently purified on a Ni–NTA agarose column using a linear gradient of buffer 

B (25mM Tris HCl, 200 mM NaCl, glycerol 5% and 500 mM imidazole). The 

fractions containing the desired protein, as confirmed by SDS-PAGE, were pooled 

and dialyzed overnight against 2 litres of 20 mM Tris HCl buffer (pH 7.8). The 

protein was further concentrated up to 5 mg/ml using a 3 kDa cutoff Amicon Ultra-15 

concentrator (Millipore, Bedford, Massachusetts, USA).  

 

 



	

	 67	

3.2.2.3. Biochemical characterization  

The enzymatic activity of McFabZ was determined using substrate analogue crotonyl- 

Co A via reported spectrophotometric assay [104]. Decrease in the absorbance at 260 

nm was observed as crotonyl- CoA converted into hydroxy butyl -Co A. The standard 

reaction mixture consists of 10 µg McFabZ, 20 mM Tris HCl (pH 7.8), 100 mM NaCl 

and 100 µM crotonyl- CoA in a total volume of 200 µL. Kinetic parameters Km, Vmax, 

kcat etc. have been determined by varying the substrate concentration (10 µΜ to 200 

µM). All biochemical reactions have been performed in triplicates. The obtained data 

have been fitted using nonlinear regression analysis of graph pad prism software 

[193]. 

 

3.2.2.4. Effect of pH and temperature on McFabZ activity  

The biochemical activity of McFabZ protein has been checked at different pH range 

(3-10). The different buffer system has been used to obtain the desired pH. Sodium 

citrate buffer (25 mM) for 3.0 – 5.0 pH, Tris HCl (25 mM) for 6.0 – 8.0 pH and 

sodium bicarbonate buffer (25 mM) for 9.0 – 10.0 pH have been used. Reaction 

mixture consists of buffer of different pH, 10 µg McFabZ, 100 mM NaCl and 100 µM 

substrate in total volume of 200µL.  Temperature dependent McFabZ activity was 

determined from 20 0C - 80 0C. 

 

3.2.2.5. Kinetic inhibition studies  

The natural compounds, which were tested against McFabZ, include flavonoids 

(daidzein, genistein, biochanin A, catechin gallate, quercetin and myricetin) and   

reported inhibitors (juglone, emodin). The chemical structures of all the inhibitors 

used in the current study have been shown in Figure 3.1. All tested inhibitors were 

dissolved in DMSO (100%) and added to the reaction mixture with final concentration 

≤ 1% DMSO. Dose dependent IC50 value has been calculated keeping substrate 

concentration constant (100 µM). Kinetic inhibition constant (Ki) has been calculated 

by varying inhibitor (10-150 µM) and substrate concentration (10-200 µΜ). McFabZ 

protein was incubated with tested inhibitor for 1 hr at 40C. Reaction was initiated by 

adding the substrate and then, decrease in the absorbance at 260 nm was measured 

spectrophotometrically. 
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Figure 3.1 The chemical structure of compounds used in this study. 

 

3.2.2.6. Circular Dichroism (CD) based Studies  

The far-UV and the near-UV circular dichroism spectral measurements were carried 

out using J-Model-1500 spectrophotometer (JASCO) equipped with temperature 

control system. CD studies were done to observe the conformation changes in protein 

structure upon inhibitors binding. All CD spectra were measured at 25 0C using quartz 

cuvette of 0.1 cm optical path length. Protein concentration was kept to 0.2 mg/ml. 

Buffer C (20 mM Sodium phosphate (pH 7.8), 100 mM NaCl) was used to suspend 

protein and to make different dilutions of inhibitors. Effect of pH on the conformation 

of McFabZ protein was also determined using different buffers (citrate buffer for pH 

3.0 – 5.0, and phosphate buffer for pH 6.0 – 8.0). Effect of temperature was also 

studied by taking thermal spectra of McFabZ protein at different temperature. 

Thermal spectra were recorded from 20 to 90 0C with 5 0C intervals. CD spectra for 

thermal denaturation was also taken at 222 nm with rate of temperature change 1 

degree/min.  

The melting temperature (TM) of McFabZ is calculated by the equation (1): 

       [θ]t = α([θ]F − [θ]U) + [θ]U        (1)  

  



	

	 69	

TM is the temperature where α = 0.5, θt is the observed ellipticity at any temperature, 

θF is the ellipticity of the fully folded form and θU is the ellipticity of the unfolded 

form [194]. All spectra scans have been taken in triplicate and final spectra obtained 

by averaging them. Experimental data were corrected by subtracting the blank taken 

under the same conditions without protein. All the CD data analysis was done using 

Dichroweb online software [195]. The CD data were expressed in molar ellipticity 

(Δε) in deg cm2 dmol-1, which is defined as per following equation: 

     Δε = θ (mdeg) × 0.1 × MRW  

                 P × C × 3298 

where MRW is mean residue weight (Molecular weight of protein / no. of residues -

1), P is the path length in cm, C is molar concentration of McFabZ protein and 3298 is 

the constant [196]. 

 

3.2.2.7. Molecular Modeling  

As the crystal structure of McFabZ protein is not available, structural model of 

McFabZ was constructed using homology modeling. Swiss Model [197] and Modeller 

[198] program was used to build a model based upon homology. The most suitable 

template to construct a 3D model was selected based upon the sequence identity. 

Multiple sequence alignment was performed using T Coffee server [199]. Validation 

of predicted models for their stereo chemical quality and accuracy was done by 

PROCHECK’s analysis, ERRAT, PROVE, Verify3D (all available at http://nih- 

server.mbi.ucla.edu), ProQ [200,201] and ProSA [202]. The global structure match 

was performed using COFACTOR web server based on TM- align algorithm. TM 

score was then calculated to assess the structural similarity where values range from 0 

to 1(TM score= 1 corresponds to perfect match, scores below 0.17 indicates randomly 

chosen proteins and scores above 0.5 implies for generally same fold) [203]. 

Structural studies were performed and model figures were generated by Chimera tool 

[204]. 

 

3.2.2.8. Intrinsic Fluorescence Spectroscopy 

Fluorescence measurements were carried out to observe the conformational and 

structural changes in McFabZ upon ligand binding. All fluorescence experiments were 

performed at 25 0C using Horba Fluro Log Spectrofluorometer with 5 nm emission 
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slits and cuvette of 1.0 cm path length. Final protein concentration was kept to 2.0 – 

4.0 µΜ in 20 mM sodium phosphate buffer (pH 7.5). All inhibitors were dissolved in 

DMSO (100%) and added to the reaction mixture with final concentration ≤ 1% 

DMSO. The intrinsic fluorescence was measured by keeping excitation wavelength 

290 nm.  Emission spectra were collected at 100 nm/min in the range 300 nm – 500 

nm, and 3 parallels scans were acquired. Spectra of blank samples were subtracted 

from the main spectra.  

 

3.2.2.9. Binding Studies using ITC  

Binding affinities of McFabZ with different inhibitors have been measured using 

Microcal ITC200 (GE Health Care). All titration reactions have been performed at 25 
0C. McFabZ protein was extensively dialyzed against buffer D (20 mM Tris-HCl pH 

7.8, 100 mM NaCl, 5% glycerol and 0.5 mM TCEP).  As the all inhibitors were 

dissolved in DMSO and used in the final concentration ≤ 1% DMSO, the 

corresponding amount (1%) of DMSO was added to the protein solution to avoid 

buffer-buffer mismatch. The titration reactions were performed using McFabZ protein 

(50-100 µΜ) in ITC sample cell and ligands (1-2 mM) in a syringe with 200 rpm 

stirring speed and initial delay of the 60s. After an initial injection of inhibitors (0.5 

µl, not used in data fitting), 15 injections (2.5µl each) were performed with 150 

seconds gap between each injection and then heat changes were monitored. The 

reference cell power was set to 8 µW.  ITC data were analyzed using single binding 

site model using Origin 7.0 software. The free energy change (ΔG) is calculated by 

the following equation (3) 

   ΔG = ΔH – TΔS    (3) 

where ΔG is the Gibbs free energy change, ΔH is enthlapy change, ΔS is entropy 

change and T is the temperature (298K). 

 

3.2.2.10. Molecular Docking  

To study the possible interactions of inhibitors with the active site of McFabZ, 

molecular docking was performed using Autodock [163] from ADT tools for the 

preparation of ligand and macromolecules pdbqt files. Grid maps for the docking 

calculations were made using 50×50×50 grid points with 0.375 Å spacing in the x, y, 

and z directions centered at the active site. Lamarchian Genetic Algorithm was used 

for docking. AutoGrid4 and AutoDock4 programs were executed for calculating 
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energy maps and docking of ligands, respectively. Docking conformations were 

analyzed by converting them into pdbqt files and visualizing in chimera[204]. 

 

3.2.2.11. Molecular Dynamics (MD) Simulations 

MD simulations were performed to further evaluate the structural and binding stability 

of three best-docked complexes for McFabZ (biochanin A, genistein and daidzein) for 

20 ns using AMBER14 [205]. The partial atomic charges for all three ligands were 

computed by Gaussian 09 [206] by utilizing the Hartree− Fock (HF) method with the 

6-31G(d) basis set. Further, the calculation of restricted electrostatic potential (RESP) 

and assignment of GAFF force field parameters was carried out by using 

Antechamber program [207]. Each ligand-receptor system was solvated in a 10Å 

orthorhombic box of TIP3P water. The whole system was neutralized by the addition 

of 8 Na+ counter-ions. The protein was parameterized with the AMBER ff14SB force 

field. The MD simulation was performed at 7.0 pH. The bond lengths and bond angles 

involving hydrogen atoms were held by using a SHAKE algorithm [208]. The time 

step for combining the atomic equation of motion was set to 2 fs and coordinates of 

trajectory were recorded at 30 ps interval. The cutoff for distances of electrostatic 

interaction was truncated to 8 Å and particle mesh Ewald (PME) summation was used 

to calculate the electrostatic interaction beyond cutoff [209]. All the structures were 

initially minimized with the 1000 cycles of the steepest decent. Further, the minimized 

structures were heated from 0 to 300 K in 30 ps using Langevin thermostat followed 

by equilibration at constant pressure of 1 atm. At this point, a production run of 20 ns 

was carried out with an NPT (constant composition, pressure, and temperature) 

ensemble at 300 K and a pressure of 1 atm using velocity re-scale thermostat and 

Berendsen barostat [210].  MD trajectory analyses were performed using Visual 

Molecular Dynamics (VMD) [211]. 

 

3.2.2.12 Minimum Inhibitory Concentration (MIC) determination 

MIC of daidzein, genistein, biochanin A and juglone against Moraxella catarrhalis, 

Bacillus subtilis and Pseudomonas sp.  has been determined using a broth micro 

dilution method on 96 well microtiter plate [166,212]. A concentration gradient (5 

µg/ml – 200 µg/ml) of inhibitors was tested. A single colony of bacterial strain was 

used to inoculate the nutrient broth medium. Correlation between OD600 and colony 

forming units (cfu) has been determined using serial dilution technique. Bacterial 
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suspension having 1.0 × 106 cfu per ml was used to inoculate 96 well microtiter plates. 

The different dilutions of inhibitors were prepared in dissolved in sterile PBS buffer 

(1x). 100 µl of broth solution was added to all wells. 50 µl of inhibitor solution was 

used in each well, except growth control (broth and inoculum) and sterility control 

(broth only) wells. 50 µl of bacterial suspension adjusted to 1×106 cfu per ml has been 

used which gives final inoculum 5×105 cfu per ml. Microtiter plate was then incubated 

at 37 0C for 16-20 h. 

 

3.3 Results 

 
3.3.1. Purification and oligomeric characterization of McFabZ in solution 

Based on the genomic sequence of M. catarrhalis strain RH4 (Genbank Accession 

No. EKF84083) 575 bp McFabZ gene was cloned into pET28c expression vector. The 

clone was confirmed by restriction digestion and later by DNA sequencing (Figure 

3.2A&B).  

 

 
Figure 3.2 Molecular cloning of McFabZ gene. (A) PCR amplification of 575 bp McFabZ gene 

fragment. (B) Confirmation of clone by restriction digestion experiment.  
 

McFabZ gene was expressed in E. coli Rosetta cells at 20 0C by inducing with 0.5 

mM IPTG. Purification of McFabZ protein was accomplished using Ni-NTA affinity 

followed by size exclusion chromatography and protein purity was confirmed by SDS 

PAGE analysis. ≈19.25 kDa size protein was expressed and purified (Figure 3.3).  
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The oligomeric state of McFabZ protein in solution was determined using size 

exclusion chromatography, which separate proteins on the basis of size and shape. 

The superdex G200 column was equilibrated with five globular proteins. A McFabZ 

protein with concentration of 5 mg/ml was loaded into a superdex G200 column. The 

elution was done using buffer E (20 mm Tris HCl, pH 7.8, 100 mM NaCl and 5 % 

glycerol).  The apparent molecular weight of McFabZ was estimated by interpolation 

using standard calibration curve (Figure 3.4A).  

 

 

 
 

Figure 3.3 Purification of McFabZ. Lane 1-2, fractions eluted at 100 mM imidiazole; lane 3-5,7-9 

fractions eluted at 250 mM imidiazole; lane 6, protein ladder (abcam); lane 10, flowthrough. ≈ 19.25 

kDa size FabZ protein was purified.  
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Figure 3.4 Oligomeric characterization of McFabZ. (A) Determination of molecular mass by 

size exclusion chromatography. Standard curve Log of molecular weight Versus Ve/Vo was derived 

from the elution profile of standard protein on Superdex 200 Gel filtration column. Ve is peak elution 

volume and Vo is the void volume of the column. The standards used were as follows: 1. Thyroglobulin 

(669 kDa) 2. Ferritin (440 kDa) 3. Aldolase (158 kDa) 4. Conalbumin (75 kDa) 5. Ovalbumin (43 

kDa). (B), (C) and (D) Chromatogram of McFabZ protein observed at pH7.8, pH 3.0 and pH 10.0 

respectively. 

 

At pH 7.8, a single peak was observed at 87.0 ml elution volume, which corresponds 

to the size of McFabZ dimer (38.5 kDa).  At lower pH (3.0) peak was shifted and 

McFabZ protein eluted at 110.5 ml elution volume, which is consistent with the size 

of the monomeric protein (19.25 kDa). At higher pH (10.0) McFabZ was eluted at 

85.0 ml elution volume and peak corresponds to the size of dimer (≈40.0 kDa). Figure 

3.4B-D, shows the gel filtration peaks observed at different pH.  This shows that 

lower pH disrupts the oligomeric assembly of McFabZ. Similar pH dependent 

oligomeric transition has been observed in PfFabZ. In PfFabZ, transition of stable 

active hexameric assembly to less stable inactive dimeric assembly is triggered by low 

pH [183]. In McFabZ low pH triggers the transition of stable dimeric form to unstable 

monomeric form.     
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3.3.2. Biochemical properties of McFabZ 

The activity of McFabZ was determined using a spectrophotometric assay in which 

decrease in the absorbance of crotonyl Co-A was monitored at 260 nm. Biochemical 

parameters (Km, kcat, Vmax, kcat/Km) were determined. McFabZ protein was found to be 

active with Km  66.98 ± 6.94 µM and Vmax 332 ± 13.31 nmol min-1 mg-1 respectively. 

The kcat value was determined to 1.663 ± 0.06 S-1. The catalytic turnover number 

(kcat/Km) is determined to 2.4 x 104 M-1S-1.  

 

 
Figure 3.5 Biochemical characterization of McFabZ. (A) Kinetic analyses of McFabZ with 

crotonoyl - Co A. Initial velocities were determined with increasing concentration of substrate 

(Crotonoyl- CoA). (A) The steady state kinetic curve of McFabZ. (B) Double reciprocal plot. Data was 

analyzed using non-linear regression analysis. The Km value was found to be 66.98 ± 6.94 µΜ with 

crotonoyl -CoA.  

 

 

The enzymatic characterization of FabZ has been reported from several homologs 

with Km of 61.8 µΜ (ΥpFabZ)[106], 69.7 µΜ (CjFabZ)[188], 82.6 µΜ (HpFabZ)[185] 

and 86.0 µΜ (PfFabZ)[104]. However, the reported kcat/Km values for other homologs 

fall between 1.57 x 102 M-1S-1 to 1.43 x 104 M-1S-1. The Michaelis Menten and double 

reciprocal plot of native McFabZ has shown in Figure 3.5A-B.  

 

3.3.3. Effect of pH and temperature on McFabZ activity  

The optimum pH for McFabZ activity was found to be 8.0. There is a concurrent 

decrease in the activity of McFabZ with pH decrease. At pH 3.0, McFabZ is found to 

be catalytically inactive. These results are in agreement with gel filtration data, where 

it has been shown that at pH 8.0 McFabZ exists as a dimer, while at low pH (3.0) it 
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exists as a monomer. This shows that McFabZ is active in dimeric form and pH plays 

an important role in the transition of active to inactive form. 

The optimum temperature for McFabZ activity is 25 0C. Higher temperature leads to 

reduction in McFabZ activity as it loses more than 50% activity at 45 0C. Effect of pH 

and temperature on McFabZ activity has been shown in Figure 3.6A and 3.6B 

respectively. 

 

 
Figure 3.6 Effect of pH and temperature on the activity of McFabZ. (A) Effect of pH on the 

activity of McFabZ. The optimum pH of McFabZ for its biochemical activity was determined to 8.0. At 

lower pH, there is a drastic decrease in the activity of McFabZ. (B) Effect of temperature on McFabZ 

activity. The optimum temperature for McFabZ activity was found to be 25 0C and higher temperature 

leads to a reduction in the activity. 

 

3.3.4. Kinetic Inhibition Studies 

The compounds which were tested for their inhibitory action against McFabZ protein 

include juglone, genistein, catechin gallate, quercetin, emodin, myricetin, biochanin A 

and daidzein. The kinetic inhibition constant (Ki) for these compounds has been 

calculated using non-linear regression analysis. Table 3.1 shows the Ki and IC50 values 

of all these inhibitors. Daidzein, genistein, biochanin A and juglone have lower Ki and 

IC50 values than the other compounds tested in this study. In comparison to other 

inhibitors, genistein has more inhibitory activity against McFabZ with Ki value of 4.3 

µΜ. Biochanin A, daidzein and juglone have Ki values of 16.83µM, 11.86µM and 

15.48 µM respectively. IC50 value of genistein, daidzein, biochanin A and juglone are 

6.85 µΜ, 7.48 µΜ, 29.7 µΜ and 32.4 µΜ respectively.  

More importantly, inhibitors with better Ki and IC50 values compare to other 

compounds taken in consideration, were further analyzed through available filters 
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[213,214] to remove PAINS (pan assay interference compounds). Biochanin A, 

genistein and daidzein had successfully passed the filter. 

Mechanism of inhibition of these inhibitors has been analyzed via plotting double 

reciprocal plot. Based upon the analysis of double reciprocal plot, biochaninA, 

daidzein and genistein were found to be competitive inhibitors of McFabZ (Figure 

3.7A, 3.7B and 3.7C). The lines intersecting at 1/V axis clearly indicating the 

competitive type of inhibition mechanism of these three compounds for crotonoyl- 

CoA substrate. Mode of inhibition of juglone is found to be noncompetitive (mixed 

type) as shown in Figure 3.7D. Based on the biochemical findings, molecular docking 

of daidzein, genistein, biochaninA, juglone, catechin gallate and quercetin was 

performed with McFabZ. 

 

Table 3.1 Inhibitory activities of myricetin, epicatechin gallate, genistein, biochanin A, 

daidzein, juglone, emodin and quercetin against McFabZ. 

 
Compound IC50 (µΜ) Ki (µΜ) 
Biochanin A 29.7 ± 1.13 16.83 ± 3.59 

Genistein 6.85 ± 1.14 4.3 ± 0.62 

Daidzein 7.48 ± 1.07 11.83 ± 1.99 

Myricetin 121.0 ± 2.01 41.1 ± 4.21 

Quercetin 161.0 ± 2.78 67.0 ± 3.98 

Juglone 32.4 ± 1.58 15.48 ± 3.58 

Catechin gallate 417.0 ± 2.39 77.04 ± 8.91 

Emodin 48.6 ± 3.56 28.4 ± 2.45 
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Figure 3.7 Kinetic analysis of inhibition mechanism of biochanin A (A), daidzein (B), 

genistein (C) and juglone (D). Four panels show the representative plot of 1/V vs 1/S at different 

inhibitor concentration. Lines intersecting at 1/V for daidzein, biochanin A and genistein indicate the 

competitive mode of inhibition with a Ki value of 11.83 ± 1.99 µΜ, 16.83 ± 3.59 µΜ and 4.3 ± 0.62 µΜ 

respectively, while juglone shows mixed type (non-competitive) of inhibition with a Ki value of 15.48 ± 

3.58 µΜ. All reactions have been performed in triplicates and mean data have been plotted here. 

 

3.3.5. Circular Dichroism Studies 

Circular dichroism experiments were carried out to observe conformational changes in 

McFabZ protein upon inhibitors binding.  The far-UV CD spectroscopy is widely used 

to observe the changes in the secondary structure of proteins, while some information 

related to tertiary structure can be obtained through near-UV CD spectra [215–219]. 

Figure 3.8A & 3.8B shows the far-UV and the near-UV CD spectra of McFabZ 

protein in native condition and in presence varying amount of substrate. Being a β -

sheet rich protein with some α-helical content, the CD spectra of McFabZ shows 

characteristic negative peaks at 222 nm, 208 nm and positive peaks at 190-195 nm 
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wavelengths. There is the presence of the single broad minimum band in the range 

210-220 nm because of overlapping α-helical and β-sheets contents.  

 

 

 
Figure 3.8 The CD spectra of McFabZ at different conditions.  
(A) The far-UV and (B) near-UV CD spectra of McFabZ in native condition and in the presence of 

different concentration of substrate. At higher substrate concentration, changes in secondary and 

tertiary structure of McFabZ were observed.  (C) The far-UV CD spectra of McFabZ at different pH: 

Conformational change observed at low pH as spectra become more distorted and unstable. (D) The 

Far-UV CD spectra of McFabZ at different temperature: At higher temperature McFabZ become 

unstable, which leads to distorted spectra. Changes in helical and sheet contents were also observed.  

 

Percentage of secondary structure content is determined by CONTIN method using 

the dichroweb web server for CD data analysis [220]. For native McFabZ protein, the 

helical, sheet and coil content was 20.5%, 38.6%, and 16.5 %, respectively (which is 

in agreement with secondary structure content of McFabZ 3D model calculated by 

DSSP algorithm).  

3.3.5.1. Effect of substrate on the far-UV CD spectra of McFabZ has been shown in 

Figure 3.8A. It is clearly demonstrated that increasing substrate concentration has 

caused a decrease in ellipticity of McFabZ enzyme. The effect on far-UV CD spectra 
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becomes more evident at higher substrate concentrations (200 µΜ). A noticeable loss 

of alpha helices and sheet content has been observed relative to native spectra, as 

mentioned in Table 3.2. The near-UV CD spectra of McFabZ in presence substrate 

has been shown in Figure 3.8B. McFabZ protein contains 8 phenylalanine residues, 7 

tyrosine residues and 1 tryptophan residue respectively. At higher substrate 

concentration (200 µΜ) substantial changes in tertiary structure of McFabZ have been 

observed which might be due to changes in the microenvironment of aromatic 

residues present in the active site and substrate binding tunnel regions. From Figure 

3.8B, we have observed that there is a decrease in MRE towards negative values up to 

100-µΜ substrate concentrations, while at a higher substrate concentration (200 µΜ) 

ΜRE has increased towards positive values.  

 

3.3.5.2. Effect of pH and temperature  

The far-UV CD spectra at different pH range (3.0 – 8.0) show considerable 

conformational change upon a gradual decrease in pH.  Percentage of disorderedness 

has been increased as the pH decreases marked by a decrease in the helical and the 

sheet content. This observation is consistent with loss of McFabZ activity at similar 

pH. At pH 3.0, the helical and the sheet content was found to be 4.8% and 20.3% 

respectively. Figure 3.8C shows the effect of pH on the CD spectra of McFabZ 

protein. At lower pH, McFabZ became unstable and stable conformation of protein 

become deformed. Characteristic broad minima at 210-220 nm and maxima at 190-

195 nm have been affected and the spectra become more flat in the entire region.  

The melting temperature (TM) of McFabZ has determined to 42.5 0C as per the 

equation mentioned in the methods. The thermal denaturation curve of McFabZ has a 

sigmoidal profile (Figure 3.9). Low TM value depicts that McFabZ protein is a 

temperature sensitive protein. The CD spectra at different temperature intervals have 

been taken. From Figure 3.8D, it was observed that with increase in the temperature, 

the spectra of McFabZ become deformed and conformational change was observed. 

The Spectra become more flat and characteristic bands disappeared, which depicts the 

loss of secondary elements at higher temperature.  
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Figure 3.9 Melting curve of McFabZ. 

 

3.3.5.3. Effect of different inhibitors 

The effect of inhibitors binding on McFabZ protein was also studied. The far-UV and 

near- UV CD spectra of McFabZ in the presence of different concentration inhibitors 

are given in Figure 3.10A-3.10F and Figure 3.11A-3.11F respectively. Interestingly, 

the binding of inhibitors brought some striking variations in far-UV CD spectra in 

comparison to native FabZ spectra. Upon ligand binding, the common observation in 

CD spectra reveals the significant loss of helical content evident by the diminishing 

ellipticity at 208 nm, 222 nm and 195 nm. Also, some loss of sheets was also observed 

with decrease in broad minima around 210-220 nm. The composition of secondary 

structure content at various concentrations of ligands calculated by Dichroweb server 

is given in Table 3.2. The results clearly indicate that ligand binding at the active site 

accompanied by significant structural rearrangement of McFabZ.  

 



	

	 82	

 
Figure 3.10 The far-UV CD spectra of McFabZ in the presence of different inhibitors.  

The far-UV CD Spectra were recorded at different concentration of inhibitors. Binding of these 

inhibitors leads to changes in the CD spectra of McFabZ. Decrease in the helical and the sheet content 

evident by diminished ellipticity at characteristic peaks (208 nm, 222 nm and 195 nm) were observed 

upon inhibitors binding.  

 

Relative changes in the near-UV CD spectra of McFabZ in presence of different 

concentration of inhibitors have been shown in Figure 3.11A-3.11F. Overall, all the 

inhibitors binding leads to changes in tertiary structure of McFabZ protein as evident 

from the Figure 3.11. An increase in the ligand concentration leads to changes in near-

UV spectra arises of all three aromatic amino acids (Phe, Tyr and Trp). Biochanin A 

and Genistein binding have produced a similar kind of effect on near-UV spectra. 

Daidzein has affected more Phe  (255nm -270 nm) and Tyr regions (275 nm-282 nm). 

Catechin gallate has shown more effects in phe and trp (290 nm-305 nm) regions. 

Altogether we can say that a regular decrease in MRE at 280nm is observed upon 

inhibitors binding. Alternations in MRE towards more negative value corresponds to 

more flexibility of Tyrosine residues, while in case of substrate binding MRE value at 

280nm increased towards positive value which corresponds to reduced flexibility of 

tyrosine residues. The higher substrate and inhibitor concentration leads to structural 
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destabilization evidenced by notable loss of ellipticity in the far-UV CD spectra and 

changes in tertairy structure as evident in the near-UV CD spectra.  

 

 

 
 

Figure 3.11 The near-UV CD spectra of McFabZ in presence of different inhibitors. 
The near-UV CD Spectra were recorded at different concentration of inhibitors. Binding of these 

inhibitors leads to changes in the tertiary structure of McFabZ. 

 

Table 3.2 Predicted Secondary Structures* of McFabZ in presence of substrate 
(crotonyl-CoA) and different inhibitors.  
 

Ligand (µΜ) α-helices (%) β- sheets (%) Turns (%) Random coils 
(%) 

Crotonyl-CoA 
10 
50 
100 
200 

 
20.7 
20.3 
9.0 
10.2 

 
28.9 
28.3 
24.6 
32.8 

 
19.9 
19.9 
20.0 
8.4 

 
30.5 
31.5 
36.5 
38.7 

Biochanin A 
10 
50 
100 
200 

 
21.8 
18.5 
11.7 
3.3 

 
24.5 
28.9 
37.0 
38.3 

 
19.7 
19.3 
18.7 
18.2 

 
34.1 
33.2 
32.5 
40.2 

Genistein  
10 
50 
100 
200 

 
24.4 
24.7 
20.4 
13.5 

 
29.1 
20.9 
25.6 
29.1 

 
19.4 
20.0 
18.8 
15.3 

 
30.0 
34.7 
36.1 
42.0 



	

	 84	

Daidzein 
10 
50 
100 
200 

 
19.3 
14.6 
12.4 
12.3 

 
25.9 
24.3 
27.3 
22.3 

 
18.7 
17.4 
17.5 
18.4 

 
36.2 
43.7 
42.9 
48.1 

Juglone 
10 
50 
100 
200 

 
21.3 
13.9 
11.8 
7.8 

 
23.1 
21.0 
18.3 
17.4 

 
19.1 
16.5 
14.4 
13.9 

 
36.4 
48.5 
40.5 
41.9 

Catechin gallate 
10 
50 
100 
200 

 
21.9 
20.2 
16.7 
8.3 

 
25.0 
22.9 
19.8 
30.1 

 
18.8 
18.8 
23.0 
19.8 

 
34.3 
38.1 
40.5 
41.9 

Quercetin 
10 
50 
100 
200 

 
13.9 
12.0 
15.2 
5.4 

 
31.6 
27.7 
24.0 
30.1 

 
16.9 
14.8 
13.5 
10.2 

 
37.5 
45.5 
47.3 
54.4 

 
* The secondary structures content has been determined using CONTIN method using dichroweb 

server. The values shown here are the average of triplicates. 

 

3.3.6. Molecular Modeling        

The crystal structure of YpFabZ (PDB ID: 5BUX) was chosen as the best template 

available to build a 3D model of McFabZ (sequence identity 46.48 %) using 

homology modeling. Various tools have been used to validate the predicted 3D model. 

Table 3.3 shows the assessment of built 3D model using various validation tools. The 

secondary structure elements as predicted by PSIPRED [221] presented a good 

correlation with the built 3D model. The backbone dihedral angle analysis has been 

performed by the Ramachandran plot of PROCHECK [222] and results revealed that 

99.8 % residues are within the allowed regions (Table 3.3). The Overall G factor of 

McFabZ model is -0.17 where the value >-0.5 indicates a good model [223]. Verify 

3D [224] analysis of McFabZ model revealed that 92.41% of the residues had an 

averaged 3D-1D score >= 0.2. ERRAT [225] analysis gives the overall quality factor 

value 93.67, where good resolution structures always give value 95% or higher value. 

Z score predicted by PROSA server gives the value that lies within the range of scores 

normally found for native structures determined by NMR and X ray crystallography. 

LG score and MaxSub score predicted by ProQ server revealed the good quality of 

McFabZ. All of these validation tools suggested that the proposed 3-D model of 

McFabZ protein could be accepted with high confidence. Structural similarity analysis 

has been performed via global structure match using TM align algorithm. In this case 
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TM - scores of McFabZ model with other structural analogs were found to be more 

than 0.8, which explained the higher level of structural conservation between a 

McFabZ model with other related proteins.  

 

Table 3.3 Assessment of predicted 3D model of McFabZ 

 

 
 

3.3.6.1. Overall Structure and comparison 

 The monomeric McFabZ structure adopts typical β + α hot dog fold which is 

characteristic to the dehydratase family [226] where six anti parallel β sheets (β1, β2, 

β3, β4, β5 and β6) wrap around a central helix (α3). In addition, there is a presence of 

two helices α1 and α2. α1 is present at the N terminal end, while α2 is present between 

β2 sheet and alpha α3 helix (Figure 3.12A). The dimeric structure of McFabZ is 

similar to other reported FabZ structures [92,104,106].  
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Figure 3.12 Structure of McFabZ.  
(A) Ribbon diagram of McFabZ monomer with α- helices in red, β- sheets in yellow and loop regions 

in green. (B) Ribbon diagram of dimeric McFabZ with locations of two individual active sites. Key 

catalytic residues (His74 and Glu88*) and gatekeeper residues (Val125 and Leu113*) have been shown 

in stick representation.  

 

The driving force that drives the dimeric assembly of McFabZ is hydrogen bonding 

between the residues from two β3 strands. The association of two monomers along the 

groove of β3 stands leads to the formation of 12 stranded anti parallel-extended β 

sheet. The central α3 helices of both monomers are oriented opposite to each other. 

The dimeric assembly is further stabilized by hydrophobic interaction in the central α3 

helices. The substrate-binding tunnel is formed at the interface of both monomers. 

Therefore, each dimeric assembly harbours two active sites (Figure 3.12B). 

Multiple sequence alignment (MSA) of   the McFabZ protein with other model 

organisms has been performed using T Coffee server [40]. Figure 3.11 shows the 

MSA profile of McFabZ with PfFabZ (Plasmodium falciparum), HpFabZ 

(Helicobacter pylori), CjFabZ (Campylobacter jejuni), YpFabZ (Yersinia pestis), 

NmFabZ (Nessiera meningitis), EcFabZ (E.coli), PaFabZ (Pseudomonas aeruginosa). 

McFabZ share 46.4%, 47.9%, 43.3%, 46%, 53%, 43.2% sequence identity with 

YpFabZ, NmFabZ, HpFabZ, PfFabZ, PaFabZ and CjFabZ respectively. MSA results 

show that FabZ gene is quite conserved. The active site residues His and Glu are 

strictly conserved in all homologs. Conserved regions have been shown in blocks 

(Figure 3.13).  
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Figure 3.13 Structure based sequence alignment of FabZ.  

Multiple sequence alignment of McFabZ with PfFabZ, HpFabZ, CjFabZ, NmFabZ, EcFabZ, YpFabZ 

and PaFabZ. FabZ gene was highly conserved in all homologs. Catalytic residues (His and Glu) were 

strictly conserved in all homologs. Conserved regions are shown in Red blocks. The alignment was 

performed using ESPript 3 software. 

 

Five key conserved motifs (PHRYPFLLXD, GHFP, PGVL, EAXAQ and PGD) were 

found as shown in Figure 3.11. Phylogenetic analysis has been performed using 

Phylogeny-PhyML online tool [227]. Figure 3.14 shows the phylogenetic tree of 

McFabZ with other model organisms. McFabZ gene is closely related to PaFabZ and 

PfFabZ gene as compared to other organisms. 
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Figure 3.14 Phylogenetic analysis of McFabZ 

 

Among these homologs, HpFabZ [186,228], PaFabZ [92], CjFabZ [188], NmFabZ 

[PDB: 4I83] and YpFabZ [106] have hexameric structures. PfFabZ [183,189] exists in 

both dimeric and hexameric forms. The hexameric assembly in these homologs is 

formed by the interaction of three dimers through hydrogen bonding and hydrophobic 

interactions. The residues which play important role in the formation of hexamer as 

reported in HpFabZ [186] are Tyr100, Thr49, Asp31, Lys46, Phe50, Ile14, Leu18, and 

Leu28. However, when these residues compared with the residues of McFabZ and 

PfFabZ some changes were observed. Tyr100 is replaced by Leu113 and Leu170 in 

McFabZ and PfFabZ respectively. Also, Thr49, Phe50, Leu18, and Leu28 residues of 

HpFabZ are replaced by Ser65, Ile66, Lys34, and Met44 residues in McFabZ. The 

variations in these residues in different bacterial species may be responsible for the 

existence of FabZ protein in dimeric or hexameric forms. The cartoon diagram 

showing the superimposition of these homologs with McFabZ structure has been 

shown in Figure 3.15.  RMSD values varied from 0.174 (YpFabZ) to 1.83  (PaFabZ) 

when Cα positions of the dimeric McFabZ structure were superimposed on these 

homologs which suggested that overall fold of FabZ in conserved in all homologs. 

Substantial changes observed in loop regions (loop A, loopB and loopC) especially in 

loopC, where extra alpha helix is present in HpFabZ (Figure 3.15). 
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Figure 3.15 Overall structural similarities of McFabZ with related homologs.  
(A) Comparative cartoon stereo diagrams of superimposition of McFabZ (yellow) with HpFabZ 

(green), PaFabZ (blue), PfFabZ (purple) and YpFabZ (red) structures. The key residues, which govern 

the oligomeric state, are shown in stick representation. The structural fold of FabZ is highly conserved 

in all homologs. For better presentation and comparison only monomeric structures of homologs have 

been superimposed. 
 
 
3.3.6.2 Active Site analysis  

Based on the active site analysis of other reported crystal structures, McFabZ active 

site was defined. The binding tunnel consists of residues His74, Phe75, Pro76, Ile80, 

Met81, Pro82, Gly83, Gln86, Phe122, Lys123, Lys124, Val125 and Val126 from one 

subunit and Leu37, His39, Glu88, Ala91, Gln92, Gly95, Phe99, Tyr110, Leu111, 

Tyr112, Leu113, Phe114, Ala115 and Ile166 from another subunit. These residues are 

mostly present in the loop region between α2 and α3, central helix α3 and β3, are well 

conserved. Inside the tunnel region, the conserved His74 and Glu88 residues form 

catalytic site. These residues are contributed by opposing monomer with His74*(* 

indicate residue from another dimeric subunit). His74* is coming from loop region 

between α2 helix and central α3 helix while Glu88 is present in α3 region on another 

monomer. The substrate-binding tunnel is largely dominant by the presence of 

hydrophobic residues except catalytic residues.  Deeper into the tunnel after the 
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catalytic site, tunnel narrows down and follows the path of α3 helix and passing 

through Tyr 112 and ending at Phe99 (Figure 3.16A). 

Significant changes in key residues have been observed. Val125 is present at the 

entrance of active site on one side opposed by Leu113 on opposite side. When 

structurally aligned Leu113 occupies the same position as Leu170 in PfFabZ [104], 

while Tyr92 and Tyr100, is present in YpFabZ [106] and HpFabZ [186] respectively. 

Both these residues (Val125 and Leu113) are located to act as entrance gatekeeper 

residues. From the structural analysis of PfFabZ and HpFabZ, two separate residues 

have been proposed as potential exist gate residues, which either adopt an open 

conformation or closed conformation. For PfFabZ this residue is Phe169, which 

corresponds to Tyr112 of McFabZ while in case of HpFabZ this residue is Phe83, 

which corresponds to Phe99 of McFabZ (Figures 3.16B). 

 

 
 

Figure 3.16 Active site analysis.  
(A) Surface representation active site and entrance tunnel region McFabZ with key residues shown in 

stick representation. Active site residues (His74, Pro82, His39*and Glu88*), gate keeper residues 

(Val125 and Leu113*) and potential exist residues (Tyr112 and Phe88) have been shown in stick 

representation. (B) Superimposition of potential gate keeper and exist residues in different homologs. 
 

3.3.7. Intrinsic Fluorescence Measurements 

Fluorescence measurements were carried out to investigate how aromatic amino acids 

environment is affected upon ligand binding. Fluorescence spectroscopy is a highly 

sensitive technique used to observe the aromatic amino acids interactions and can 

provide the useful information regarding the orientation of residue of interest (buried 

or exposed) with in the tertiary structure of proteins [229–232]. Fluorescence spectra 
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of native McFabZ protein showed emission at λmax 351nm, which is characteristic to 

tryptophan. In general, fluorescence emission assigned to Trp residues buried in 

hydrophobic environment λmax < 330 nm, while proteins with Trp residues exposed in 

a polar environment shows emission at λmax > 330 nm. This shows that in McFabZ 

protein Trp residue is exposed in polar environment.  

 

 

 
 

Figure 3.17 Intrinsic fluorescence spectra of McFabZ in presence of different ligands. 
The emission spectra of McFabZ in native condition as well as in presence of different ligands’ 

concentrations. The changes in the emission spectra as evidenced by a loss of fluorescence intensity 

were observed during the ligands binding.   

 

Figure 3.17 shows the fluorescence emission spectra of McFabZ in native condition 

and in presence of different ligands. In presence of crotonyl-CoA, decrease in 

fluorescence intensity and blue shift in emission λmax was observed. λmax emission 

shifted to 343 nm, 349 nm and 348 nm as shown in Figure 3.17A. Biochanin A and 

Genistein showed similar kind of effect on McFabZ fluorescence. In both cases, the 

fluorescence intensity decreased when compared to native spectra, while red shift is 

observed in λmax emission (Figure 3.17B & 3.17C). In case of juglone and daidzein 

blue shift is observed (Figure 3.17D & 3.17E). Overall we can say that ligand binding 

to McFabZ protein leads to decrease in fluorescence intensity and formation of ligand-

protein complexes.  
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3.3.8. Thermodynamic analysis of binding of inhibitors to McFabZ 

The binding of McFabZ protein with different inhibitors was studied using Isothermal 

Titration Calorimetry (ITC). The compounds used for titration against McFabZ were 

genistein, biochanin A, daidzein, juglone, myricetin and quercetin. ITC data obtained 

was solved using one site model analysis program of Origin7. Thermodynamic 

parameters - Enthalpy change (ΔH), Entropy change (ΔS), Gibbs free energy (ΔG) 

and Equilibrium dissociation constant (KD) have been calculated. Table 3.4 shows the 

thermodynamic parameters of binding.   

 

 
Figure 3.16. ΙΤC studies of inhibitors binding. 
ITC titration data describing the binding of biochanin A (A), daidzein (B), juglone (C), genistein (D), 

quercetin (E), and myricetin (F) with McFabZ. Data is fitted using one site model analysis using Origin 

7.0. Upper part of each panel shows the thermogram (thermal power Vs time) after baseline correction 

while lower part of each panel is binding isotherm (normalized heat vs molar ratio of reactants). 

Binding of biochanin A to McFabZ is endothermic reaction, driven by entropy (A). Binding of daidzein 

(B), juglone (C), genistein (D), quercetin (E), and myricetin (F) to McFabZ is enthalpy driven 

exothermic reaction. 

 

Α clear 1:1 stoichiometric binding was observed in all cases except myricetin (N= 

1.90 ± 0.293). Downward trends in the ITC profile (Figure 3.18) reveal an exothermic 

profile of the reaction, while upward trends correspond to the endothermic nature of 

the reaction. 
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Reaction of biochanin A with McFabZ is endothermic in nature while with other 

compounds, are exothermic in nature. Reaction of biochanin A with McFabZ is 

entropy driven (ΔS>0) while reaction of other remaining five compounds is enthalpy 

driven (ΔH<0).  

 

 

 
 

Figure 3.18  ITC studies of inhibitors binding (continued). 

 

 

The Gibbs free energy for all reactions has negative value (ΔG<0), which confirmed 

the spontaneous nature of all the reactions. The corresponding binding interactions 

were in micro molar (µΜ) range as evident from equilibrium dissociation constant 

(KD) value. Daidzein, biochanin A, genistein and juglone have a KD value of 2.47 µM, 

0.5 µM, 71.0 µM and 85.0 µM respectively.  
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Biochanin A and daidzein have a strong binding affinity over other compounds. 

Biochanin A is binding 4.94x, 142x and 170x stronger than daidzein, genistein and 

juglone respectively. Figure 3.18 shows the thermogram and the fitting curve of 

biochanin A, genistein, daidzein and juglone.  

 

Table 3.4 Thermodynamic parameters determined using ITC based assays 

 

Compound  Enthalpy 
change 
(cal/mol)  

Entropy change 
(cal/mol/degree) 

Free energy 
change 
(cal/mol) 

Dissociation 
constant (KD), 
µΜ 

N (No.of 
binding sites) 

Genistein -1.032 x 104 -20.4 -4.2 x 103 71.0 0.956±0.151 

Biochanin A 8.868 x 103 58.6 -8.5 x 103 0.5 0.954±0.007 

Juglone -2.25 x 105 -728 -9.0 x 103 85.47 0.925±0.154 

Daidzein -2.79 x 104 -68.0 -7.64 x 103 2.5 1.12±0.0561 

Quercetin -9.95 x 104 -303.0 -9.2 x 103 143.47 1.11±0.0046 

Myricetin -6.795 x 104 -210 -5.37 x 103 122 1.90±0.293 

 

3.3.9. Molecular docking studies  

In order to study the binding mode of different inhibitors with McFabZ protein, 

docking calculations were performed using autodock and autogrid from ADT tools. 

These eight inhibitors biochanin A, genistein, juglone, epicatechin gallate, quercetin, 

daidzein, fisetin, and myricetin have been docked into the active site of McFabZ. 

Table 3.5 shows the binding energy and binding constant calculated by ADT tools.  

 

3.3.9.1. Biochanin A docking Study. Docking analysis suggested that biochanin A 

adopts a binding pose spanning the tunnel interacting with key residues via hydrogen 

bonding and hydrophobic interactions. Gly83 and Phe114* residues are involved in 

hydrogen bonding with biochanin A, while residues His74, Pro82, Val125, Met81, 

Gly83, Glu88*, Gln92*, His39*, Gly95*, Ala91*, Phe114*, Tyr112* and Leu113* 

are involved in hydrophobic interaction with this inhibitor. Methoxy benzene moiety 

of biochanin A is buried deep inside the tunnel and interacting with Ala91* and 

Phe114* via hydrophobic interactions. Three hydrogen bonds are formed as follows: 

1) 5- hydroxyl group of biochanin A with NH group of Phe114*. 2) 4- Oxo group 
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with NH group of Phe114*. 3) Oxygen of pyran ring with NH of Gly83. The predicted 

binding energy and affinity of biochanin A is -7.49 kcal mol-1 and 3.24 µΜ 

respectively. 

 

 
 

Figure 3.19. Molecular docking based studies.  
Stereo images showing the interactions of biochanin A (A), daidzein (B), genistein (C), juglone (D), 
quercetin (E) and catechin gallate (F) with McFabZ. Interacting residues of both chains are shown as 
sticks and colored as cyan (chain A) and hot pink (chain B). Hydrogen bonds are labeled and shown as 
black dash lines. Docked inhibitors are shown in tan color. 
 

3.3.9.2 Genistein docking Study. The predicted binding location of genistein is 

similar to that of biochanin A but in opposite orientation of the benzene ring.  It’s 

found in the substrate-binding tunnel interacting with catalytic residues.  Genistein has 

a hydroxyl benzyl moiety instead of methoxy benzyl, which makes this molecule 
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more polar than biochaninA.  The hydroxyl benzene moiety is interacting with His74, 

Pro82, Gly83, Met81 and Glu88. Polar and nonpolar interaction involved in the 

binding of genistein. Residues which are interacting with genistein hydrophobic-ally 

includes Met81, Pro82, Gly83, Ile80, Phe75, His74, Glu88*, Ala91*, His39*, Leu37*, 

Phe99*, Gly95* and Tyr112*. Oxo group of pyran ring making hydrogen bond with 

NH group of catalytic residue His74. Other Hydrogen bonding involved between the 

carboxyl group of Met81 with hydroxyl benzene moiety. The Predicted binding 

energy and affinity of genistein is  -6.67 kcal mol-1 and 12.96 µΜ respectively.  

 

3.3.9.3 Daidzein docking Study. The binding of daidzein to McFabZ is similar to that 

of genistein and largely dominated by hydrophobic interactions. Benzene rings of 

daidzein are buried inside the hydrophobic pocket of active site. Only one polar 

interaction involved between hydroxyl benzene moiety of daidzein with carboxyl 

group of Met81. Residues involved in non-polar interaction includes Met81, Pro82, 

Ile80, Gly 83, Phe 75, His74, His39*, Pro38*, Leu37*, Gly95*, Phe99*, Try112* and 

Phe114*. The predicted binding energy and affinity of daidzein is -6.98 kcal mol-1 and 

7.61 µΜ respectively. 

 

3.3.9.4 Juglone docking Study. Juglone is binding to the active site of McFabZ via 

polar and non-polar interactions. In the docked pose, juglone is making interactions 

with key residues.  Two Oxo groups of the naphthalene ring are involved in hydrogen 

bonding interactions with His74 and Tyr112*. One polar interaction is present 

between the OH group with a carboxyl group of Glu88* residue.  Other residues 

involved in hydrophobic interaction include His74, Phe75, Leu111*, His39*, 

Tyr112*, Glu88*, Ala91* and Gln92*. The predicted binding energy of juglone is -

6.92 kcal mol-1.  
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Figure 3.19. Molecular docking based studies (continued). 

 

 

Besides this, the binding energy of other inhibitors (catechin gallate, quercetin, fisetin 

and myricetin) as given in Table 3.5 has values higher than above-mentioned 

inhibitors. Figure 3.19 shows the interactions of these different inhibitors with 

McFabZ. 
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Table 3.5 Binding energy and Binding constant calculated via auto dock 

 

Compound Name Binding energy 
(kcal/mol) 

Binding constant (µΜ) 

Genistein -6.67 12.96 

Myricetin -3.94 1300 

Biochanin A -7.49 3.24 

Daidzein -6.98 7.61 

Juglone -6.92 8.4 

Quercetin -4.75 329 

Catechin gallate 4.68 ND 

Fisetin -5.99 40.73 

 

 

3.3.10. Molecular dynamics based simulation studies 

The analysis of structural stability of three complexes of McFabZ with biochanin A, 

daidzein and genistein were provided by the assessment of the RMSD of Cα atoms 

during the MD simulation. The comparative RMSD plot of all complexes shown in 

Figure 3.20. Although, throughout the duration of MD simulations, the RMSD of all 

the complexes appeared to be stable, but genistein and daidzein complexes achieved 

the equilibrium early in comparison to biochanin A part. Also, for whole duration the 

RMSD for genistein and daidzein remain in range of 2.5 Å. The RMSD for biochanin 

A fluctuated at ~8 ns to 3.5 Å and then stabilized. The RMSD for genistein and 

daidzein were following the similar trend for most of the duration; however at 18 ns, 

the RMSD of daidzein jumped to 3 Å and stabilized. The RMSD for genistein was 

highly stable throughout the duration and exhibited highest structural stability among 

all three complexes.  
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Figure 3.20 MD simulation studies.  
RMSD values of the three inhibitors (genistein in red, daidzein in green and biochanin A in blue) in 

MD simulation. 

3.3.11.  Antibacterial activity assay  

To assess the in vivo inhibitory efficacy of daidzein, genistein, biochaninA and 

juglone, growth inhibition assay (MIC) has been performed against Moraxella 

catarrhalis, Bacillus subtilis and Pseudomonas sp. microorganisms.  MIC test was set 

up using a broth microdilution method in 96 wells microtiter plate. A MIC value for 

daidzein, genistein, biochanin A and juglone were determined and has been given in 

Table 3.6. 

 

Table 3.6 Minimum inhibitory concentration (MIC) values of inhibitors tested against 

M. catarrhalis, B. subtilis and Pseudomonas sp. 

 
Compounds  M. catarrhalis B. subtilis Pseudomonas sp 

Biochanin A 32-50 µg/ml 16-32 µg/ml 8-16 µg/ml 

Daidzein 16-20 µg/ml 20-30 µg/ml 16-32 µg/ml 

Genistein 20-30 µg/ml 32-64 µg/ml 32-50 µg/ml 

Juglone 16-32 µg/ml 8-16 µg/ml 4-8 µg/ml 

 

3.4. Discussion  
The emergence of drug resistance in bacterial pathogens ensures that there is a need to 

identify new chemical scaffolds that targets cellular processes. The type II FAS 
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pathway will remain an important part of drug discovery because it’s an essential 

pathway, and   chances of cross-resistance to existing drugs, which target other 

pathways, will be minimum [80,94,96]. Natural compounds have been known to 

inhibit fatty acid biosynthesis pathway [190–192]. Till date, FabZ inhibitors for 

Helicobacter pylori[186,228], Psueodomonas aeroginosa [233], Plasmodium 

falciparum [104,189] and Yersinia pestis [106] have been known. In this study, FabZ 

from Moraxella catarrhalis pathogen has been characterized by biochemical, 

biophysical and in silico based studies. Based on inhibitory efficacy, we report three 

compounds biochanin A, daidzein and genistein belong to the class of flavonoids as 

inhibitors against FabZ.  

 

3.4.1 Biochemical and stability aspects of McFabZ 

Biochemical studies have demonstrated that activity of McFabZ is higher than other 

reported homologs. The kcat was determined to 1.663 ± 0.06 S-1 for McFabZ while 

other homologs fall in the range of 0.013 to 1.45 S-1. The reason for this discrepancy 

is not apparent, but it has been found that the high salt concentration (500 µΜ) in 

assay buffer inhibits the FabZ activity [145]. Gel filtration chromatography has shown 

that McFabZ is dimeric in solution. The most stable form of FabZ is hexameric 

assembley. In PfFabZ, hexameric state is more active than dimeric form. The 

transition from hexameric to dimeric form is triggered by low pH [183]. In McFabZ, a 

low pH leads to the conversion of an active dimeric state (at pH 6.0 – 8.0) to an 

inactive monomeric form. The gel filtration results are in agreement with biochemical 

findings where McFabZ is found to be catalytically inactive at pH 3.0. As the pH 

decreases two histidine residues (His74, His39*) in the active site of McFabZ become 

more positive which leads to the electrostatic repulsion between resulting in the 

expulsion from the active site. Glu88, in the active site becomes protonated and lesser 

negative, which will further contribute towards electrostatic repulsion. These changes 

further lead to disturbance in hydrogen bonding and hydrophobic interactions between 

the monomers, which will further lead to subunits dissociation. A lower activity at a 

higher salt concentration has also explained the same as higher salt leads to 

disturbance in hydrophobic interactions.  

Thermal sensitivity of McFabZ is explained using CD analysis as melting temperature 

(TM) was determined to be 42.5 0C and CD spectra of native protein changed with 

temperature. The characteristic broad minimum band, which represents the integrity 
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of helical content, was present up to 40 0C but significant loss was observed beyond 

40 0C. The biochemical experiments have also shown that around 50% loss in activity 

was observed at 40 0 C. At 90 0 C, it becomes completely inactive. The existence of 

the dimeric form in solution rather than stable hexameric form might be one more 

reason for its temperature sensitivity. Temperature stable hexameric HpFabZ [185] 

protein has higher TM value and even showing 50% activity at 90 0C. The hexameric 

assembly in HpFabZ where three dimers interacts through hydrogen bonding and 

hydrophobic interactions, provide thermal stability to HpFabZ, while in McFabZ 

extent of H- bonds and hydrophobic interactions would be much lower than 

hexameric HpFabZ.  

 

3.4.2 Inhibition mechanism and Structure activity relationship 

Biochemical assay indicates that out of the eight compounds tested against McFabZ, 

biochanin A, daidzein, genisetin and juglone have good a IC50 range from 6.8 µM to 

32.4 µM and the kinetic inhibition constant (Ki) value lie between 4.3 µΜ to 15.48 

µM.  Based upon the analysis of double reciprocal plots, inhibition mechanism of 

daidzein, biochanin A and genistein is found to be competitive suggesting that these 

compounds may interfere with the binding of substrate crotonyl-CoA, while juglone 

exhibited a mixed type of inhibition suggesting that it can bind either to the substrate 

binding site or interfere with the enzyme substrate complex.  The inhibition study 

suggested that the binding affinity of daidzein (11.83 ± 1.99) is close to biochanin A 

(16.83 ± 3.59) while genistein (4.3 ± 0.62) has a strong affinity over these compounds.  

ITC provide valuable information on macromolecule- ligand interactions. ITC 

measures the heat change, i.e. heat absorbed or released (ΔH) when ligand bind to 

macromolecule. From the ITC data Table 3.4, it is evident that biochanin A and 

daidzein have a strong binding affinity as compare to other compounds. Both daidzein 

and biochanin A have comparable binding affinities for McFabZ but have different 

enthalpies and entropies suggesting different binding mechanisms. Binding signature 

plots of daidzein, biochanin A and genistein have been shown in Figure 3.21.  
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Figure 3.21 Thermodynamic Signatures.  
Thermodynamic profile of the binding of daidzein, biochanin A and genistein with McFabZ based on 

ITC measurements. The measured parameters include the Gibbs free energy of binding (ΔG), the 
enthalpy change (ΔH) and the temperature dependent entropy change (TΔS).  

 

As evident from docking positions, the presence of the methoxy group on benzene 

ring makes biochanin A more hydrophobic than daidzein and genistein. This makes 

binding of biochanin A to McFabZ is an endothermic process, while binding with 

others is an exothermic process. It shows that hydrophobic interaction plays a major 

role in binding of biochanin A to McFabZ, while with other compounds polar 

interactions are the main contributing factor. 

CD studies have shown how binding of these inhibitors is affecting the stability and 

active conformation of McFabZ protein. The far-UV CD spectrum has become more 

distorted upon inhibitors binding. Overall significant changes in broad minimum (210-

220 nm) and maximum bands (195 nm) have been observed.  Loss of helical contents 

as evident by diminished ellipticity at 208 nm, 222 nm and 195 nm peaks (signature 

peaks of alpha helix). Similarly, the beta sheet content is also reduced as shown in 

Table 3.2. Significant changes in the near-UV CD spectra of McFabZ have been 

observed upon ligand binding. Lower substrate concentration (10 µM -100 µΜ) 

increases the flexibility of Tyr and Phe residues as evidenced by a decrease in MRE 
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towards negative values at 262nm and 280nm respectively, while higher substrate 

(200 µM) leads to a reduction in the flexibility of these residues as evident by the 

increase in MRE towards positive values. Similarly, changes in tertiary structure upon 

inhibitors binding were also observed. An overall decrease in MRE at 262 nm, 280 

nm and 290 nm towards negative values has been observed. This leads to increase in 

the flexibility of Phe, Tyr and Trp residues.  

Based on these findings, it can be assumed that central alpha helix α3 participate in 

ligand binding and possesses structural plasticity. The ligand binding may be 

accompanied by the uncoiling or disordering of helix α3. This may also be the 

indicative of intermediate state of ligand bound enzyme with the secondary structural 

reorganization of central helix α3 and nearby sheets. These conformational changes 

observed in McFabZ secondary structure elements upon binding of these compounds 

influences its active site and physiological functions, making McFabZ catalytically 

inactive. Fluorescence spectroscopy complemented the outcomes observed via CD 

spectroscopy. Blue shift in λmax value is observed in the binding of crotonyl-CoA, 

daidzein and juglone to McFabZ protein. These three ligands have changed the 

conformation of McFabZ and aromatic amino acids buried more towards hydrophobic 

pockets. While the red shift is observed upon the binding of biochanin A and 

genistein, which exposed the aromatic residues towards the polar environment. As the 

concentration of ligands increases, more loss of fluorescence intensity was observed, 

which shows the unfolding of protein takes place. Similarly, CD studies have shown 

as higher concentrations of ligands uncoiling of helices and sheet to random coils 

takes place. 

The plausible interactions involved in the binding of inhibitors with McFabZ have 

been assessed using molecular docking based investigation.  These inhibitors are 

channel blocker as they are found near the active site and making contacts with 

catalytic residues as shown in Figure 3.17. When we compared the binding poses of 

these four inhibitors with an emodin bound crystal structure of HpFabZ [228], 

biochanin A is sandwiched between two gatekeeper residues (Val125 and Leu113*) 

and Phe114. Emodin is sacked between Tyr100 and Pro112* in HpFabZ. Similarly, 

we compared the binding poses with other inhibitors. Genistein is interacting with 

tunnel residues linearly through hydrophobic interactions and residues involved are 

Phe99, Tyr112, Ile80*.  So based upon comparison of binding poses, critical residues 

which are important for binding include gatekeeper residues (Val125 and Leu 113*), 



	

	 104	

exist residues (Phe99 and Tyr112) and other tunnel residues (Phe114, Ile80* and 

Gly83*).  

The structure of all these compounds suggests that the hydroxylation pattern of 

flavonoids may play an important role in the recognition process. Flavonoids have 

backbone consists of 2-phenyl-1,4-benzopyrone (flavone) and isoflavonoids are 

derived from 3-phenyl-1,4-benzopyrone (isoflavone) backbone. The difference in the 

hydroxyl group’s position in backbone and number of hydroxyl groups affects the 

efficacy and affinity of these compounds. BiochaninA, diadzein and genistein are 

isoflavonoids with 2 to 3 OH groups on isoflavone backbone. These compounds have 

a strong affinity and good IC50 values over other flavonoids in consideration. Highly 

hydroxylated compounds like quercetin, myricetin, fisetin, epicatechin gallate (Figure 

3.1) show the McFabZ inhibition but with lesser affinity. Genistein and daidzein have 

better Ki (4.3 µΜ and 11.83 µΜ respectively) and IC50 (6.85 µΜ and 7.48 µΜ 

respectively) values over biochainA (Ki: 16.83µΜ, IC50: 29.7 µΜ), while biochanin A 

has good KD value (0.5 µΜ) over genistein (71.0 µΜ) and daidzein (2.5 µΜ). The MD 

based simulations clearly indicate that the binding of biochanin A with McFabZ 

resulted in most conformational perturbations followed by daidzein and genistein. The 

MD simulation results are in agreement with the kinetic data, which favors genistein 

as best inhibitor candidate followed by daidzein and biochanin A. If we look at the 

structure of these three compounds (Figure 3.1), methoxy moiety makes biochanin A 

is more hydrophobic over daidzein and genistein, and this further helps in stabilizing 

the interactions further leads to good binding. Besides these flavonoids, Juglone which 

is 5-hydroxy-1,4-naphthalenedione has shown inhibition with IC50 value of 32.4 µM 

and good affinity with a dissociation constant (KD) 85.0 µM.  The binding energy and 

binding constant calculations of these polyphenols using Autodock is in agreement 

with the biochemical and the ITC data. Biochanin A, daidzein, genistein and juglone 

have a binding energy of  -7.49 kcal mol-1, -6.98 kcal mol-1, -6.67 kcal mol-1 and -6.92 

kcal mol-1 respectively, which is lesser than other compounds.   

Since FabZ shares the similar active site architecture with its isoforms, it may be 

postulated that these inhibitors will show similar binding with them. To validate this 

assumption, we performed docking studies of FabA from Pseudomonas aeruginsoa 

[192] (PDB id: 5B0J) with three isoflavones (biochaninA, daidzein and genistein). As 

expected, these compounds exhibit the similar mode of binding with comparable 

binding affinities as in case of McFabZ.  BiochaninA, daidzein and genistein have a 
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binding energy of -8.25 kcal mol-1, -8.79 kcal mol-1 and -7.99 kcal mol-1 respectively 

against FabA. These results indicate the possibility of these inhibitors to act as broad-

spectrum antimicrobial agents. Here, we can say that among the class of polyphenols, 

compounds with isoflavone backbone and a less number of hydroxyl groups will give 

good inhibition, high affinity and selectivity.  Taken together, this data explains that 

scaffolds of daidzein, biochanin A, genistein and juglone all are good starting points 

for inhibitor design against FabZ variants. 

 

3.5. Conclusion 

In summary, we have presented the biochemical and biophysical characterization of 

FabZ from Moraxella catarrhalis. Additionally, we have reported three isoflavonoids 

(daidzein, biochaninA and genistein) as novel potent inhibitors against FabZ. In 

general isoflaovonids show less toxicity towards humans and can accumulate in 

human plasma up to 8µΜ concentration [234]. Based upon this study, these 

compounds represent class of plant secondary metabolites with potent antibacterial 

activity via inhibiting FASII pathway. Altogether we can say that these compounds 

represent an interesting class of chemical scaffolds, which needs further development 

to improve the pharmacokinetic profiles and selectivity against bacterial pathogens.  

Lastly, comparing the strength of different FabZ inhibitors, we have categorized the 

more selective and potent inhibitor scaffold. In total we expect this study will help in 

the development of more potent FabZ inhibitors in the future. 

 

3.6 Future prospects 

In this study, we have shown the scaffold of biochanin A, genistein, daidzein and 

juglone are potent inhibitors of McFabZ. In order to develop the potent inhibitors of 

FabZ with binding of nanomolar range, different derivatives of these four compounds 

can be made in future and compared with the parent scaffold. Also, effect of these 

compounds on human cell lines can also be explored to further develop the lead 

candidates based upon these compounds.   
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Chapter 4 

4.1 Introduction 
Fatty acids, being essential components of cell membrane and possess vital biological 

functions, are synthesized by a complex, elegant and essential biosynthetic machinery. 

The biosynthesis of fatty acid is an important pathway for the survival of living 

beings. In nature, fatty acid biosynthesis (FAS) is evolved into two types, type I (FAS 

I) and type II (FAS II). The type I system exists in mammals, where all the reactions 

are carried out at active sites situated on the single polypeptide chain with eight 

distinct domains[79,80,94]. Bacteria and plants synthesize fatty acids via type II 

system, where the group of structurally dissociated enzymes carries out the reactions. 

Due to the large differences in the subcellular organization of the components of both 

systems, the type II fatty acid biosynthetic pathway has been considered an attractive 

target for the development of novel antibacterial agents. Additionally, the higher level 

of conservation among the different enzymes involved in FAS II pathway makes it a 

suitable pathway for the development of broad-spectrum antibiotics[75,105,235].  

Malonyl-CoA:acyl carrier protein transacylase (FabD) is an important enzyme in type 

II FAS pathway and performs the initiation reaction, which involves the transfer of 

malonyl moiety from malonyl-CoA to holo-ACP forming malonyl-ACP, which is the 

key building element in FAS II pathway[75,235,236]. Additionally, FabD plays a vital 

role in the synthesis of aromatic polyketides [236]. The research has shown that FabD 

is an important enzyme for the synthesis of fatty acids and inhibition or genetic 

inactivation of FabD gene is lethal in microbes[81,236–240]. Therefore, it has become 

a good promising target for the development of antibiotics. However, it has been 

argued earlier[241] and also a recent report on Staphylococcus aureus has suggested 

that this bacteria can become resistant to FAS II inhibitors in presence of exogenous 

fatty acids with a high frequency of mutation in FabD gene[242,243]. But such kind 

of resistance against FAS II inhibitors for other pathogens has been remained elusive, 

which holds the possibility of developing new antibiotics by targeting FAS II 

pathway. 

To date, FabD enzyme has been characterized from several species such as 

E.coli[244]  (EcFabD), Streptomyces coelicolor[245] (ScFabD), Staphylococcus 

aureus[237] (SaFabD), Plasmodium falciparum[246] (PfFabD), Helicobacter 
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pylori[97,235] (HpFabD) and Mycobacterium tuberculosis[247] (MtFabD). The 

solved crystal structures include EcFabD (1MLA[248]), ScFabD (1NM2[249]), 

HpFabD (2H1Y[235]), SaFabD (3IM9[237])and MtFabD (2QC3[236]). Overall, 

FabD shares similar architecture and composed of two subdomains. One domain 

consists of 12 helices and four-stranded parallel β- sheets, while another domain has 

two helices and four-stranded antiparallel β- sheets. It has been found that FabD 

performs malonyl transfer via a ping-pong mechanism with His and Ser at the 

catalytic site. Such kind of mechanism is commonly found in serine dependent acyl 

hydrolases[249]. In Mycobacterium tuberculosis, mechanism of FabD reaction differs 

from the other homologs as there is a difference in the orientation of Ser residue of 

active site which leads to overall changes in the active site[236]. The FabD protein has 

two motifs related to its biological activity. One is the catalytic site, which is located 

in the deep between two subdomains, while the second motif is ACP binding site, 

which is present on the surface of FabD enzyme. The interaction of FabD with ACP 

has been demonstrated computationally in H. pylori[235]. Till now, one natural 

inhibitor corytuberine has been discovered to inhibit HpFabD[97] with IC50 value 

33.1± 3.29 µM. Aporphine alkaloids are naturally occurring chemical compounds 

found in plants and known to exhibit various biological activities as antioxidant, 

antiviral, anticancer, analgesic, diuretic etc. The activities and chemical nature of 

these alkaloids are structure dependent and governed by the degree of hydroxylation, 

presence of different constituents, groups, etc [250,251].  

In this study, we have characterized FabD from drug-resistant gram-negative pathogen 

Moraxella catarrhalis, which is a most common bacterial pathogen of respiratory tract 

after Streptococcus pneumoniae and Haemophilis infuenzae[171,252]. Additionally, 

we have checked the binding of McFabD with the compounds from the class of 

aporphine alkaloids and inhibitor (Iodoacetamide)[88,253]. Biohemical 

characterization of McFabD and inhibitory activities of these alkaloids against 

McFabD have been determined using spectrophotometric based biochemical assays. 

Binding studies have been performed using spectroscopic methods (circular 

dichroism, fluorescence, and UV-visible) and thermodynamic (ITC) based assays. 

These are widely accepted and scientifically validated techniques used to probe the 

protein-ligand interactions and to explore the qualitative and quantitative measures of 

molecular binding. Molecular modeling and docking studies have been performed to 
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see how these compounds are interacting with McFabD protein. The growth inhibition 

assay has been performed to calculate the minimum inhibitory concentration (MIC). 

Therefore, the current study suggests that aporphine alkaloids can act as potential 

antibacterial agents targeting FabD and could be helpful for the development of new 

chemical scaffolds against bacterial pathogens. 

4.2. Experimental  

4.2.1 Materials  

Moraxella catarrhalis strain MTCC No.445 (equivalent to ATCC 8176) was procured 

from the Microbial Type Culture Collection, Chandigarh. All enzymes used in 

molecular cloning were purchased from New England Bio Labs. Plasmid isolation, 

purification of PCR products and gel extraction procedures were carried out using 

Qiagen kits. All nucleic acid operations were carried out using standard 

protocols[152]. Escherichia coli strains (DH5α and Rosetta) were obtained from 

Novagen. The oligo primers purchasing and DNA sequencing was done from Eurofins 

(India). All other chemicals, antibiotics, and reagents were purchased from Sigma. 

Media components and supplements were purchased from Merck Millipore. 

Aporphine alkaloids (apomorphine, boldine, and magnoflorine), malonyl-CoA and 

iodoacetamide were purchased from Sigma.  

 

4.2.2. Methods  

 

4.2.2.1. Cloning of McFabD gene from Moraxella catarrhalis  

McFabD gene was amplified from M. catarrhalis (ATCC No. 8176) genomic DNA 

using Forward (5’-GAATCCATATGACAGAAGCCAACAGCGGTATGACAAAG-3’) and 

reverse (5’-GAGGACTCGTGTCATACCAAATTCTCCAATTTTTCTAGGCGTGC- 3’) primers, 

which were designed on the basis of genomic sequences of Moraxella catarrhalis 

strain RH4 (Genbank Accession No. EKF83038).  957 bp fragment coding McFabD 

gene was PCR amplified from M. catarrhalis genomic DNA. The amplified PCR 

product was purified and digested with NdeI and XhoI restriction enzymes.  The 

digested product was then ligated into similarly treated pET28c expression vector 

using T4 DNA ligase. The ligated product was then transformed into cloning host 

DH5α (E. coli) cells. The recombinant clone confirmation was accomplished using 
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restriction digestion and subsequently by DNA sequencing.  

 

4.2.2.2. Expression and purification of McFabD 

The Plasmid carrying the desired gene (pET28c-McFabD) was transformed into 

Rosetta strain of E.coli cells growing in the LB broth supplemented with kanamycin 

(50 µg/ml) and chloramphenicol (35 µg/ml) at 37 0C. When OD600 reached to 0.6 - 

0.8, the culture was induced with 0.4 mM IPTG and incubated at 30 0C for 6-8 hrs. 

After the incubation, cells were pelleted by centrifugation at 6000 rpm for 15 min. 

The supernatant was decanted and cell pellets were kept at -80 0C.  For purification, 

cell pellets were resuspended in lysis buffer (25 mM Tris-HCl pH 7.8, 200 mM NaCl, 

10 % glycerol, 10 mM imidazole and 1mM PMSF). The lysozyme was added to final 

concentration 0.25 mg/ml, and then cells disruption was carried out using a high-

pressure French press. The soluble supernatant obtained by centrifuging at 12000 rpm 

for 80 min and then applied to pre-equilibrated Ni-NTA affinity column. The 

contaminants were removed by washing the column with wash buffer (25 mM Tris-

HCl pH 7.8, 500 mM NaCl, 10 % glycerol and 20 mM imidazole) for 10 bed volumes 

and the desired protein was then eluted using elution buffer (25 mM Tris-HCl pH 7.8, 

200 mM NaCl, 10 % glycerol and 200 mM imidazole). The fractions containing the 

purified protein were merged and dialyzed against 2 litres of 25 mM Tris HCl buffer 

(pH 7.8) for 8-10 hrs. The purified protein was concentrated up to 5 mg/ml using a 10 

kDa cutoff concentrator (Amicon Ultra-15).  

 

4.2.2.3. Oligomeric characterization of McFabD 

The oligomeric state of McFabD was determined using size exclusion 

chromatography. The purified McFabD protein (5 mg/ml) was loaded onto HiLoad 

16/600 superdex 75 gel filtration column, which was pre-equilibrated with buffer A 

(25 mM Tris-HCl pH 7.8, 100 mM NaCl and 5% glycerol). The flow rate was 

maintained at 0.5 ml/min. Elution was performed with buffer A. Fractions were 

collected and analyzed using SDS-PAGE analysis. The apparent molecular weight of 

McFabD was determined by interpolation using standard calibration curve. Five 

globular proteins with known molecular weight have been used to calibrate the 

column and plot standard curve. 
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4.2.2.4 Biochemical characterization of McFabD 

The biochemical assay of McFabD is performed using spectrophotometric assay. A 

standard reaction mixture consists of 50 µg of McFabD, 25 µM Malonyl-CoA and 10 

µM of Pantethine, 25 mM Sodium Phosphate buffer pH 7.8, 1.0 mM EDTA and 1.0 

mm DTT in a total reaction volume of 200 µL. After 10 min incubation at 25 oC, 

reaction was stopped using 1 M HCl and then 50 µL of Aldrithiol – 4 reagent has been 

added which reacts with CoA and forms an adduct which absorbs specifically at 324 

nm. Standard curve is plotted using varying amount of CoA and used for 

quantification of liberated CoA. Kinetic parameters (Km, kcat, Vmax and kcat/Km) have 

been determined by varying malonyl – CoA (5-150 µΜ) and keeping pantethine 

constant (20 µΜ). 

 

4.2.2.5 Kinetic inhibition studies 

Inhibitory activity of aporphine alkaloids (apomorphine, boldine and magnoflorine) 

against McFabD is determined using above-mentioned spectrophotometric assay. IC50 

was calculated by fitting the data in the dose response curve using graphpad prism. 

Kinetic inhibition constant is determined by varying substrate (10-150 µΜ) and 

alkaloids (0-100 µΜ) and in consideration for steady state kinetics. Inhibitors were 

incubated with McFabD for 30 min at 4 oC and then the reaction was initiated by 

adding malonyl- CoA. The data were fitted using graph-pad prism. 

 

 

 
Figure 4.1 Chemical structures of aporphine alkaloids. 
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4.2.2.6 Circular dichroism studies 

All the CD measurements of McFabD were performed using spectrophotometer 

model J -1500 (JASCO) equipped with Peltier thermostat under continuous nitrogen 

flow. McFabD concentration was kept to 0.2 mg/ml in buffer B (25 mM sodium 

phosphate buffer pH 7.8, 100 mM NaCl, 2 % glycerol and 0.5 mM TECP). All 

spectral measurements were carried out at 25 0C using quartz cuvette of 0.1 cm path 

length.  All scans were recorded with a scan speed of 50 nm/min.  The far-UV and 

near-UV CD spectra were taken to observe the changes in secondary and tertiary 

structure respectively. Effect of pH on the conformation of McFabD was studied using 

different buffer systems (citrate buffer for pH 3.0-5.0, phosphate buffer for 6.0 - 8.0). 

Effect of temperature on the McFabD was studied by observing thermal spectra at 

different temperature intervals (20 to 90 0C). The Temperature induced unfolding 

study of McFabD was carried out by observing the ellipticity change at 222 nm and 

was recorded at the scan speed of 10C/min from 20 to 90 0C. The melting temperature 

of McFabD was calculated by the following equation: 

                                  [θ]t = α([θ]F − [θ]U) + [θ]U 
 

TM is the temperature where α = 0.5, θ t is the ellipticity observed at any temperature, 

θF is the ellipticity of the fully folded protein and θU is the ellipticity of the unfolded 

form[194]. All spectral scans have been taken in triplicates and final spectra obtained 

by averaging them. All CD analysis was performed using Dicroweb server[195]. All 

results were expressed in molar ellipticity (Δε) in deg cm2
 dmol-1

, which is defined as 

per following equation: 

      Δε = θ (mdeg) × 0.1 × MRW  

                 P × C × 3298 

Where MRW is mean residue weight (Molecular weight of protein / no. of residues -

1), P is path length in cm, C is molar concentration of McFabD protein and 3298 is the 

constant path[216]. 

 

4.2.2.7.  Fluorescence spectroscopy  

All fluorescence measurements were performed at 25 0C using Horba Fluro Log 

Spectrofluorometer using 1.0 cm path length cell with emission slits at 5 nm. The 

excitation wavelength was kept at 295 nm to excite Trp residue from McFabD protein. 

The final concentration of McFabD was kept at 2.0 - 4.0 µΜ in buffer C (20 mM 
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sodium phosphate buffer pH 7.8, 100 mM NaCl, 2 % glycerol and 0.5mM TECP. 

Emission spectra were recorded in the range of 300-500 nm and three parallel scans 

have been taken for each reaction. Fluorescence quenching experiments were 

performed with five ligands (malonyl-CoA, apomorphine, boldine, magnoflorine, and 

iodoacetamide). In quenching experiments the fixed amount of protein (2.0 µΜ) was 

kept in the cuvette and manually titrated with successive addition of ligands (1.0-20 

µΜ). Aporphine alkaloids (Figure 1) were dissolved in DMSO (100%) and added to 

the reaction mixture with final concentration ≤ 1% DMSO. Malonyl-CoA (M-CoA) 

and iodoacetamide (IDA) were dissolved in buffer C. 

 

4.2.2.8. UV-Visible spectroscopy studies 

All UV-Visible spectroscopy based experiments were performed using Carry 300 UV-

Visible spectrophotometer. All measurements were carried out by keeping McFabD 

concentration constant (20 µΜ) in buffer D (20 mM Tris-HCl pH 7.8, 100 mM NaCl 

and 0.5 mM TCEP). McFabD protein was incubated with the different amount (5 µM 

to 100 µM) of ligands (malonyl-CoA, iodoacetamide, apomorphine, magnoflorine, 

and boldine). All samples were kept for 10 min at room temperature and the spectra 

were recorded in the range of 200- 350 nm. 

 

4.2.2.9 Binding studies using Isothermal titration calorimetry based assays 

Binding of different ligands with McFabD was performed using microcal ITC200 (GE 

healthcare). All reactions were performed at 25 0C. McFabD protein was extensively 

dialyzed against buffer E (20 mM Tris-HCl pH 7.8, 100 mM NaCl, 2% glycerol and 

0.5 mM TECP). In order to remove buffer-buffer mismatch, a corresponding amount 

of DMSO (1%) was added to the protein solution during the titration reaction of 

alkaloids. A typical titration reaction consists of McFabD protein (50-100 µM) in the 

sample cell and ligands (0.5 - 1.5 mM) in the syringe. The stirring speed was kept at 

800 rpm and initial delay of 60 sec. After the initial injection (0.5 µl, not used in data 

fitting), 15-20 injections (2.0 µl each) were performed with 150 seconds gap between 

each injection, and heat changes were subsequently monitored. The reference cell was 

kept at 8.0 µW. ITC data were analyzed using one site model of Origin 7.0 software. 

The free energy of reaction (ΔG) was calculated by the following equation: 

       ΔG = ΔH - T ΔS 

where ΔG is the Gibbs free energy change, ΔH is the enthalpy change, ΔS is the 
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entropy change and T is the temperature (298K). 

 

4.2.2.10 Molecular modeling  

A suitable template for modeling McFabD protein was searched in the PDB database 

using pBLAST to find out the homologous structures[254]. Template structure 

showing high sequence identity has been selected to model McFabD using Modeller 

9.17[255] and Swiss-Model programs[256]. The best 3D model of McFabD was 

selected on the basis of energy minimization based upon DOPE score value. Model 

validation for their stereochemical quality and accuracy was assessed using 

PROCHECK analysis[222], ERRAT[225], Verify3D[224], ProQ[201]  and 

ProSA[202]. Structural studies and model figures were generated by Chimera 

tool[204].  

 

4.2.2.11. Molecular Docking 

The docking study of McFabD with different ligands was carried out using Autodock 

4.2[163] form ADT tools. Grids maps were prepared using 60×60×60 grid points with 

0.2 Å spacing in the x, y and z directions centered at the active site of McFabD. 

Autogrid4 and aurodock4 programs were used for calculating energy maps and 

docking of ligands, respectively. One hundred docked structure, i.e. 100 runs were 

generated using Lamarchian Genetic Algorithm. Docked conformations were 

converted into the pdbqt format and analyzed. Chimera tool[204] was used for 

visualization and figures generation. 

 

4.2.2.12. Minimum inhibitory concentration determination  

MIC of apomorphine, boldine, and magnoflorine against Moraxella catarrhalis has 

been determined using a broth microdilution method [166,212]. A concentration 

gradient (0.5 µg/ml – 256 µg/ml) of inhibitors was tested. A single colony of 

Moraxella catarrhalis strain MTCC No. 445 was used to inoculate the nutrient broth 

medium. Correlation between OD600 and colony forming units (cfu) has been 

determined using serial dilution technique. Bacterial suspension adjusted to 2.0 × 106 

cfu per ml was used to inoculate 96 well microtiter plates. The different dilutions of 

inhibitors were prepared in sterile broth. 100 µl of broth solution was added to all 

wells. 50 µl of inhibitor solution was used in each well, except growth control (broth 

and inoculum) and sterility control (broth only) wells. 50 µl of bacterial suspension 
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adjusted to 2.0 × 106 cfu per ml has been used which gives final inoculum 5×105 cfu 

per ml. The microtiter plate was then incubated at 37 0C for 16-20 h.  

4.3. Results  

4.3.1. Purification and oligomeric characterization of McFabD  

McFabD gene was successfully cloned into a pET28c expression vector (Figure 4.2) 

and expressed in E. coli Rosetta cells at 30 0C by inducing with 0.4 mM IPTG.  

 

 
 

Figure 4.2 Molecular cloning of McFabD gene.  
(A) PCR amplification of McFabD gene (B) Clone confirmation using restriction digestion experiment. 

957 bp McFabD gene fragment was amplified and cloned into pET28c expression vector. 

 

The Ni-NTA affinity-based chromatography was used to purify the McFabD protein. 

A single band of ~35.09 kDa size McFabD protein was obtained as visualized in 12 % 

SDS-PAGE gel (Figure 4.3A). 
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Figure 4.3 Purification and oligomeric state characterization of McFabD.  
(A) 12% SDS-PAGE gel showing purified McFabD protein as a single band. Lane 1-2, wash 1 and 

wash 2; Lane 3-8, McFabD protein (35.09 kDa) fractions eluted at 100-200 mM imidazole; Lane 9 

Protein ladder (Abcam), (B inset) Standard curve of Log of Molecular weight versus elution volume 

(Ve) was derived from the elution profile of standard proteins run on superdex G75 gel filtration 

column. Standards used were as follows: 1. Thyroglobulin (670 kDa) 2. Aldolase (158 kDa) 3. 

Ovalbumin (44 kDa) 4. Myoglobin (17 kDa) 5.Vitamin-B12 (1.35 kDa), (B) Chromatogram of 

McFabD protein observed under native conditions. 
 

The oligomeric state of McFabD was determined using size exclusion 

chromatography. The standard curve of Log of molecular mass versus Ve was derived 

from the elution profile of standard proteins. The apparent molecular weight of 

McFabD was then estimated by interpolation using standard calibration curve (Figure 

4.3B inset). McFabD was eluted at 76.0 ml elution volume using buffer A. A single 

peak of 76.0 ml (Figure 4.3B), which corresponds to ~ 35 kDa size was observed and 

purity of McFabD was confirmed by SDS-PAGE analysis. This shows that in 

solution, McFabD exists in monomeric form, which was consistent with other 

characterized FabD homologs[236,248,249]. 

 

4.3.2 Kinetic characterization and inhibition studies 

The enzymatic assay of McFabD is performed using spectrophotometric assay where 

free CoA reacts with Aldrithiol-4 led to the formation of adduct which absorbs at 324 

nm. McFabD is found to be active with Km 114.3 ± 13.6 µΜ for malonyl-CoA and 

Vmax 13.54 ± 0.764 µΜ /min respectively. The Michaelis Menten and double 

reciprocal plot of McFabD has shown in Figure 4.4A & 4.4B. The enzymatic 
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characterization of FabD has been reported from several homologs with Km of 21.03 ± 

2.3 µΜ (HpFabZ)[97], 12.6 µΜ (MtFabD)[247], 25 µΜ (EcFabD)[244], and 60.0 µΜ 

(ScFabD)[257]. The kcat and kcat/Km were determined to 0.677 ± 0.038 S-1 and 5.9 × 

103 M-1S-1 respectively. The higher value of Km of McFabD for malonyl-CoA as 

compared to other reported homologs might be due to transfer of malonyl group to 

panethine instead of ACP which is its natural substrate along with Malonyl-CoA.  

 

 
 

Figure 4.4. Kinetic characterization of McFabD.   

(A) Michaelis Menten plot of McFabD for malonyl-CoA substrate (B) Double reciprocal plot.  

 

Inhibitory activities of aporphine alkaloids against McFabD have been determined 

using a same spectrophotometric assay and kinetic inhibition parameters (Ki and IC50) 

have been calculated. Table 4.1 shows the Ki and IC50 values determined for 

apomorphine, magnoflorine and boldine against McFabD. Based upon the Ki values 

AMF and MNG have inhibited the McFabD with stronger affinity as compared to 

boldine. Mode of inhibition of these compounds was further analyzed via plotting 

double recriprocal plots as shown in Figure 4.5. All three inhibitors have inhibited the 

McFabD via non-competitive mode (mixed), which means these compounds can bind 

to enzyme as well as with enzyme substrate (ES) complex. 

 

Table 4.1 Inhibitory activities of aporphine alkaloids against McFabD 

 

Alkaloids IC50 (µΜ) Ki (µΜ) 

Apomorphine 16.7 ± 3.1 27.3 ± 2.45 
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Magnoflorine 19.2 ± 1.56 23.2 ± 3.2 

Boldine 32.9 ± 2.67 35.2 ± 3.77 

 

 

 

 
Figure 4.5 Analysis of the mode of inhibition of aporphine alkaloids.  
Double reciprocal plots of apormorphine (A), boldine (B) and magnoflorine (C) for for McFabD. All 

three inhibitors were found to be inhibiting the McFabD via non-competitive (mixed) mode of 

inhibition. 

 

4.3.3 Circular dichroism based studies  

CD spectroscopy has been proven to be a valuable tool, which provides information 

related to the conformation and stability aspects of protein under different 

environmental conditions as well as in the presence of ligands (substrates, inhibitors, 

small molecules etc.) The far-UV CD is mainly used to monitor the changes in the 

secondary structure elements, while near-UV CD helps in understanding the tertiary 

structure of proteins[105,196,216].  

The far-UV CD spectra of McFabD (Figure 4.6A) under native conditions (20 mM 
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sodium phosphate pH 7.8, 25 0C) shows two minima bands at 209 nm and 222 nm 

wavelength which is characteristic to α- helices. The presence of one positive maxima 

band at 197 nm and broad minima at 210-220 nm ranges depicts the presence of β - 

sheets in McFabD protein. Secondary structure content of McFabD has been 

calculated by SELCON[258] method using dichroweb web server for CD analysis. 

For McFabD protein under native condition, helical, sheets, turns and coils contents 

were found to be 41.7 %, 14.0 %, 21.7 % and 27.0 %, respectively. The near-UV CD 

spectrum (260 – 320 nm) arises due to aromatic amino acids. The near-UV CD spectra 

of McFabD (Figure 4.6B) show two minima in the region of phenylalanine (255-

270nm) and tryptophan (290-305 nm), while maxima in tyrosine (275-282 nm) region. 

 

 
 

Figure 4.6. Circular dichroism based studies.  
(A) & (B) The far-UV and the near-UV CD spectra of McFabD under native conditions as well as 

under different amounts of substrate (Malonyl-CoA). (C) Effect of pH on the far-UV CD spectra of 

McFabD. At lower pH, loss of ellipticity at 209 nm and 222 nm was observed. (D) Effect of 

temperature upon far-UV CD spectra of McFabD. At the higher temperature loss of helical and sheet 

content has been observed. 
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4.3.3.1 Effect of Substrate (Malonyl-CoA)  

It has been clearly observed that as the substrate binding has caused the decrease in 

the ellipticity at 209 nm and 222 nm, and positive ellipticity at 197 nm. Higher 

substrate concentration (100 µM -200 µM) has produced more effect on the 

conformation of McFabD protein (Figure 4.6A). At 200 µM substrate concentration, 

helical, sheets, turns, and random coils contents were found to be 32.9 %, 17.2 %, 

20.6% and 32.9 % respectively. This shows that helical content has been decreased 

while sheets content has been increased in McFabD upon substrate binding. In near-

UV spectra (Figure 4.6B), we have observed a decrease in MRE (Mean residue 

ellipticity) towards negative values in all three regions of the spectra. The region of 

Phe (260 nm to 275 nm) has been affected more at a higher amount of substrate as 

compared to Tyr and Trp regions of near-UV spectra, which might be resulted in the 

substantial change in the tertiary structure of McFabD upon malonyl- CoA binding.  

 

4.3.3.2 Effect of pH and Temperature  

Effect of pH on the Far-UV CD spectra on McFabD has been studied by using 

different buffer systems. Figure 4.6C shows the Far-UV CD spectra of McFAbD at 

different pH. A gradual decrease in the ellipticity at 209 nm and 222 nm was 

observed. Helical content has been reduced, while sheets content has been increased at 

lower pH. At pH 3.0, the helical and sheet contents were 24.3 % and 21.2 % 

respectively. To study the effect of temperature on McFabD stability, thermal-induced 

unfolding was conducted. Melting temperature (TM) was determined to 50.14 0C. As 

shown in Figure 4.6D McFabD started to lose secondary elements above 45 0C and 

lost completely above 60 0C. At the higher temperature, considerable loss of helical 

and sheet contents was observed evident by the loss of ellipticity at 208 nm, 222 nm 

and 195 nm. At 90 0C, helical and sheet content was found to be 22.3 % and 17.8 % 

respectively.  

To understand the temperature based unfolding process, thermodynamic parameters 

were quantitatively calculated. The thermodynamic based unfolding curve as shown in 

Figure 4.7A follows a typical two-state pattern and sigmoidal in nature. The apparent 

activation energy (Ea) of temperature-induced shift could be determined using 

following equation [194]: 

 ln(ln1/Fapp) = Ea/R(1/TM - 1/Τ) 

 where Fapp is a fraction of native protein at the corresponding temperature. Fapp is 
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equal to the (θ-θU)/ (θF -  θU). TM is the temperature where the maximum heat change 

happened. 

 

 
Figure 4.7 Melting curve of McFabD.  
(A) Melting temperature was determined to 50.14 oC for McFabD. Melting curve is sigmoidal and has 

two state transition pattern. (B) Linear relationship between Ln (Ln(1/Fapp)) Vs 1/T. The apparent 

activation energy of thermal transition can be calculated from the slope of this curve. 

 

The apparent activation energy of McFabD transition was estimated to 970.57 ± 0.12 

Joules/mol. The melting temperature and activation energy for temperature induced 

unfolding process for McFabD is found to be lesser than the HpFabD (TM = 65.5, Ea = 

160 kJ/mol) which shows that McFabD is thermally less stable than HpFaD 

enzyme[97]. 

  

4.3.3.4. Effect of different ligands   

Effects of different ligands on the conformation of McFabD have been studied by 

observing the far-UV and near-UV spectra. Different concentration range (5-250 µM) 

of ligands has been used. Figure 4.8 & 4.9, shows the far-UV and near-UV spectra of 

McFabD in presence of different ligands.  
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Figure 4.8 Effect of (A) Boldine, (B) Apomorphine, (C) Magnoflorine and (D) 

Iodoacetamide upon Far-UV CD spectra of McFabD.  
Loss of ellipticity at 222 nm, 209 nm, and 197 nm was observed upon the binding of different ligands. 

Effect of BLD (A) and MNG (C) upon the McFabD secondary structure was more prominent as 

compared to AMF (B). IDA (D) binding has produced a similar effect, but with lesser extent as 

compared to other ligands. 

 

The ligands binding have brought some striking changes in the far-UV spectra (Figure 

4.8A-4.8D) of McFabD and common observation was loss of helical content evident 

by the ellipticity loss at 209, 222 and 197 nm. Although changes in sheet content were 

observed, but the extent of variation was much lesser than the helical part. β-sheets 

contents have been increased upon the binding of ligands. Figure 4.9E-4.9H, shows 

the changes in the secondary structure elements upon the binding of different amount 

of substrate and aporphine alkaloids. Overall with increasing concentration of ligands, 

degree of randomness (random coils %) has been increased.  
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Figure 4.9 The near-UV CD spectra of McFabD in presence of (A) Boldine, (B) 

Aporphine, (C) Magnoflorine and (D) Iodoacetamide. Changes in the tertiary structure of 

McFabD were observed upon binding. Aporphine alkaloids (A-C) have shown more effect on the 

tertiary structure as compared to IDA (D). E-H, bar diagrams showing the changes observed in the 

secondary structure elements of McFabD upon the binding of Malonyl-CoA (E), apomorphine (F), 

Boldine (G) and Magnoflorine (H). Helical content has been decreased, while sheets content has been 

increased. 

Effect on the tertiary structure of McFabD was studied by observing the near-UV CD 

spectra in the presence of different concentration of ligands. Overall all three 

aporphine alkaloids binding lead to the changes in the tertiary structure of McFabD as 

shown in Figure 4.9A-4.9D. BLD binding resulted in the increase in MRE values 

towards negative. Phe and Trp regions of near-UV spectra have been affected more as 

compare to Tyr regions. AMF binding to McFabD has shown opposite effect on near-

UV spectra as compare to BLD. In this case, an increase in MRE towards positive 

values has been observed. Phe and Tyr regions were more affected as compared to Trp 

region. Magnoflorine binding has shown mixed kind of effect. In this case, at a lower 

amount of MNG (<100 µΜ) resulted in the MRE increase towards positive, while 

higher conc. (>100 µΜ) lead to increase in MRE towards negative values with more 

profound effect in the region of Phe. Overall, we can say that substantial changes in 

the tertiary structure of McFabD were observed upon the binding of aporphine 

alkaloids. 
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4.3.4 Fluorescence analysis 

Fluorescence based titration studies have been widely used to investigate the 

interaction of protein with ligands (drugs, inhibitors etc). Tryptophan residues in the 

proteins have properties of intrinsic fluorescence and are commonly used in spectral 

studies[231,259–261]. McFabD protein has three tryptophan residues, and therefore 

fluorescence-quenching experiments were conducted to study the ligand-protein 

interactions. Binding of different ligands leads to the decrease in the fluorescence 

intensity of McFabD protein, indicating the change in the structure of McFabD upon 

ligands binding.  

 

 
 

Figure 4.10 McFabD fluorescence quenching studies.  
Fluorescence emission spectra of McFabD in the presence of different amount of apomorphine (A), 

boldine (B) and magnoflorine (C). Overall, a decrease in the fluorescence intensity was observed upon 

the binding of these three ligands. 

 

The results have shown that McFabD has an intrinsic fluorescence emission band at 

330 nm when excited at 295 nm, which shows that Trp residues in McFabD were 

exposed in the hydrophobic environment. Binding of the substrate (Malonyl-CoA) and 

different ligands (IDA, BLD, AMF, and MNG) to McFabD has resulted in a gradual 

decrease in the fluorescence intensity. Binding of Malonyl- CoA leads to decrease in 

the fluorescent intensity with a blue shift of of 1.0 nm. Binding of BLD to McFabD 

resulted in a red shift of 4.0 nm, while binding of AMF, MNG, and IDA has resulted 

in a red shift of 1.0, 2.0 and 1.0 nm respectively. These results have shown that 

binding of the substrate have made Trp environment more hydrophobic, while others 
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ligands have exposed Trp towards the hydrophilic environment. The extent of red shift 

was more observed in BLD binding when compared to other ligands. Figure 4.10A-

4.10C shows the McFabD fluorescence emission spectra in presence of aporphine 

alkaloids, while emission spectra of McFabD with the substrate (M-CoA) and 

inhibitor (IDA) have been given in Figure 4.12. 

4.3.4.1 Quenching mechanism  

In general, quenching mechanism can be classified into dynamic or static quenching 

or by mixed pattern. The mechanism of quenching is distinguished by variation in 

temperature and viscosities[259,262]. In dynamic quenching, the quenching constant 

increases with temperature rise, while reverse trend observed in static quenching. In 

order to determine the possible mechanism, the Stern-Volmer equation was used: 

 F0/F = 1 + Ksv [Q] = 1 + Kq το [Q] 

Where F0 and F are the fluorescence intensities in absence and presence of quencher 

(Q), Ksv is the quenching constant, Kq is the bimolecular quenching rate constant and 

το is the fluorescence lifetime without a quencher. For proteins, the value of το is 10-8 

sec[259,263]. A linear plot of F0/F vs [Q] indicates that quenching is either static or 

dynamic, while non-linear implies to mixed pattern of quenching[259]. Figure (4.11A-

4.11C) shows the Stern-Volmer plots of McFabD with AMF, BLD, and MNG.  

 

 

 

Figure 4.11 Stern-Volmer plots of McFabD quenching studies with apomorphine (A), 

boldine (B) and magnoflorine (C).  
The mechanism of fluorescence quenching was found to be static for all ligands which depcits the 
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ground state complex formation upon ligand binding. The modified Stern-Volmer plots for 

apomorphine (D), boldine (E) and magnoflorine (F). Binding constant (Kb) and N (no. of binding sites) 

are calculated from this plot. 

 

We have determined the quenching mechanism by calculating Kq value (Kq = Ksv/τo). 

For dynamic quenching Kq found to be less than 1010 while for static quenching Kq 

value found to be higher than this value. In this study, Kq values for all ligand-protein 

interaction were found to more than 1010, which show that the possible mechanism of 

quenching is static and the formation of the ground state protein-ligand complexes. 

Table 4.2 gives the value of Ksv, Kq, and R2 (goodness of fit).  

 

Table 4.2 The quenching constants of McFabD interactions with different ligands 

determined by Stern- Volmer plots: 

 

Ligand Ksv (104 M-1) Kq (1012 M-1 S-1) R2 
Malonyl- CoA 1.37 1.37 0.97 

Boldine 1.31 1.31 0.94 
Apomorphine 3.26 3.26 0.98 
Magnoflorine 1.64 1.64 0.98 
Iodoacetamide 1.07 1.07 0.99 

 

4.3.4.2. Binding equilibrium analysis   

For the static quenching model, the equilibrium binding constant (Kb) and a number of 

binding sites have been calculated by the following equation: 

 Log (F0-F)/F = logKb + N log (Q) 
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Figure 4.12. Fluorescence quenching of malonyl-CoA and iodoacedamide. 

Fluorescence emission spectra of McFabD in presence of M-CoA (A1) and IDA (B1). Stern-Volmer 

plots and modified Stern-Volmer plots of McFabD quenching with M-CoA (A2,A3) and IDA (B2,B3) 

respectively.  

 

Where Kb is the equilibrium binding constant and N is the no of binding sites. Both 

parameters can be easily calculated by intercept and slope of the curve. Figure 4.11D-

4.11F shows the fitted curves for the calculation of binding parameters. The values of 

Kb and N, for all the ligands to McFabD interactions, have been given in Table 4.3. 
 

Table 4.3 Binding constant and number of binding sites 

 

Ligand Kb (104 Μ-1) N R2 
Malonyl- CoA 1.67 1.39 0.97 

Boldine 1.95 1.03 0.99 
Apomorphine 2.90 1.31 0.97 
Magnoflorine 1.84 0.94 0.92 
Iodoacetamide 1.23 1.16 0.98 

 

4.3.5 UV-Visible spectroscopic studies  

UV- visible absorption spectroscopy is a simple and valuable tool for exploring 

structural changes and understanding the protein-ligand complex formation. Figure 58 

shows the absorption spectra of McFabD in native condition and with different 

ligands. Absorption spectra of McFabD show absorption maxima at 280 nm which 
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arises due to the presence of aromatic amino acids (Tyr, Trp, and Phe) in protein[264]. 

Upon ligand addition, changes in the spectra observed, which depicts the 

conformational changes as well as complex formation during binding. Absorption 

spectra were recorded in different concentration of ligands (5 µM - 100 µM).  

 

 
 

Figure 4.13 UV-Visible spectra of McFabD under native conditions and in the presence 

of different ligands. Spectra obtained at 25 µΜ (Α) and 100 µΜ (B) concentration of ligands have 

been shown here. 

 

Upon substrate binding (Figure 4.13), an increase in the absorption intensity with 

absorption maxima shifted towards lower absorption maxima (280 nm to 258 nm) was 

observed. Binding of BLD, AMF, and MNG to McFabD resulted in the increase in 

absorption intensity (hyperchromic shift) and absorption maxima also shifted towards 

lower wavelength, blue shift (Figure 4.13). In case of IDA, decrease in the absorption 

intensity (hypochromic effect) was observed. The extent of the absorption maxima 

shift (Blue shift) was more prominent in the case of M-CoA and AMF binding as 

compared to BLD, MNG, and IDA. Altogether, these results have shown that there is 

a complex formation and a conformation change upon binding of these ligands to 

McFabD.  

 

4.3.6 Isothermal Titration Calorimetry (ITC) based studies  

Interaction of McFabD with different ligands was further explored through isothermal 

titration calorimetry, which determines the binding parameters including affinity, 
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thermodynamic parameters (ΔH, TΔS, and ΔG) and stoichiometry in a single reaction. 

A typical 1:1 stoichiometric binding was observed in all reaction. Binding isotherms 

and fitted curves of binding of McFabD with Malonyl-CoA, BLD, AMF, IDA, and 

MNG have been shown in Figure 4.14. 

 

 
 

Figure 4.14 ITC based binding assay.  
ITC titration data describing the binding of boldine (A), apomorphine (B), malonyl-CoA (C), 

Iodoacetamide (D) and magnoflorine (E) with McFabD. Data is fitted using one site model analysis of 

Origin 7.0. The upper part of each panel shows the thermogram (thermal power Vs time) after baseline 

correction while the lower part of each panel is binding isotherm (normalized heat vs molar ratio of 

reactants). Binding of BLD (A) and M-CoA (C) to McFabD is an endothermic reaction, driven by 

entropy while binding of AMF (B), IDA (D) and MNG (E) to McFabD is an enthalpy driven 

exothermic reaction. 

 

Upward trends in the binding isotherms as obtained during the reaction of McFabD 

with M-CoA and BLD represent the endothermic nature of the reaction, while 

downward trends as observed in AMF, MNG And IDA reactions depict the 

exothermic nature of the reactions. This shows that binding of BLD and M-CoA to 

McFabD was driven by entropy change (ΔS > 0), while binding reactions of AMF, 

IDA and MNG were driven by the enthalpy change (ΔH <0). All reactions were 

spontaneous as evidenced by the negative value of free energy change (ΔG <0). All 

data have been fitted using one site model analysis program of Origin 7. Table 4.4 

shows the thermodynamics and binding parameters of all the reactions. 
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Table 4.4 Thermodynamic parameters  

 

Ligand KD (µΜ) ΔΗ (cal/mol) ΔS 
(cal/mol/deg) 

ΔG (cal/mol) N 

M-CoA 25.83 2.9 × 106 9.81 × 103 - 2.3 × 103 0.81 ± 0.05 
Boldine 7.19 4572 32.1 -5.02 × 103 1.3 ± 0.11 

Apomorphine 4.87 -3285 13.3 -7.248 × 103 0.64 ± 0.09 
Magnoflorine 11.7 -6858 0.799 -7.096 × 103 0.79 ± 0.21 

IDA 16.5 -9924 -11.4 -6.5 × 103 1.12 ± 0.02 
 

 

 

 
Figure 4.14 ITC based binding assay (continued). 

 

Binding of BLD (KD = 7.19 µΜ) and apomorphine (KD = 4.87 µΜ) to McFabD was 

more favorable as compared to other ligands. Based upon the dissociation constant 

values as given in Table 4.4 we can say that McFabD has a strong binding affinity for 

BLD and apomorphine with KD values of 7.19 µΜ and 4.87 µΜ respectively.  

 

4.3.7 Molecular Modelling of McFabD 

As the crystal structure of McFabD is not available, a suitable template (PDB Id: 

3HJV, sequence Identity 46%) was chosen to build the 3D model of McFabD using 

pBLAST analysis. The predicted 3D model was further validated for stereochemical 

quality using PROCHECK server. The PROCHECK analysis revealed that 99.3 % 

residues were within allowed regions. Various validation tools have been used to 
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assess the quality of predicted models of McFabD. Table 4.5 shows the assessment of 

a built 3D model using various validation tools. ERRAT analysis gave an overall 

quality score of 98.63, where good resolution structures have a score of 95% or more. 

Verify- 3D server analysis has shown that 99.67% residues had an averaged 3D-1D 

score  >= 0.2. ProSa server gives the Z score of -9.16, which lies within the range of 

structure determined using NMR and X-ray crystallography. The overall quality was 

further checked using ProQ server. All of these validation servers suggested that built 

3D model of McFabD (Figure 4.15A) could be accepted with high confidence. 

 

 

Table 4.5 The quality assessment of predicted 3D model of McFabD 
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Figure 4.15 Predicted 3D model (A) and binding pocket of McFabD (B). (A) Cartoon 

diagram of McFabD predicted 3D model. McFabD is colored blue to red from its N terminus to C 

terminus. Secondary structure elements are labeled. (B) Surface diagram of McFabD with its binding 

pocket. Docked ligands are shown in different color. 

4.3.7.1 Sequence and phylogenetic analysis 

Multiple sequence alignment of McFabD protein with other homologs has been 

performed using T coffee server[199]. Figure 4.16 shows the MSA profile of McFabD 

with HpFabD, MtFabD, PfFabD, ScFabD, and EcFabD. McFabD shared 46.73 % 

sequence identity with EcFabD. Additionally, two highly conserved motifs (GHSXGE 

and PGQGXQ) and other conserved regions have been observed. Phylogenetic 

analysis of McFabD has been performed using phyml server[265]. McFabD gene is 

found to be closely related to EcFabD, VcFabD, and StFabD gene family (Figure 

4.17). As per the reported literature, FabD protein was considered to have two active 

sites, the malonyl-CoA binding site, and holo-ACP binding sites. It has been found 

that these two highly conserved motifs and conserved residues might play important 

role in the formation of active sites[97].  
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Figure 4.16 Multiple sequence analysis.  
Sequence analysis of McFabD with different homologs. FabD gene was found to be highly conserved 

among these homologs. The conserved regions have been shown in red blocks. The predicted 

secondary structure elements were also shown here. The alignment was performed using ESPript 3 

software. 

 

 
Figure 4.17. Phylogenetic analysis of McFabD gene. 
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4.3.8 Docking studies 

In order to get more information regarding the binding mode of different ligands to 

McFabD, docking based investigations were carried out using Auto Dock[163]. 

Binding pocket of these ligands has been shown in Figure 4.15B. BLD, AMF, and 

MNG were interacting with McFabD in a similar way as malonyl moiety of M-CoA. 

These ligands were interacting with active site residues through polar and non-polar 

interactions. Binding energy and binding constant values of AMF, BLD, IDA, MNG, 

M-CoA, corytuberine, and juglone have been given in Table 4.6.  

 

Table 4.6 Binding parameters of different ligands determined using Autodock 

 

Ligands Binding energy 
(kcal/mol) 

Binding constant (µΜ) 

Malonyl-CoA -7.56 2.89 
Apomorphine -7.18 5.45 

Boldine -5.49 95.33 
Magnoflorine -5.39 111.42 
Iodoacetamide -3.62 2210 
Corytuberine -6.31 23.57 

Juglone -6.18 29.51 

 

 

Binding modes of all these ligands to McFabD have been shown in Figure 4.18. BLD 

interacts with McFabD through polar and non-polar interactions. Ser 209 and Arg 106 

residues are involved in hydrogen bonds with BLD. Met141 and His100 are making 

polar interactions with BLD, while residues Val 170, Gly 18, Met141, His100, Asn 

170, Ser 209, Thr 65, Met 130, Gln 19, Ser 101, Leu 102 and Gln 69 are involved in 

non-polar interactions.  
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Figure 4.18 Molecular docking based studies.  
Predicted binding mode of AMF (A), BLD (B), MNG (C) and IDA (D) with McFabD. Interacting 

residues are shown in green color. Ligands are shown in yellow. Hydrogen bonds are labeled and 

shown as black dash lines. 

 

Binding mode of AMF to McFabD is similar to BLD binding. Both polar and non-

polar indications play important role in binding. AMF forms three hydrogen bonds 

with Gln 19, Arg 126 and Asn 170 residues. Residues involved in hydrophobic 

interactions include Gly 18, His 100, Ser 209, Asn 170, Met 130, Met 141, Arg 126, 

Gln 69, Leu 102, Ser 101 and Gln 19. The predicted binding energy of AMF is found 

to be -7.18 kcal/mol, which is lower than the other ligands used in the current study. 

Other ligands MNG and IDA are interacting in a similar fashion as BLD and AMF. 

Table  4.7 shows the list of interacting residues and different interactions involved in 

binding.  
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Table 4.7 Predicted binding interactions of McFaBD with different ligands.  

 

Ligand Hydrogen bonded 
interactions  

Polar interactions 
(Except hydrogen 
bonding) 

Non-polar interactions  

M-CoA Glu283, Ser21 and 
Asn63 

Not found Lys64, Gln19, Ser21, 
Val289, Leu290, 
Glu283, Thr65, Pro17, 
Gly18, Leu102, Gln69, 
Ser206, Val207, 
Met130, Arg126, 
Ser200, His210, Asn170, 
Asn172, His100, Ser101 

AMF Gln19, Asn170, and 
Arg126  

Not found Gly18, His100, Ser209, 
Asn170, Met130, 

Met141, Arg126, Gln69, 
Leu102, Ser101 and 

Gln19 
BLD Ser209 and Arg106 Met141 and His100 Val170, Gly18, Met141, 

His100, Asn 170, 
Ser209, Thr65, Met130, 
Gln19, Ser101, Leu102, 
and Gln69 

MNG Ser209 Not found Met141, Val178, 
Asn170, His210, Gly18, 
His100, Gln19, Leu102, 
Ser101, Met130, Thr65, 
Gln69, Ser209 and 
His210 

IDA Gln19 and Thr65 Not found Gln19, Gln69, Leu102, 
Arg126, Ser101, Thr65, 
Met30 

 

4.3.9 Growth inhibition assay 

To assess the in vivo efficacy of BLD, AMF, and MNG growth inhibition assay  

(MIC) has been performed against Moraxalla caterrhalis using the broth 

microdilution method. Apomorphine has inhibited the growth of Moraxalla sp. with a 

MIC value of 4-8 µg/ml, while MIC values of BLD and MNG were determined to 8-

16 µg/ml and 32-64 µg/ml respectively.  

 

4.4. Discussion  
The emerging resistance in bacterial pathogens against current antibiotics is a pressing 

concern for human health in all over the world. Therefore, it has become more 

important to develop new chemical scaffolds to combat the drug resistance related 

problems. Natural products and their molecular designs offer medicinal chemists a 

wide range of chemical scaffolds for the development of new drugs and chemical 
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probes[110,111,266]. In this study, we have explored the natural products for their 

antibacterial effects from the class of aporphine alkaloids. Among aporphine 

alkaloids, Magnoflorine is known to exhibit antiplasmodial, antiamoebic effects[251] 

and anti-viral effects against HSV-1 virus[267]. Boldine has shown chemotheraputic 

effects upon breast cancer with dosage toleration of 100 mg/kg body weight in rats 

[268] and also known to be a potent anticancer agent at non-toxic concentations[269]. 

Apomorphine being a dopaminergic agonist have been used in the treatment of 

Parkinson’s disease and erectile dysfunction [270–272].Till date, one natural inhibitor 

(corytuberine) from the quinolone alkaloid’s class has been discovered against 

HpFabD[97]. In this study, FabD from Moraxella catarrhalis has been characterized 

using biochemical, biophysical and in silico based studies. The detailed binding 

studies of aporphine alkaloids with McFabD have been performed. 

Biochemical inhibition assay has shown that among these alkaloids MNG have 

inhibited FabD with Ki and IC50 values of 23.2 µΜ and 19.2 µΜ respectively which 

are comparable to AMF kinetic inhibition parameters (Κi = 27.3 µΜ; IC50 = 16.7 µΜ). 

Both AMF and MNG have inhibited FabD with stronger affinity as compared to BLD. 

Also, mode of inhibition of these compunds was found to be non-competitive. 

However, if compared with corytuberine (IC50 = 33.1 ± 3.29 µΜ), which is known 

natural inhibitor of FabD (Helicobacter pylori), AMF and MNG have better IC50 

values while BLD have comparable IC50 value. One major differences lie in the mode 

of inhibition, where corytuberine has shown uncompetitive mode for HpFabD while 

in our case all these aporphine alkaloids have shown non-competitive mode of 

inhibition.  

Fluorescence quenching experiments were carried out to determine the various 

binding parameters. The binding of all ligands resulted in the loss of fluorescence 

intensity of McFabD, which lead to the formation of the ligand-protein complex. 

Based upon the binding parameters determined using fluorescence quenching studies 

(Table 4.3), it has been found that apomorphine has a stronger binding affinity (2.90 × 

104 M-1) as compared to other ligands. Binding affinities of boldine, magnoflorine and 

M-CoA were comparable to each other. Kb values for all ligands were in 104 range 

which shows the moderate level of binding affinity of McFabD to these ligands. All 

ligands were binding to McFabD with a stoichiometry of 1:1 ratio. Binding studies 

were further explored in terms of thermodynamic properties using ITC based titration 

studies. ITC measures the heat absorbed or released during the binding of a ligand to 
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the macromolecule. Binding reactions of all these ligands to McFabD were 

spontaneous in nature with a negative value of ΔG. Based on the KD values we can 

say that apomorphine and boldine have stronger binding affinities to McFabD as 

compared to other ligands. Both AMF and BLD have comparable binding affinities, 

but have different enthalpies and entropies, suggesting a different binding mechanism. 

Binding signature plots of AMF, BLD, MNG, and IDA have been shown in Figure 

4.19.  

 

 
 

Figure 4.19 Thermodynamic signatures of Binding.  
Thermodynamic profile of AMF, BLD, MNG, and IDA binding with McFabD based upon ITC data. 

The measured parameters include the Gibbs free energy change (ΔG), the enthalpy change (ΔH) and 

the temperature dependent entropy change (TΔS). 

 

Binding of M-CoA and BLD to McFabD were entropy driven reactions (ΔS>0), 

where hydrophobic interactions play a main role in the binding while in case of AMF, 

MNG and IDA binding reactions were enthalpy driven (ΔΗ<0) where polar 

interactions were the major contributing factor.  

Further, conformational changes observed during the binding of McFabD with these 

different ligands were monitored using circular dichroism based studies. The far-UV 

CD studies have shown that upon ligand binding to McFabD, loss of ellipticity at 209 

nm, 222 nm and 197 nm were observed, which corresponds to the loss of helical 
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content while sheets content has been increased. This effect was more prominent in 

the case of BLD and Magnoflorine as compared to other compounds used in this 

study. Based upon the analysis of near-UV spectra of McFabD in presence of different 

ligands, it has been found that substantial changes in the tertiary structure of McFabD 

take place upon ligand binding. Binding of BLD, MNG, and M-CoA have resulted in 

the MRE increase towards more negative values, which is responsible for increasing 

the flexibility of aromatic amino acids. MNG and M-CoA have resulted in the 

increased Phe residues flexibility, while BLD binding has affected Phe and Trp 

residues.  AMF binding has increased the MRE towards positive values with 

prominent effect in the Phe and Tyr regions. This increase in MRE resulted in the 

reduced flexibility of Phe and Tyr residues.  Based upon these finding it may be 

assumed that structural rearrangement in the region of α6, α5, and α4 helices might 

have taken place. Ligand binding may be accompanied by the uncoiling or disordering 

of  α4, α5, and α6 helices. This may be indicative of the intermediate ligand-bound 

state of McFabD with the structural reorganization of these three helices (α4, α5 and 

α6) and nearby sheets (β2 and β4). Fluorescence and UV-visible measurements have 

shown that there was a formation of complex upon ligand binding and changes in the 

conformation evident by changes in the microenvironment of aromatic amino acids 

were observed. 

The plausible interactions involved during the binding of these ligands to McFabD 

were studied using molecular docking based investigations. The binding poses of 

docked compounds were compared with malonate bound (PDB ID: 2G2Y) and M-

CoA bound (2G2Z) crystal structures of EcFabD[273]. Binding locations of AMF, 

BLD, MNG, and IDA were found to be similar to that of malonate bound EcFabD 

(Figure 4.20).  

Malonate has interacted with His201, Ser92, Arg117, Gln11 and Leu93 residues from 

the active site of EcFabD. Similarly, AMF was interacting with His210, Ser101, 

Arg126, His100, Asn170, Leu102 and Gln19 residues of McFabD. BLD, MNG, and 

IDA were also binding to McFabD in a similar fashion as AMF. 
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Figure 4.20 Structural comparison of binding poses.  
Binding location of malonate bound in the crystal structure of EcFabD (A) and predicted binding 

location of apomorphine in 3D model of McFabD (B). Interacting residues are shown in hot pink color 

and ligands are shown in yellow color. From the analysis of binding poses it has been found that 

aporphine alkaloids are interacting with McFabD in a similar fashion as malonate was interacting with 

EcFabD in crystal structure. The critical residues that might play important role in the binding of 

aporphine alkaloids to McFabD are Arg126, Ser101, His209, His100, Leu102, and Gln19. 
 

These observations have shown that these compounds were interacting with active site 

residues including catalytic residues (Ser and His) in a similar fashion as found in the 

malonate bound crystal structure of close homologs[273].  So based upon docking 

poses we can say that critical residues involved in binding include His 210, Leu102, 

Gln19, Ser 101 and Arg 126. As mentioned in the table 4.6 predicted binding energy 

of M-CoA  (-7.56 kcal/mol) and AMF (-7.18 kcal/mol) was found to be lesser than 

BLD, MNG and IDA. If we see the chemical structure of aporphine alkaloids as 

shown in Figure 4.1, differences in hydroxylation patterns and methoxy group patterns 

resulted in the variation in the binding energy and dissociation constant values. 

Presence of methoxy groups on boldine and magnoflorine, made these compounds 

more hydrophobic. As we have observed through binding signatures of these 

compounds shown in Figure 4.19, binding of apomorphine was favored by both 

enthalpy change (ΔH < 0) and entropy change (ΔS > 0), while in case of boldine, the 

reaction was driven mainly by entropy factor, which makes reaction of the boldine is 

an endothermic process. Reactions of magnoflorine and iodoacetamide were enthalpy 

driven reactions. Based on the KD values we can say that AMF scaffold is more 
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appropriate among these compounds, and it has inhibited the Moraxalla caterrhalis 

growth in vivo level at 4-8 µg/mg concentrations. To further validate our study, we 

have performed docking investigation on McFabD with corytuberine, a natural 

inhibitor of HpFabD[97] and juglone, a multitargeted inhibitor of HpFabD and 

HpFabZ[274]. It has been found that corytuberine and juglone occupied similar 

binding locations in the active site of McFabD as with aporphine alkaloids.  

 

 

Figure 4.21 Molecular docking of known inhibitor corytuberine (A) and juglone (B) with 

McFabD. Predicted binding mode of corytuberine (A) and juglone (B )with McFabD. Interacting 

residues are shown in green color. Ligands are shown in yellow. Hydrogen bonds are labeled and 

shown as black dash lines. 

 

The predicted binding energy and binding constant of corytuberine and juglone have 

been given in table (4.6). The predicted binding modes of aporphine alkaloids are 

similar with corytuberine and juglone binding modes (Figure 4.21) but mode of 

inhibition were found to different. Also, apomorphine has shown better binding 

energy (-7.18 kcal/mol) than corytuberine (-6.31 kcal/mol) and juglone (-6.18 

kcal/mol) based upon docking calculations. This study suggests that aporphine 

alkaloids can act as antibacterial agents by targeting FabD enzyme form FAS II 

pathway. Taken together, all this study explains that amomg these alkaloids, AMF 

scaffold could be good starting points for the development of lead antibacterial 

compounds targeting FabD.  
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4.5. Conclusion  

In the current study, biochemical, biophysical and in silico characterizations of FabD 

from Moraxella catarrhalis pathogen has been presented. This is the first report where 

binding studies of aporphine alkaloids to FabD has performed. Aporphine alkaloids 

had been known to exhibit various biological important activities. In this study, 

antibacterial actions of apomorphine, boldine, and magnoflorine have been studied. 

Based on this study, we can say that aporphine alkaloids can act as antibacterial agents 

by targeting FabD from FAS II pathway. Among these compounds, apomorphine and 

boldine have a stronger binding affinity to McFabD over other compounds. Based 

upon the findings of CD and fluorescence studies, substantial changes in the 

secondary and tertiary structure of McFabD were observed. Among these compounds, 

apomorphine has shown better binding and in vivo inhibition, as compared to other 

compounds. In total, we expect this study will help in the development of potent 

antibacterial agents targeting FabD enzyme.  

4.6 Future prospects  

In this study, we report the antibacterial action of aporphine alkaloids against 

Moraxella catarrhalis and possible target of these compounds could be FabD enzyme 

from FAS II pathway. Among these alkaloids, apomorphine has shown good binding 

and in vivo inhibition as compared to other compounds. To further develop more 

potent inhibitors, potency and efficacy of these compounds should be increased, and 

possible way is to make derivatives of apomorphine with different polarity and 

inhibitory potential must be checked and compared against FabD enzyme.  
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Chapter 5 

Identification and characterization of dual inhibitors against 

FabD and FabZ using biochemical, biophysical and in silico 

approaches 
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Chapter 5 
 

5.1 Introduction 
The emergence of drug resistance in bacterial pathogens is pressing concerns in health 

sector all over the world. It has become more important to develop new approaches to 

overcome drug resistance[20,32,43,105,266]. Since the bacterial pathogens have 

developed the resistance against the antibiotics which targeted the essential pathways 

like cell wall synthesis, DNA (or RNA) replication, protein synthesis, and folate 

biosynthesis pathways it has become more important to discover antibacterial agents 

targeting other vital pathways or processes of bacteria. Other essential pathways of 

bacteria that have been validated for drug development are shikimate pathway, fatty 

acid biosynthesis, lipid polysaccharide synthesis, cell division, two-component 

regulatory system, and bacterial efflux pumps[6,8,32].  

Being an essential pathway, and minimum chances of cross-resistance to existing 

drugs targeting other pathways, the type II fatty acid biosynthesis pathway provide 

excellent opportunity to develop lead compounds against bacteria[79,80,105]. This 

pathway is validated by the use of potent antibacterials like cerulenin and 

thiolactomycin, and other empirically selected inhibitors (diazaborines, isoniazid, and 

triclosan), which specifically inhibit the enzymes from FAS II pathway [77,80]. Also, 

the higher level of conservation among the different enzymes of FAS II pathway gives 

the possibility to develop broad-spectrum antibiotics. The substantial differences in 

the organization of different components of FAS pathway in bacteria (Type II) and 

mammals (Type II) make effective antibacterials specific to respective 

targets[75,79,80,94,105,241].  

Naturals products and their elaborated molecular frameworks offer medicinal chemist 

a wide range of chemotypes for the discovery of drugs and chemical probes. Naturals 

compounds always have biologically relevant scaffolds and pharmacophore patterns 

with ligand-protein binding motifs [6,110,111]. Naphthoquinones and their derivatives 

have been known to exhibit various pharmacological properties like antibacterial, 

anticancer, antiviral, antifungal, etc [275]. 

In this study, we have shown the inhibitory action of Naphthoquinones (1,4-

naphthoquinone) and aporphine alkaloids on two enzymes (FabD and FabZ) of type II 

Fatty acid biosynthesis pathway from drug resistant Moraxella catarrhalis. Moraxella 
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catarrhalis is a Gram-negative pathogen, which causes infections in respiratory tracts. 

In immune compromised host, it can cause a number of infections including 

pneumonia, endocarditis, septicemia, and meningitis[105,171,252].  

FabD (Malonyl-CoA: acyl carrier protein transacylase) is an essential enzyme of type 

II FAS pathway and performs initiation reaction where malonyl moiety is transferred 

to holo-ACP. Genetic inactivation of FabD gene is lethal in microbes and hence FabD 

regarded as an attractive drug target for developing broad-spectrum 

drugs[236,237,273]. FabZ (β-hydroxyacyl-acyl carrier protein dehydratase) is a 

dehydratase and ubiquitously expressed in type II FAS systems. It is an important 

enzyme and has uniform distribution in bacteria, which makes FabZ excellent target 

for drugs development [105,106,186,233]. 

This chapter has divided into two parts, first part report the 1,4-naphthoquinone 

(NPQ) as a multi-targeted inhibitor against two key enzymes FAS II pathway from 

Moraxella catarrhalis (McFabZ and McFabD). The structural changes observed upon 

the binding of NPQ to McFabD and McFabZ, is monitored by using Spectroscopy 

(Circular dichroism and fluorescence) based techniques. Thermodynamic parameters 

of binding are determined using ITC technique. Molecular docking was further 

conducted to predict the binding modes and analyze the interactions. The growth 

inhibition assay is performed to calculate the MIC value of NPQ against Moraxella 

catarrhalis.  In the second part of this chapter, we have shown the inhibitory actions 

of aporphine alkaloids against McFabZ using biochemical, biophysical and in silico 

based studies. Therefore, this study suggests that a single compound can inhibit the 

both FabD and FabZ enzymes. NPQ and aporphine alkaloids (AMF, BLD, and MNG) 

have inhibited the both enzymes and could be exploited as multi-targeted inhibitors 

against the FAS II pathway for the development of potent antibacterial agents.  
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5.2 1,4- Naphthoquinone as multi-targeted dual inhibitor of FAS II 

pathway. 

5.2.1 Materials and Methods 
 

5.2.1.1 Materials  

 

1,4-Naphthoquinone is purchased from Sigma. Media components procured from 

Himedia India or Merck. All other chemicals used were purchased from Sigma and of 

analytical grade. All molecular biology kits (Genomic DNA isolation, Plasmid 

isolation, PCR purification and gel extraction) were procured from Qiagen. DNA 

polymerase, restriction enzymes and T4-DNA ligase were obtained from New 

England Biolabs. All molecular cloning procedures were performed using standard 

methods[152]. Purification columns (Ni-NTA and gel filtration) were purchased from 

GE healthcare. Moraxella catarrhalis (MTCC No.445) is obtained from MTCC, 

Chandigarh. E.coli strains (DH5α, BL21 (DE3) and Rosetta) were purchased from 

Novagen. Primer procurement and DNA sequencing were performed from Eurofins 

(India). 

 

5.2.1.2 Methods 

5.2.1.2.1 Expression and Purification of McFabZ 

The cloning, expression and purification of McFabZ is done as previously described 

[105]. Briefly, McFabZ was cloned in a pET28c expression vector using Nde I and 

XhoI restriction sites and expressed in E.coli Rosetta cells at 20 oC by inducing with 

0.5 mM IPTG. Purification of McFabZ was achieved using Ni-NTA affinity 

chromatography using imidazole as eluent followed by size exclusion chromatography 

using Buffer A (25 mM Tris-HCl, 100 mM NaCl and 5 %Glycerol) as elution buffer. 

 

5.2.1.2.2 Expression and purification of McFabD 

McFabD was cloned expressed and purified in a similar way as McFabZ. 957 bp 

McFabD gene was PCR amplified and digested using NdeI and XhoI restriction 

enzymes followed by ligation into pET28c expression vector using T4 DNA ligase. 

Correct clones were screened and identified using restriction digestion followed by 

DNA sequencing. McFabD was expressed in E.coli Rosetta cells at 30 oC with 
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induction of 0.4 mM IPTG. Cell pellets were suspended in lysis buffer (25 mM Tris-

HCl pH 7.8, 200 mM NaCl, 5% glycerol & 1 mM PMSF) and disrupted using French 

Press followed by high-speed centrifugation to give a clear supernatant. Ni-NTA 

affinity-based chromatography used to purify the protein using imidazole as eluent. 

Fractions containing the purified McFabD protein were pooled together and dialyzed 

against Buffer B (25 mM Tris-HCl pH 7.8, 100 mM NaCl, 2 % glycerol and 0.5 mM 

TCEP). 

 

5.2.1.2.3 McFabZ inhibition assay 

The inhibitory activity of NPQ against McFabZ is monitored using reported 

spectrophotometric method [104–106,186]. NPQ has been dissolved in DMSO (100 

%) and added to the reaction mixture at conc. ≤ 1 % of DMSO. A standard reaction 

mixture consists of 20 µg McFabZ, 20 mM Tris-HCl (pH 7.8), 100 mM NaCl, 2% 

glycerol and 1% DMSO in the total volume of 200 µL. IC50 was determined by fitting 

the data in dose response curve using Graph pad prism[193]. Reaction mechanism was 

studied by varying inhibitor concentration (0-100 µM) and in consideration of steady- 

state kinetics. McFabZ was incubated with the inhibitor for 30 min at 4 oC, and 

reaction was started by adding the substrate crotonyl-CoA (10-200 µM). Data was 

fitted using graph pad prism software. 

 

5.2.1.2.4 McFabD inhibition assay 

The inhibitory activity of NPQ against McFabD is determined using 

spectrophotometric assay mentioned in section 4.2.2.4. IC50 was calculated by fitting 

the data in the dose response curve using Graphpad prism. Kinetic inhibition constant 

(Ki) is determined by the varying substrate (10-150 µΜ) and NPQ (0-100 µΜ) and in 

consideration for steady state kinetics. NPQ was incubated with McFabD for 30 min 

at 4 oC and then the reaction was initiated by adding malonyl- CoA. The Data was 

fitted using Graph-pad prism. 

 

5.2.1.2.5 Circular dichroism based studies 

The far-UV and near-UV CD spectra were recorded using J-Model-1500 

spectrophotometer (JASCO) equipped with temperature control system. McFabD and 

McFabZ concentrations were kept at 0.2 mg/ml in buffer C (20 mM Sodium 

phosphate pH 7.8, 100 mM NaCl, 2 % glycerol and 0.5 mM TECP). Both proteins 
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(McFabZ and McFabD) were incubated with varying conc. of NPQ for 15 min and 

then CD spectra were recorded at 25 oC. All data analysis was performed by 

Dichroweb server[195]. All data expressed in molar ellipticity -Δε (deg cm2 dmol-1). 

 

5.2.1.2.6 Fluorescence quenching based binding studies 

Binding investigations of NPQ with McFabZ and McFabD were studied using 

fluorescence quenching based experiments. Fluorescence spectra were recorded at 25 
oC using Horba Fluro Log spectrofluorometer using 1.0 cm path length cell with 

emission slits at 5 nm. The excitation wavelength was kept at 295 nm in order to 

excite tryptophan residues in McFabZ and McFabD proteins. Both proteins conc. were 

kept around 2-5 µΜ in buffer C. The emission was recorded in the range of 300-500 

nm ranges. In quenching experiment, a fixed amount of protein (3 µΜ) was kept in the 

cuvette and manually titrated with successive addition of NPQ (1-20 µΜ). The data 

were fitted using a non-linear regression using one site binding analysis using 

equation Y = Bmax.X/(Kd(app) + X), where Bmax is maximum extent of quenching and 

Kd(app) is apparent dissociation constant[276]. Three parallel scans have been taken for 

each respective reaction. 

 

5.2.1.2.7 Binding studies using ITC 

Thermodynamic parameters of binding of NPQ with McFabZ and McFabD were 

determined using ITC based binding assays. All reactions were performed at 25 oC 

using microcal ITC200 (GE Health care). Both proteins were dialyzed using Buffer D 

(Tris-HCl pH 7.8, 100 mM NaCl, 2 % glycerol and 0.5 mM TCEP). The 

corresponding amount of DMSO (1%) was added to protein solution to avoid the 

buffer-buffer mismatch. A typical titration reaction consists of protein in the sample 

cell (50- 100 µΜ) and NPQ in the syringe (1-2 mM) with stirring speed of 1000 rpm. 

The initial delay was kept at 60 s. After the initial injection (0.5 µl, not used in data 

fitting), 15-20 injections (2.0 µl each) were performed with 150 seconds gap between 

each injection, and heat changes were subsequently monitored. The reference cell was 

kept at 8.0 µW. ITC data were analyzed using one site model of Origin 7.0 software.  

 

5.2.1.2.8 Molecular docking 

The possible binding mode of NPQ with McFabZ and McFabD was predicted using 

molecular docking based studies. 3D models of McFabZ and McFabD were made 
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using Modeller[277] and Swiss model[197] based upon homology. Best 3D models 

for respective proteins have been selected on the basis of energy minimization. The 

docking study of McFabZ and McFabD with NPQ were carried out using Autodock 

4.2[163] form ADT tools. Grids maps were prepared using 60×60×60 grid points with 

0.2 Å spacing in the x, y and z directions centered at the active site of McFabZ and 

McFabD respectively. Autogrid4 and aurodock4 programs were used for calculating 

energy maps and docking of ligands, respectively. One hundred docked structure, i.e. 

100 runs were generated using Lamarchian Genetic Algorithm. Docked conformations 

were converted into the pdbqt format and analyzed. Chimera tool[204] was used for 

visualization and figures generation.  

 

5.2.1.2.9 Growth inhibition assay 

MIC of 1,4-Naphthoquinone against Moraxella catarrhalis has been determined using 

a broth micro dilution method [105,166,278]. A concentration gradient (0.5 µg/ml – 

256 µg/ml) of inhibitors was tested. A single colony of Moraxella catarrhalis strain 

MTCC No. 445 was used to inoculate the nutrient broth medium. Correlation between 

OD600 and colony forming units (cfu) has been determined using serial dilution 

technique. Bacterial suspension adjusted to 2.0 × 106
 

cfu per ml was used to inoculate 

96 well microtiter plates. 100 µl of broth solution was added to all wells. 50 µl of 

inhibitor solution was used in each well, except growth control (broth and inoculum) 

and sterility control (broth only) wells. 50 µl of bacterial suspension adjusted to 2.0 × 

106 cfu per ml has been used which gives final inoculum 5×105 cfu per ml. The 

microtiter plate was then incubated at 37 oC for 16-20 h.  

 

5.2.2. Results  
 

5.2.2.1 Kinetic inhibition of McFabZ and McFabD  

Inhibitory activities of NPQ against McFabZ and McFabD have been determined 

using biochemical assays. The kinetic inhibition parameters (Ki and IC50) have been 

determined and given in Table 5.1. NPQ has inhibited the McFabZ with Ki of 21.86 ± 

3.08 µΜ and IC50 of 26.67 ± 1.34 µΜ, and McFabD with Ki 19.36 ± 4.64 µΜ of and 

IC50 of 23.18 ± 2.48 µΜ respectively. 
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Mode of inhibition of NPQ has been analyzed by plotting double reciprocal plots (LB 

plots) as shown in Figure 5.1. Based on the analysis of LB plots, NPQ was found to be 

a non-competitive inhibitor of McFabZ and McFabD.  

 

Table 5.1 Kinetic inhibition parameters of NPQ against McFabD and McFabZ 

 

 

Enzyme Ki (µΜ) IC50 (µΜ) 

McFabZ 21.86 ± 3.08 26.67 ± 1.34 

McFabD 19.36 ± 4.64 23.18 ± 2.48 

 

 

 
 

Figure 5.1 Kinetic inhibition of McFabZ and McFabD by NPQ.  
Double reciprocal plots of kinetic inhibition of McFabZ (A) and McFabD (B) by NPQ. Mode of 

inhibition is determined to be a non-competitive or mixed type. 

 

5.2.2.2 Monitoring changes in secondary and tertiary structures upon the binding 

of NPQ  

Circular dichroism is a useful technique to study the changes observed in the 

conformation of proteins upon ligand binding. The far-UV CD spectra give 

information about the secondary structure elements while near-UV CD measurements 

are useful in depicting the changes observed in the tertiary structure[194,216,279]. 

The Far-UV CD spectra of McFabD and McFabZ in native conditions are shown in 
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Figure 5.2. For native McFabD protein, there is a presence of characteristic minima at 

209 nm and 223 nm and maxima at 197 nm, which shows the presence of helical 

content in protein. Broad minima in the range of 210-220 depict the presence of b- 

sheets contents. The helical, sheets and coils content for a native protein was found to 

be 41.7 %, 14.0 %, and 21.7 % respectively. Similarly for McFabZ protein 

characteristic negative peaks at 208 nm and 222 nm, and positive peaks in the range of 

190-195 nm were observed. Broad minima in the range of 210-220 show the presence 

of β- sheets content. For a native McFabZ, there is the presence of 20.5 %, 38.6 % and 

16.5 % helical, sheets and coils contents. Upon the binding of NPQ to both proteins, 

changes in the secondary structure elements have been observed.  

 

5.2.2.2.1 Monitoring structural changes in McFabD 

It is clearly shown in the far-UV spectra (Figure 5.2A), with increasing inhibitor 

(NPQ amount) there is a loss of ellipticity at the characteristic peaks (209 nm, 223 nm, 

and 197 nm). The common observation was the loss of helical and sheet contents with 

increasing inhibitor amount when compared with native spectra. At higher NPQ 

Concentration (150 µΜ), unfolding of McFabD took place with helical and sheets 

contents of McFabD were found to be 13.8 % and 11.5 % respectively. 
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Figure 5.2 The far-UV and near-UV CD spectra of McFabD and McFabZ upon the 

binding of NPQ. Loss of helical content was observed in both cases. 

 

The near-UV CD spectra arise due to the presence of aromatic amino acids. The near-

UV CD spectrum of McFabD in native condition shows negative peaks in the region 

of Phe (255 nm-270 nm) and Trp (290 nm-305 nm), while the positive peak in the 

region of Tyr (275 nm-282 nm). Upon the addition of NPQ, changes observed in the 

near-UV CD spectra. There is an increase in the ellipticity towards positive values 

with increasing concentrations of NPQ. Effect becomes more evident at the higher 

concentration as shown in Figure 5.2B. 

 

5.2.2.2.2. Monitoring structural changes in McFabZ 

From the Far-UV CD spectra of McFabZ (Figure 5.2C) under different amounts of 

NPQ, we have observed the loss of helical and sheet contents in McFabZ as evidenced 

by the diminished ellipticty at characteristic peaks of alpha helices (222 nm, 208 nm) 

and b sheets (210-220 nm). At higher concentration of NPQ (100 µΜ), helical and 

sheet contents were found to be 10.2 % and 23.2 % respectively. Effect on the near-

UV spectra has been shown in Figure 5.2D. The native McFabZ protein shows 

positive peaks in the region of Tyr and Phe regions, while negative peak in Trp region. 

Upon ligand binding, increase in MRE towards negative has been observed with more 

effect in the region of Phe (255 nm-270 nm). 

 

5.2.2.3 Binding studies using Fluorescence quenching  

Fluorescence spectroscopy is the widely used technique to study the ligand-protein 

interactions[105,259,280–282]. In this study, tryptophan based fluorescence 

quenching experiments were conducted to study the binding of NPQ to McFabZ and 

McFabD proteins.  Under native conditions (buffer C & 5 µΜ protein concentration), 

McFabZ and McFabD both show emission spectra (λmax) at 351 nm and 330 nm 

respectively. It means for McFabZ, single tryptophan residue is exposed in the polar 

environment while for McFabD tryptophan residues (Trp53, Trp80 and Trp266) are 

exposed in the hydrophobic region comparatively.  
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Figure 5.3 Fluorescence emission spectra of McFabZ (A) and McFabD (B) in presence of 

NPQ. 

 

Upon the addition of NPQ, there is a decrease in the fluorescence intensity in both 

cases. With the increasing amount of NPQ, emission spectra of McFabZ shifted 

towards higher wavelength (Red shift), which means Trp residue got more exposed 

towards the polar environment. For McFabD, there is not much change in the λmax 

upon the interaction with NPQ. Mechanism of fluorescence quenching was 

determined using Stern-Volmer equation as follows: 

F0/F = 1 + Ksv [Q] = 1 + Kq το [Q]  

Where F0 and F are the fluorescence intensities in the absence and presence of 

quencher (Q), Ksv is the quenching constant, Kq is the bimolecular quenching rate 

constant and το is the fluorescence lifetime without quencher. For proteins, the value 

of τ ο is 10-8 sec. Values of Ksv and Kq have been calculated for both proteins and 

given in Table 5.2. The Kq values for McFabZ and McFabD were determined to be the 

range of 1014 and 1012 respectively, which depicts the static quenching mechanism and 

ground state complex formation.  

 

Table 5.2 Fluorescence quenching parameters 

 

Enzyme Ksv (M-1) Kq (M-1S-1) R2 

McFabZ 1.14 × 106 1.14 × 1014 98.8 
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McFabD 3.16 × 104 3.16 × 1012 97.7 

 

 

 
 

Figure 5.4 Stern-Volmer plots and fluorescence quenching based binding studies.  
Stern-Volmer plots of McFabZ  (A) and McFabD (B) quenching with NPQ. Mechanism of quenching 

was found to be static in both cases. Binding saturation curves of McFabZ (C) and McFabD (D). ΔF = 

F0 - F/F0, where F0 and F are the fluorescence intensity in absence and presence of quencher 

(NPQ). 

 

The binding constant (Kd) for both proteins were calculated as per the equation 

mentioned in methods and data were fitted in using non-linear regression analysis. 

Binding saturation curves for both proteins have been shown in Figure 5.4C & 5.4D. 

Based upon the fluorescence binding kinetics, McFabZ has shown a stronger affinity 

(Kd = 1.85 ± 0.13) for NPQ as compared to McFabD (Kd = 12.74 ± 1.67). 

 

5.2.2.4 Thermodynamic studies of Binding interactions 

Isothermal thermal titration calorimetry (ITC) based binding assays were performed to 

determine the thermodynamics of NPQ interactions with McFabZ and McFabD. 

Thermodynamic parameters, which include enthalpy change (ΔH), entropy change 

(ΔS), equilibrium dissociation constant (KD), free energy change (ΔG & binding sites 
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(N) have been evaluated and shown in Table 5.3. Binding isotherms and fitted curves 

for both proteins have been shown in Figure 5.5.  

Downward trends in binding isotherms have shown that reactions of NPQ with 

McFabZ and McFabD were exothermic in nature, which were driven by enthalpy 

change (ΔH <0). Both proteins are binding to NPQ in 1:1 stoichiometric ratio as 

indicated by N values. Based on the KD values we can say that McFabZ (KD = 12.5 

µΜ) has a stronger affinity for NPQ as compared to McFabD (KD = 18.56 µΜ). 

 

Table 5.3 Thermodynamic parameters of binding of NPQ with McFabZ and McFabD 

 
Protein-ligand Enthalpy 

change, ΔH 
(cal/mol) 

Entropy change, 
ΔS cal/mol/degree 

Free energy 
change, ΔG 

(cal/mol) 

Dissociation 
constant, KD 

(µΜ) 

N (Binding 
sites) 

McFabZ-
NPQ 

- 4.70 × 105 -1.56 × 103 - 5.5 × 103 12.5  0.39 ± 0.12 

McFabD-
NPQ 

- 1.23 × 105 -393 - 5.8 × 103 18.56 0.43 ± 0.04 
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Figure 5.5 Binding studies using ITC based assay.  
Thermograms and fitted curves for the binding of NPQ with McFabD (A) and McFabZ (B). Reactions 

of NPQ with McFabD and McFabZ are accompanied by enthalpy changes (ΔH<0) and exothermic in 

nature. 

 

5.2.2.5 Predicting binding modes using molecular docking based studies 

The possible interactions involved during the binding of NPQ to McFabZ and 

McFabD have been predicted by performing docking studies using Autodock4.2. 3D 

structural model of both proteins was built based upon homology. The suitable 

templates (3HJV for McFabD and 5bux for McFabZ) have been used to build the 3D 

model. The predicted 3D models were further validated using different validations 

tools[201,202,222,225]. The binding constant and binding energy of NPQ for 

McFabZ and McFabD were given in Table 5.4. Figure 5.6 shows the binding mode of 

NPQ with McFabZ and McFabD respectively. 
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5.2.2.5.1 McFabZ-NPQ docking study 

Based on the docking studies, NPQ is interacting with the active site of mcFabZ 

through polar and non-polar interactions. NH group of Tyr112 residue is involved in 

the hydrogen bonding with the Oxo group (O1) of naphthalene ring. Other residues 

are interacting through hydrophobic interactions. These are Glu88, Ala91, Gln92, 

Gly75, Phe99, Leu37, Pro38, His39, Phe114, Tyr112, Leu111, His74*, and Phe75* (* 

indicating the residue from opposite monomer). The predicting binding energy and 

affinity of NPQ for McFabZ were - 6.71 kcal/mol and 12.12 µΜ respectively. Figure 

5.6B shows the binding mode and interactions of NPQ with McFabZ. 

 

Table 5.4 Binding parameters and predicted binding interactions  

 

Complexes Binding 
constant (µΜ) 

Binding energy 
(kcal/mol) 

Hydrogen 
bonded 
interactions 

Hydrophobic 
interactions 

McFabZ-NPQ 12.12 - 6.71 Tyr112 Glu88, Ala91, Gln92, 
Gly75, Phe99, Leu37, 
Pro38, His39, 
Phe114, Tyr112, 
Leu111, His74*, and 
Phe75* 

McFabD-NPQ 63.63 - 5.72 Ser209, Gln19, 
and Leu102 

His210, Ser209, 
Met130, Arg126, 
Asn170, His100, 
Ser101, Leu102, 
Gly103, Gln19, and 
Gly18 
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Figure 5.6 Docking studies of McFabZ and mcFabD with NPQ. 
Binding mode of NPQ with McFabD (A) and McFabZ (B). Different chains of McFabZ are colored 

cyan and hot pink. Ligands have been shown in tan color. H-bonds are shown as dashed lines. 

Interactions of NPQ with McFabD (C) and McFabZ (D). 

 

5.2.2.5.2 McFabD-NPQ docking study 

Docking study suggested that binding of NPQ to McFabD involves both polar as well 

as non-polar interactions. Ser209, Gln19, and Leu102 residues were interacting with 

Oxo groups through hydrogen bonding. Residues His210, Ser209, Met130, Arg126, 

Asn170, His100, Ser101, Leu102, Gly103, Gln19, and Gly18 were interacting through 

hydrophobic interactions. Three hydrogen bonds were formed as follows: 1) NH- 

group of Gln19 with O2 (Oxo group) of NPQ, 2) OH-group of Ser209 with O1 (Oxo 

group) of NPQ, and 3) NH- group of Leu102 with O2 (Oxo group) of NPQ. The 

predicted binding energy and affinity of NPQ for McFabD were -5.72 kcal/mol and 

63.63 µΜ respectively. 
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5.2.3 Discussion 
Natural-products based synthetic compounds can provide the innovative and probable 

solutions to address the critical and continuing drug design challenges. Being an 

essential pathway, the type II FAS pathway will remain important part for the 

development of broad-spectrum antibacterial agents[78–80,105]. In the current study, 

we are reporting 1,4 Naphthoquinone as a multi-targeted inhibitor of FAS II pathway 

targeting FabD and FabZ enzymes. Biochemical based enzymatic assays have shown 

that NPQ has inhibited both FabD and FabZ enzymes with Ki values of 32.46 µΜ and 

35.86 µΜ respectively. Mode of inhibition of NPQ has been analyzed by plotting a 

double reciprocal plot (Figure 5.1) and it was found that NPQ was inhibiting both 

enzymes through non-competitive or mixed mode. Structural changes in McFabD and 

McFabZ enzymes upon the binding of NPQ were monitored using circular dichroism 

based studies.  In both cases, the loss of ellipticity was observed at the characteristic 

bands of alpha helices and beta sheets in the Far-UV CD spectra which led to the loss 

of helices and sheets contents upon the binding of NPQ. In near-UV CD studies, 

binding of NPQ to McFabD led to the increase in the MRE values towards positive 

which depicts the reduction in the flexibility of aromatic residues with profound effect 

on Phe and Tyr regions. In McFabZ, there is an increase in the MRE towards negative 

values with increasing amount of NPQ that led to the increase in the flexibility of 

aromatic amino acids. Fluorescence quenching based studies have shown that there is 

a loss of fluorescence intensity in McFabD and McFabZ upon the addition of NPQ 

and possible mechanism of quenching is found to be static in both cases with the 

formation of ground state complexes.  Binding studies were further evaluated using 

ITC based titration assays to determine the thermodynamics of interactions. In both 

cases, reactions of NPQ with McFabZ and McFabD were spontaneous in nature as 

evidenced by negative free energy values (ΔG <0). Both reactions were enthalpy 

driven, which shows that polar interactions were the major contributing towards 

binding. NPQ has a better binding affinity for McFabZ as compared to McFabD based 

upon the KD values which are in agreement with binding constant data obtained by 

fluorescence quenching based binding studies.  

The plausible interactions involved during the binding of NPQ to McFabZ and 

McFabD were predicted using molecular docking based studies. Binding poses of 

McFabZ-NPQ complex were compared with the emodin bound HpFabZ[228] for 
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comparative analysis. NPQ is binding deep inside the active site pocket and 

interacting with key residues His39, His74*, Tyr112, Phe99, Phe75*, Leu37 and 

Leu111. While in case of HpFabZ, emodin is sandwiched between Tyr100 and 

Pro112* residues. In case of McFabD, we have compared the docking poses with the 

malonate bound crystal structure of EcFabD[273]. NPQ is interacting with McFabD in 

a similar fashion as malonate interacted with EcFabD. Critical residues that might 

play important role in NPQ-McFabD binding are Arg126, Gln19, Leu102, His100, 

and Ser210 while in EcFabD-malonate case these residues are Arg117, Gln11, Leu93, 

Ser92, and His201. The predicted binding energy of McFabZ-NPQ complex (-6.71 

kcal/mol) is lesser than the McFabD-NPQ complex (- 5.72 kcal/mol), which shows 

NPQ has a stronger binding affinity for FabZ as compared to FaD which is agreement 

with ITC and fluorescence binding data. However, biochemical data suggests that 

NPQ has similar binding affinity for both McFabZ and McFabD in respect to Kinetic 

inhibition (Ki) values while NPQ has comparatively better IC50 values for FabZ over 

FabD enzyme. Growth inhibition assay on Moraxella catarrhalis we have found that 

NPQ has shown growth inhibition at 8-16 µg/ml MIC value. To further validate NPQ 

as a multi-targeted inhibitor of type II FAS pathway, we have tried in silico based 

docking studies with EcFabI enzyme (PDB: 1QG6) from the same pathway. NPQ has 

shown binding to EcFabI with binding constant and binding energy of 20.08 µΜ and -

6.41 kcal/mol respectively. Docking poses of docked EcFabI-NPQ complex has been 

compared with Triclosan bound crystal of EcFabI complex[283] and its found that 

NPQ is binding in the same pocket in similar fashion and interacting with Tyr156 

through H- Bonds. Therefore, current study suggests that NPQ can act as multi-

targeted inhibitors of FAS II pathway, and biochemical and biophysical studies have 

shown that it is inhibiting McFabZ and FabD enzymes. Our In silico based docking 

studies have shown the possibility that NPQ can also bind to FabI enzyme along with 

FabZ and FabD enzymes rendering its applicability towards multi-targeted inhibitors. 

We expect the current study will help further in the development of potent inhibitors 

of FAS II pathway with improved potency and efficacy and NPQ scaffold might be 

useful for developing lead compounds targeting multiple targets from the FAS II 

pathway. 
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5.3 Characterization of aporphine alkaloids as inhibitors of McFabZ 
 

5.3.1 Kinetic inhibition of McFabZ by aporphine alkaloids 

The biochemical inhibition assay of McFabZ for aporphine alkaloids has been 

performed in the similar way as described in 5.2.1.2.3 section. BLD, MNG, and AMF 

have been dissolved in the DMSO and added to the reaction mixture with ≤ 1% of 

DMSO. Kinetic inhibition parameters (Ki and IC50) have been determined.  

Based upon the inhibition assay it has been found that among these alkaloids BLD has 

better Ki value (12.14 ± 2.42 µΜ) as compared to MNG (Ki = 50.01 ± 7.033 µΜ) and 

AMF (Ki = 62.06 ± 6.57 µΜ). IC50 values of BLD, AMF, and MNG against McFabZ 

were determined to be 20.56 ± 1.23 µΜ, 76.56 ± 4.6 µΜ and 41.88 ± 6.7 µΜ 

respectively.  

Mode of inhibition of these inhibitors has been determined via plotting double 

reciprocal plots as shown in Figure 5.7. All these inhibitors (AMF, BLD, and MNG) 

have inhibited the McFabZ enzyme via non-competitive (mixed kind) mode of 

inhibition.  

 

5.3.2 Binding studies using Fluorescence bases quenching 

Binding of FabZ with AMF, MNG, and BLD have been performed using fluorescence 

quenching. Fluorescence quenching experiments have been conducted in the similar 

way as mentioned in section 5.2.1.2.6. Native spectra of McFabZ shows emission 

maxima (λmax) at 351 nm which depicts that tryptophan residue in McFabZ is exposed 

in the surface region. 

Binding of AMF and MNG to McfabZ led to the loss of fluorescence quenching while 

BLD resulted in the fluorescence enhancement in titration experiments as shown in 

Figure 5.8.  In MNG and AMF, the blue shift was observed in the λmax emission while 

in case of boldine large red shift was observed. 
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Figure 5.7. Kinetic inhibition of McFabZ by aporphine alkaloids.  
Double reciprocal plots of inhibition of McFabZ by AMF (A), BLD (B) and MNG (C). 

 

Binding constant (Kd) is calculated as per the equation mentioned in section 5.2.1.2.6. 

Binding constant (Kd) values for AMF, BLD and MNG were determined to 12.28 ± 

3.1 µΜ, 21.76 ± 4.7 µΜ, and 15.4 ± 1.9 µΜ respectively. Binding of AMF and MNG 

have a comparative similar binding affinity for McFabZ as compared to BLD. Figure 

5.9  shows the binding of these aporphine alkaloids to McFabZ. 
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Figure 5.8. Fluorescence emission spectra of McFabZ in presence of AMF (A), BLD (B) 

and MNG (C). Binding of AMF and MNG to led to the decrease in the fluorescence intensity while 

BLD led to fluorescence enhancement. 

 

 

 

Figure 5.9 Fluorescence based binding studies of AMF (A), BLD (B), and MNG (C) with 

McFabZ. 
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5.3.3 Molecular docking studies 

Molecular docking based binding studies were further performed to decipher the 

binding mode of aporphine alkaloids with McFabZ. These three alkaloids are 

interacting in a similar fashion with McFabZ and interacting with active site key 

residues and tunnel residues through polar as well as non-polar interactions. Table 5.5 

shows the interacting residues and docking parameters for AMF, BLD, and MNG. 

Based upon the docking studies, MNG has shown a stronger binding affinity for 

McFabZ with a binding energy of -9.06 kcal/mol followed by BLD (-8.91 kcal/mol) 

and then AMF (-8.6 kcal/mol). Figure 5.10 shows the docking poses of these alkaloids 

and their possible interactions with the McFabZ active site. 

 

Table 5.5 Docking results summary 

 
Ligands Binding energy  

(kcal/mol) 
Binding constant 
((µΜ)) 

Polar interactions 
(H-bonding) 

Hydrophobic 
intercations 

Apomorphine - 8.6 0.4935 Tyr112 Leu111, Phe99, 
Tyr112, Phe114, 
Gln92, Glu88, 
His39, Val84*, 
Gly83*, Phe95*, 
His74* 

Magnoflorine - 9.06 0.2295 Gly83*, Glu88 Glu88, Phe114, 
Leu113, Gly75, 
Tyr112, His39, 
Leu111, Phe95*, 
His74*, Ile80*, 
Pro82*, Gly83*, 
Val84* 

Boldine - 8.91 0.293 Tyr112, Glu88 Leu111, Leu113, 
Phe114, Tyr112, 
Ala91, Gln92, 
Glu88, His39, 
Gly83*, His74*, 
Phe75*, Ile80*, 
Val125* 
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Figure 5.10 Molecular docking of McFabZ with AMF (A), BLD (B) and MNG (C). 

Binding mode of Aporphine alkaloids with McFabZ. Both chains of McFabZ are shown as green and 

hot pink color. Ligands are shown in yellow color and H- bonds as black dashed lines. 

 

5.4. Conclusion and future prospects  
In this study, we have shown the inhibitory action of NPQ against FabD and FabZ 

enzymes. Also, aporphine alkaloids have shown the inhibitory potential against FabZ 

along with FabD. This study explores the possibility of these compounds to act as dual 

inhibitors of these two enzymes. NPQ have shown binding with both FabD and FabZ 

at micromolar scale. Different derivatives of NPQ can be made and analyzed against 

these two enzymes to further develop more potent inhibitors. Also, the binding 

characterization of aporphine alkaloids against FabZ can be explored to further 

validate these alkaloids as multi-targeted inhibitors of FAS II pathway. 
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