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ABSTRACT 

 

My Ph.D. research objectives mainly focus on the characterization of the structure-function 

relationships of few of the protein drug targets from human pathogens including multidrug-

resistant gram-negative bacteria and protozoans that may direct us towards the development of 

novel, potential, broad-spectrum antimicrobials with new modes of actions or improved 

efficacy. Current human society is completely dominated by the MDR/XDR/PDR pathogenic 

bacteria and several other infectious agents for which there is dearth of treatment strategies 

(antibiotics/drugs/vaccines) and hence there is a demand for new drug molecules or vaccines 

with alternative modes of action or improved efficacy and characterization of new drug targets. 

As proteins are the driving horses of the cellular life of any living organism, it is a good idea to 

target the protein components (involving in the any of several essential 

metabolic/signaling/structural pathways) of the pathogen of any disease/infection. In this 

course of Ph.D. research, I have worked on three promising drug targets including two bacterial 

proteins enoyl-ACP Reductase (ENR) from Moraxella catarrhalis (McFabI) and Oxa-58 

carbapenemase from Acinetobacter baumannii, and one protozoan protein deoxyhypusine 

hydroxylase (DOHH) from Leishmania donovani. M. catarrhalis and A. baumannii are known 

to cause severe nosocomial infections and several other pathological conditions. Several 

clinical strains of these two gram-negative pathogenic bacteria also exhibit resistance to many 

known classes of antibiotics and hence designated as multidrug-resistant bacteria. L. donovani 

causes visceral leishmaniasis (VL), the lethal form of leishmaniasis, in several economically 

poor countries and there are no parasite-specific drugs/vaccines. The proteins FabI and Oxa-58 

are successfully characterized from the respective pathogens, using structural and biochemical 

techniques, and provided us with crucial structural information which may be useful in the 

development of novel structure based antimicrobial development. We are working on several 

methods to crystallize the LdDOHH protein and it is structurally modeled, followed by the 

search for new structural compounds which may exhibit anti-leishmanial activity. 

The bacterial type II fatty acid biosynthesis pathway, which is differing very much from the 

animal and human type I fatty acid biosynthesis pathway in its structural organization, has been 

validated to be a potential drug target pathway. All its catalytic steps are being catalyzed by 

individual proteins and many of these are proven as promising drug targets including the enoyl 

acyl carrier protein reductase (ENR). Moraxella catarrhalis is possessing the FabI (ENR I) 

isoform of the ENR and is a validated drug target against which many of the currently known 



 

 

inhibitors including triclosan, isoniazid and diazaborines are exhibiting antimicrobial activities. 

In my current work I have structurally and biochemically characterized the FabI protein from 

M. catarrhalis (McFabI) to elucidate its structural elements essential for the substrate binding 

and catalysis, which can be subsequently exploited for the structure-based drug designing. The 

structure of the McFabI is obtained in its apo form and NAD and triclosan bound ternary 

complex form also. Virtual screening of the libraries of small druggable molecules was carried 

out using these structural features and obtained few lead molecules. We also observed that 17-β 

estradiol (E2), a human major female sex hormone, is also binding with higher score and 

energy, and hence we have characterized its interactions with the McFabI enzyme. The 

biochemical analysis revealed that E2 is potentially binding to this enzyme with a kD value of 

~0.5 μM and inhibiting the enzyme activity with a ki value of 38.1 μM. E2 was also observed 

to be exhibiting antimicrobial properties against M. catarrhalis. These results altogether are 

indicating that the direct antimicrobial activities of E2 might be contributing to the sex 

differences in resistance to infectious diseases in many organisms, including humans, and 

supporting the fact that females are more resistant than their male counterparts. 

The β-lactamase enzymes have been the major contributors of the antibiotic resistance in many 

of the multidrug resistance bacteria including Acinetobacter baumannii, one of the leading 

cause of nosocomial infections and deaths worldwide. Among these enzymes also, the 

carbapenem hydrolyzing class D β-lactamases (CHDLs) are the major concern in the context of 

constantly accelerating antimicrobial resistance, as they are able to hydrolyze the carbapenem 

antibiotics which have been the first line of defence against these MDR bacterial pathogens. A. 

baumannii is producing several groups of CHDLs including OXA-23, OXA-24, OXA-58 and 

OXA-48, and few others. In our current study, we are aiming at elucidating the active site 

elements that are crucial in facilitating the substrate recognition and subsequent catalysis. We 

determined the crystal structure of OXA-58 from A. baumannii (AbOXA-58) in complex with 

one of the carbapenem mimetic 6α-hydroxymethyl penicillin (6α-HMP) and obtained a stable 

acyl-enzyme complex intermediate. Analysis of these structures revealed that the active site of 

OXA-58 is exhibiting great amount of plasticity during its substrate recognition and a 

hydrophobic bridge formed over the active site cleft is very crucial in the carbapenem substrate 

recognition and its hydrolysis. The structural analysis of the point mutation variants of 

AbOXA-58 protein also revealed that the enzyme can use alternative active site residues to 

form the hydrophobic bridge in the absence of any of the earlier. These discoveries are very 
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important in understanding the carbapenem hydrolysis and helpful in designing structure-based 

inhibitors against these β-lactamase enzymes. 

The hypusine biosynthesis pathway, participating in the posttranslational modification of a 

lysine residue on eukaryotic initiation factor 5A (eIF5A) leading to its maturation by having the 

hypusine residue, from many parasitic organisms was validated as a potential drug target. This 

pathway includes two enzymatic steps catalyzed by deoxyhypusine synthase and 

deoxyhypusine hydroxylase (DOHH), and both these enzymes are validated drug targets. Our 

study focuses on the characterization of the structural and biochemical elements of the DOHH 

enzyme from Leishmania donovani (LdDOHH), a protozoan parasite responsible for causing 

many forms of leishmaniasis, including its most lethal form ―visceral leishmaniasis (VL)‖, 

disease in humans and other animals. This enzyme was analyzed biochemically for its 

oligomeric forms in solution and secondary structural features. Crystallization trials were made 

rigorously to obtain its 3-dimensional structure and the protein was modelled using 

computational tools. The LdDOHH model structure was analysed and used for virtual screening 

of small molecule libraries in search of new anti-leishmanial drug molecules. We found few hit 

compounds, including the compounds 43, 712 and 1366, and analysed for their binding modes 

and strengths, their interaction patterns and conformational stability in bound state. These 

analyses showed that these compounds were binding tightly in the active site and may be 

promising molecules for testing their anti-leishmanial activities. 
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CHAPTER 1 

Review of Literature 

 

1.1. Introduction: 

1.1.1. Humans’ cohabitation with microbes: 

The cohabitation of human beings with the microbes can be categorized among the variety of 

ecological relationships of living organisms of the ecosystem (biome) on this planet earth, 

depending on the microbial partner, including commensalism, mutualism and parasitism. All 

the types of microbes spending living relationship with human beings are collectively defined 

as human microbiome [(human microbiota), (human flora)] and these microbes include viruses, 

bacteria, protists and fungi, among which many are commensals or mutualistics, while few are 

parasites.  

1.1.2. Evolution and survival among the living forms of ecosystem: 

The driving force of the evolution and survival among living forms is the common goal to 

achieve the nature‘s measurements of the natural selection by qualifying its acting/working 

principle of the "Survival of the fittest", which was explained, as the mechanism of natural 

selection, by Darwin, in the Darwinian evolutionary theory. In order to qualify the natural 

selection through "Survival of the fittest" principle, living forms compete for the limited space 

and energy sources available on this lone living planet; and this competition maybe intra-

specific or inter-specific. The microbes grow rapidly and multiply at very high rates, which 

demands a never-ending (continuous) need for high amounts space and energy sources. As a 

consequence, they try to inhabit and occupy every space and energy source, living or non-

living, available in their surroundings and encountered in their way; and also make several 

types of living relationships with the living sources of space and energy. If they encounter any 

resistance from the surrounding living-forms, a form of space and energy source for microbes, 

while inhabiting and making relationships with them, the microbes try to harm and parasitize 

them by causing physical damage including diseases as a mechanism of offence. 

The humans, although belonging to the higher orders of living kingdom and dominating the 

current ecosystem, are also major victims of this microbial offence. The human body, including 

most of its component cells, tissues, organs, organ systems and biofluids, is serving as a 

predominant source of space and energy for microbes; and it hosts 3 times of non-human cells 



 

 

to human cells (1). Major portion of these non-human cells include commensal and mutualistic 

microbes comprising the normal flora (normal microbiota), while the rest constitutes human 

pathogenic parasites. 

113. Human pathogens and infectious diseases: 

Humans are surrounded by countless types of infectious agents including prions, viruses, 

bacteria, protists and fungi. The list of pathogens causing infectious diseases in humans is 

endless as new strains are emerging constantly with new abilities and advanced virulence 

factors (2). Bacteria and viruses are the major groups of human pathogens and the list of human 

pathogens and infectious diseases is always get updated with the time by several worldwide 

health organizations including the world health organization (WHO). The human infections can 

be classified into several groups based on different factors (3), including the causative agent of 

the infection (viral, bacterial, fungal, protozoan), environmental source (soil, air, vector, 

animal, hospital), the duration of infection (acute, chronic), the geographical spread of infection 

(epidemic, endemic, pandemic) and the body locality of infection (systemic, local). Currently 

ESKAPE group of pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) 

(4), nosocomial infections (5) and the neglected tropical diseases (NTDs) (6, 7) are few of the 

major concerns of the modern human society.  

1.1.4. Human defenses to infectious diseases: 

The current human society is facing a constant threat of infectious diseases which occasionally 

erupts into epidemics and endemics. The unwanted parasitic relationship of few microbes is 

constantly fought by the defense systems of human body, which majorly includes the immune 

system (8). But the microbial parasites try to overcome the human defenses by causing diseases 

and physically damaging its defense components and rest body components. We also treat the 

infections by using the antibiotics/antimicrobials, discovered by humans, with potential 

biocidal effects against those human pathogens (9-10). These antibiotics can be natural or 

synthesized and may be with narrow-spectrum or broad-spectrum actions.  

1.1.5. Microbial resistance to human defenses: 

The human body tries to defend itself from the potential harm and diseases by using its native 

immune system, but the microbial pathogens try to evade the host defence components by 

several mechanisms. Even for the non-native (external) defence mechanisms including the 
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antibiotics, antimicrobials, drugs, vaccines, and immunotherapeutics used by the human hosts 

to treat infections/diseases; the pathogens started developing resistance in several ways. The 

resistance of microbes to human‘s external defence mechanisms including the antibiotics and 

several classes of antimicrobials is generally called as ―antimicrobial resistance (AMR)‖ or 

―antibiotic resistance (ABR)‖ (11-12). Depending on the extent of resistance exhibited by these 

microorganisms, AMR is classified into several classes including multidrug-resistant (MDR), 

extensively drug-resistant (XDR) and pandrug-resistant (PDR) according to the international 

standard definitions (13). The infectious agents cause diseases, through certain virulence 

factors including toxins and host metabolic enzymes‘ inhibitors, as a foremost level offence 

against human body when they face resistance for their spatial colonization or energy source 

utilization from the human cells/tissues/organs/organ systems. The microbial pathogens escape 

the host native defence, the immune system, by modulating/masking their cellular surface 

antigens, as a first level of resistance towards the host defences. The infectious agents also 

defend the non-native defence strategies of the human host including antibiotics/ 

antimicrobials/ drugs/ vaccines/ immunotherapeutics, through several macromolecular 

components including antibiotic-degrading enzymes and drug-efflux pumps, as a second level 

of resistance (14-15). 

These drug-resistant strains of pathogens are mostly occurs in the hospital environments, but 

also spreading in the human communities (i.e. residential areas) (16). Hence it‘s a growing 

concern for the current day human society, as the antimicrobials available are very limited and 

in fact dwindling due to constantly increasing drug-resistance and lack of new drugs‘ discovery 

(16). It‘s also an acceptable truth that discovery/development of new drugs/anti-infactives, 

vaccines and diagnostic tools is also a major drawback in the management of infections due to 

drug-resistant pathogens. 

The multi-drug resistant gram-positive bacteria including Staphylococcus aureus and 

Enterococci, especially the methicillin-resistant S. aureus (MRSA) (17), vancomycin-resistant 

S. aureus (VRSA) (18) and vancomycin-resistant Enterococci (VRE) (19), have been the major 

concern of infection control and only area of focus for the new antimicrobial discovery for a 

long time until the neglected drug-resistance threat from gram-negative bacteria was 

recognized (20).  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Major factors contributing to antimicrobial resistance (AMR). 

1.1.6. Human strategies to overcome the antimicrobial resistance: 

Humans are constantly accelerating their efforts to innovate novel antimicrobial molecules by 

using advanced technologies (21-22). These novel molecules may be with improved 

antimicrobial efficiencies, extended broad-spectrum activities, novel modes of inhibition 

mechanisms, decreased side effects and cost-effective (23-24). Humans employ several types 

of drug discovery tools to invent new antimicrobials, including structure-based drug discovery 

(SBDD) tools (25-26) [computer-aided drug discovery (CADD) (27-28), fragment based drug 

designing (FBDD) (29-31) and ligand based drug designing (LBDD) (32-33)], synthesizing 

novel groups of small molecules, finding new drug targets, searching and screening the 

libraries of natural compounds, modifying the existing antimicrobials, combinatorial therapies, 

immunotherapies, repurposing the existing drugs and using the metagenomics tools and many 

other microbiology tools to dig the natural sources (34). 
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Figure 1.2: Human defence mechanisms to fight the antimicrobial resistance (AMR). 

 

1.2.   Moraxella catarrhalis infections in humans: 

Moraxella catarrhalis is a fastidious, gram –negative, aerobic diplococcus bacterium. It is a 

human restricted opportunistic respiratory tract pathogen (35-37). It predominantly occurs in 

hospital environments and causes several nosocomial infections (38-39). It morphologically 

resembles the commensal Neisseria species and hence used to be called as Neisseria 

catarrhalis. Taxonomically it was been assigned to several taxa including Micrococcus 

catarrhalis, Neisseria catarrhalis, Branhamella catarrhalis and Moraxella catarrhalis (40-41). 

Finally, it is ended up and popularly called with the taxonomic name Moraxella catarrhalis. It 

used to be thought of M. catarrhalis as an upper respiratory tract communal, but since late 

1970s it has been established that it is a common respiratory tract pathogen. It is one of the 

common causes of otitis media (OM) in infants and children, and exacerbations of chronic 

obstructive pulmonary disease (COPD) in adults; which are the two most common infectious 

diseases caused by this pathogen (42-44). It is also responsible for several other community-

acquired infections including pneumonia (45-46), bacteremia (47-49), sepsis (50-51), sinusitis 



 

 

(52-53), meningitis (54-56), bacterial conjunctivitis (57) and few other invasive infections. Its 

transmission majorly occurs through nosocomial modes in hospitals among patients. 

1.2.1. Otitis media (OM): 

M. catarrhalis, along with another two associated respiratory tract pathogens Streptococcus 

pneumoniae and nontypeable Haemophilus influenzae, is one of the predominant causes of 

acute otitis media (AOM) and is responsible for an approximately 15-20% of the AOM 

episodes (35, 41). Its clinical symptoms include fever and red bulging of tympanic membrane, 

and its diagnosis involves tympanocentesis, a gold standard for etiology determination (58). If 

children experienced more than 4 episodes of AOM or 8 months of middle ear effusion in an 

year are said to be otitis prone and are confirmed with ―recurrent OM or OM with effusion 

(OME)‖ if they possess middle ear fluid without any clinical signs of AOM. Otitis prone 

children frequently experience conductive hearing loss which may subsequently causes delays 

in speech and language development. M. catarrhalis frequently causes OME than AOM (59-

60). 

1.2.2. Chronic obstructive pulmonary disease (COPD): 

According to the known etiology records, 50% of the COPD exacerbations are caused by the 

bacterial infections, including the M. catarrhalis infections also, while the rest by viral 

infections and noninfectious causes (61-63). The COPD exacerbations due to M. catarrhalis 

infections include the symptoms of dyspnea, fever, fatigue, rhonchi, sputum production and 

purulence and decreased air entry (35, 61). M. catarrhalis also found in the distal airways of 

lower respiratory tract and new strains of this pathogen observed with many episodes of COPD 

exacerbations in case of adults (39). 

1.2.3. Hospital- and community-acquired infections by M. catarrhalis: 

Several nosocomial and community-acquired infections including pneumonia, bacteremia, 

septicemia, sinusitis, meningitis, endocarditis, cellulitis, septic arthritis and few other invasive 

infections, are also known to be caused by M. catarrhalis (35-39). Approximately 20% of the 

acute bacterial sinusitis is known to be caused by M. catarrhalis in children, while very few 

cases in adults, and are clinically indistinguishable from that caused by S. pneumoniae and H. 

influenza (52-53). It causes pneumonia in elders suffering from cardiopulmonary diseases and 

rarely bacteremic illness.  
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1.2.4. M. catarrhalis pathogenesis: 

M. catarrhalis, along with H. influenza, Pseudomonas aeruginosa and S. pneumonia, is a 

common pathogen associated with multiple pulmonary diseases. The seroresistant lineage of M. 

catarrhalis is known to be strongly associated with the virulence of this pathogen (64-65). 

Migration of M. catarrhalis from their usual colonization spot of nasopharynx to the middle ear 

through Eustachian tube and acquisition of new strains are the crucial events in the 

pathogenesis of otitis media (OM) and exacerbations of COPD by this pathogen (35, 66). The 

virulence-associated phenotypes and genotypes vary greatly among the strains found in 

children/infants from that of adults. Several kinds of adhesins, from its outer membrane, are 

known to participate in the adherence of M. catarrhalis strains to the respiratory tract epithelial 

cells, which is the initial and crucial step in its colonization and subsequent infection (67-71). 

These adhesins help the pathogen to hack the host extracellular matrix and avoid the bullets of 

host immune system that try to clear the pathogen along with the mucus, by directly binding to 

the patches of matrix through its components such as collagen, laminin, fibronectin and 

vitronectin or indirectly adhering to the epithelial cells via their binding to the same set of 

matrix components (72-73). The membrane vesicles (MVs), released by the pathogen during its 

infection to host macrophages, dampen the immune responses, triggered by the MVs released 

by those host macrophages, and enhance the pathogen adherence and survival (74). 

It was discovered that M. catarrhalis also invades the bronchial epithelial cells and type2 

alveolar cells to spend an intracellular life, although it‘s been thought to be an exclusively 

extracellular pathogen. And it also present intracellularly in the pharyngeal lymphoid tissue, 

which provides a potential reservoir for its persistence in the human respiratory tract (35).  

1.2.5. Colonization by M. catarrhalis: 

It usually colonizes the human upper respiratory tract and rarely the lower tract components, 

and human respiratory tract is its major ecological niche. Its colonization follows an age 

dependent pattern which is observed to be high and common in infants and children 

(nasopharyngeal colonization), while lower in adults (70, 75). The colonization patterns also 

changes based on few other several factors including pneumococcal vaccination (the use of 

pneumococcal conjugate vaccines) and rates of otitis media. Few M. catarrhalis strains 

colonize the lower respiratory tract in case of adults with COPD and they secrete highly 

inflammatory antigens into the airways which subsequently cause airway inflammation, the 

hallmark of COPD (76-77).  



 

 

1.2.6. M. catarrhalis biofilms: 

M. catarrhalis has the ability to form biofilms which confers greater amounts of resistance 

towards several classes of antibiotics and human immune defences (78). It usually produces 

biofilms in the middle ears of children with OM and majorly account for the recurrent and 

chronic OM. Although M. catarrhalis biofilms were found in the middle ear fluids, their role in 

pathogenesis is yet to be investigated (79-80). M. catarrhalis strains also participate in the 

microbial biofilm formation in the sinus tissue in patients with chronic rhinosinusitis with nasal 

polyposis (CRSwNP) infection (35, 81). 

1.2.7. Current treatments available against M. catarrhalis infections: 

It involves treating the individual symptoms of M. catarrhalis infections observed with 

patients, and follow the WAW (wait and watch) approach. The current treatment methods 

majorly involve the use of several oral antibiotics, including fluoroquinolones, 2
nd

 and 3
rd

 

generation cephalosporins, macrolides, tetracyclines, and amoxicillin-clavulnate, for which the 

M. catarrhalis strains haven‘t developed resistance yet (82-84). The fluoroquinolones used for 

treating M. catarrhalis infections include sitafloxacin, tosufloxacin, levofloxacin and 

garenoxacin; while the extended-spectrum cephalosporins include cefixime, cefuroxime, 

loracarbef, cefaclor and cefpodoxime; and the macrolides include azithromycin, erythromycin 

and clarithromycin (85-88). The combinatorial therapy, including amoxicillin-clavulnate and 

trimethoprim-sulfamethoxasole, is also being used successfully to treat the infections due to 

drug-resistant M. catarrhalis strains. Amoxicillin-clavulnate and levofloxacin were also proven 

to be potent antibiofilm agents that can significantly reduce/inhibit the biofilm formation by M. 

catarrhalis strains (89-93). 

1.2.8. Vaccination against M. catarrhalis infections: 

Vaccines are the major alternative options to prevent the emergence of multi/extended/pan-

drug resistance in M. catarrhalis strains, due to the currently increased use of antibiotics to 

treat its infections. Currently there is no licensed vaccine available for M. catarrhalis, but many 

promising candidate vaccine antigens are in final stages of clinical trials, while few others are 

in final stages of development (94-95). At present, the conjugate vaccines, including 

pneumococcal conjugate vaccines (PCVs) and PHiD-CV, are only used for treating the clinical 

M. catarrhalis strains during its infections (96-97). Maternal immunization of pregnant women 

is proposed to be an effective strategy to protect the infants from the respiratory tract infections, 
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including the OM due to M. catarrhalis in infants (97-98). The usual route of vaccination trials 

is subcutaneous.  

1.2.9. M. catarrhalis resistance to human immune defences: 

M. catarrhalis employs multiple mechanisms to evade the host innate immune defences, among 

which complement inactivation plays major role in conferring resistance to human serum (35, 

67-68, 99-100). The adhesins produced by M. catarrhalis strains to bind to the host 

extracellular matrix and epithelial cells also play major roles in pathogen escape from its 

clearing, along with the mucus, from the host respiratory tract, by the host immune reactions 

(67-73). The membrane vesicles (MVs) released by the pathogen during its infection, also 

dampen the host immune responses and enhance its adherence and survival (74). 

1.2.10. Antimicrobial resistance in M. catarrhalis: 

1.2.10.1. Resistance to β-lactams: 

M. catarrhalis strains acquired BRO-1 and BRO-2 types of β-lactamases at very early times of 

antibiotic resistance era, but remained susceptible to many of the rest antibiotic classes till date 

(101-103). It was discovered long time back that M. catarrhalis is resistant to penicillins, 

including ampicillin, and 1
st
 generation cephalosporins. These β-lactamases render > 95% of M. 

catarrhalis clinical strains resistant to ampicillin (104-106). 

1.2.10.2. Resistance to fluoroquinolones: 

Among the fluoroquinolones used for the treatment, M. catarrhalis strains developed resistance 

towards levofloxacin, while susceptible to rest (107-108). Fluoroquinolones resistance 

mechanism in M. catarrhalis involves mutations in the quinolone resistance-determining region 

(QRDR) of GyrA and GyrB, the DNA gyrase protein subunits, and ParC and ParE, the 

topoisomerase IV protein subunits, and certain multi-drug efflux pump systems that cause 

reduced accumulation of fluoroquinolones in the cells (109-110).  

1.2.10.3. Resistance to colistin and polymixins: 

Resistance to colistin and polymixins, the last-resort antibiotics, is also identified in M. 

catarrhalis. This intrinsic colistin resistance (ICR) is known to be rendered by the 

chromosomally encoded lipid A phosphoethanolamine transferases (PEtN), whose crystal 

structure also reported from M. catarrhalis (ICR-Mc or ICR
Mc

) recently this year (111-112). 



 

 

Plasmid-borne mobilized colistin resistance (MCR-1/2) elements also reported from this 

pathogen (113). 

1.2.10.4. Resistance to macrolides: 

Decreased susceptibilities of M. catarrhalis strains to the macrolides including azithromycin, 

clarithromycin and erythromycin were reported from different parts of the world and majorly 

from China mainland (114-116). Increased prevalence of marolide-resistant M. catarrhalis 

strains has been reported in recent years from the Mainland China. There were two clonal 

complexes (CCs) CC363 and CCN10 reported, from China, to be the drug-resistant clones 

possessing the highly concentrated macrolide-resistant clinical M. catarrhalis strains (117-

120). 

M. catarrhalis strains, at present time, are relatively not resistant to many classes of antibiotics, 

but the constantly increasing use of antibiotics in the current times is posing inevitable 

emergence of extensively drug-resistant (XDR) and pandrug-resistant (PDR) strains of this 

human pathogen (106-118).  

1.2.11. Current progress in drug discovery and vaccine development for M. catarrhalis 

infections: 

Vaccine development for treating M. catarrhalis infections is very challenging and limited, due 

to the fact that many respiratory diseases caused by M. catarrhalis strains, including otitis 

media (OM) and exacerbations of COPD, are polymicrobial diseases which usually include co-

infection with other major pulmonary tract pathogens nontypeable H. influenzae (NTHi) and S. 

pneumonia, and also the OM-associated respiratory viruses (121-125). M. catarrhalis vaccine 

development has also lagged behind that for NTHi and S. pneumonia, the other two common 

causes of OM and exacerbations of COPD (126-128).  The lack of good animal models for M. 

catarrhalis further complicates this challenge of vaccine development against its clinical 

strains, although chinchilla been shown a novel promising animal model for testing M. 

catarrhalis vaccine antigens, and as the mouse pulmonary clearance model, the widely used 

animal model for assessing vaccine antigens of M. catarrhalis, does not simulate the human 

respiratory diseases and the protective response observed with this model is not yet been 

correlated with protection in humans (129-131). 
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Several anti-biofilm drugs and therapies are also in development stage (132). At present many 

vaccine candidates, including several types of adhesins, surface molecules and porins, to treat 

clinical M. catarrhalis strains are in their development stage (133-137). 

Several drug discovery tools are in use for finding novel antimicrobials and drug targets from 

M. catarrhalis including high-throughput screening (HTS) and CADD/SBDD/LBDD/FBDD 

tools. Many drug targets including fatty-acid synthesis, DNA replication, protein modification, 

protein elongation, protein termination, RNA elongation, cell division, glycolytic pathway, 

amino-acid synthesis, protein secretion, cell-wall synthesis, tRNA synthetases and whole-cell 

antibacterial assays are being used for antibiotic discovery against M. catarrhalis infections 

(138-142). Several other techniques including combination therapy, repurposing the old 

antibiotics and medication strategies are also being employed in optimizing the drug discovery 

approaches (143-147). 

1.2.12. Fatty acid biosynthesis pathway as drug target: 

Fatty acid biosynthesis occurs through 2 different systems in humans and bacteria with the 

major structural differences in their component enzymes (148-149). In humans, fungi and 

higher order animals it occurs through the type I fatty acid biosynthesis pathway which is 

catalyzed by a single large polypeptide, containing the catalytic/functional domains for 

catalyzing all the individual steps of the pathway, called fatty acid synthase-I (FAS-I). While, 

in bacteria (prokaryotes) and plants it occurs by type II fatty acid biosynthesis pathway which 

is executed by the individual enzymes catalyzing the individual steps and called as fatty acid 

synthase-II (FAS-II), which is also known as dissociated type II FAS systems (Figure 1.3) 

(150-154). Very few organisms, having the need for the synthesis of specialized fatty acid 

compounds like mycolic acids, express both types of fatty acid biosynthesis systems including 

Mycobacterium tuberculosis, Toxoplasma gondii and Eimeria tenella. However, the type I FAS 

that occurs in microbes is called as microbial type I FAS and in animals it is the 

animal/mammal type I FAS, which significantly exhibit structural and 

localization/compartmentation differences (155-156). Microbial FAS-I, also called as the 

bacterial FAS-I family, is narrowly distributed within the Actinomycetales genera 

Mycobacterium, Corynebacterium and Nocardia, and is still poorly understood (157-158). The 

FAS-I enzymes can have all of the active sites present in a single protein (as in mammals and 

mycobacteria) or split between two interacting proteins (as in fungi and Corynebacterium 

ammoniagenes). These extensive differences in the structural organization of the FAS 

component enzymes can be exploited for antimicrobial drug discovery (159-160). 



 

 

 

Figure 1.3: The type II fatty acid biosynthesis pathway in bacteria. The component individual 

enzymes are AccABCD: the four gene products of acetyl coenzyme-A carboxylase, ACP: acyl 

carrier protein, AcpS: ACP synthase, AcpH: ACP hydrolase, FabD: malonyl-CoA-ACP 

transacylase, FabH/FabB/FabF: β-ketoacyl ACP synthase III/I/II, FabG: β-ketoacyl ACP 

reductase, FabA/FabZ: β-hydroxyacyl ACP dehydratase, FabI/FabK/FabL/FabV: enoyl ACP 

reductase (ENR) I/II/III/IV. 
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Type II fatty acid biosynthesis system had been proved to be a potential drug target from 

several pathogenic bacteria, and can be targeted at several essential steps. This pathway was 

extensively studied from various bacteria including Escherichia coli, M. tuberculosis, 

Staphylococcus aureus and Plasmodium falciparum (148-149, 162-163). Several component 

enzymes of this pathway including FabH/FabB/FabF (β-ketoacyl-ACP synthases III, and I and 

II; catalyzing the first and subsequent condensation reactions respectively), FabG (β-Ketoacyl-

ACP reductase), FabZ/FabA (β-hydroxyacyl-ACP dehydratase) and FabI/FabK/FabL/FabV 

(enoyl-ACP reductases (ENRs)) were validated as promising drug targets in designing broad-

spectrum inhibitors (148-149, 161-167). Many potential inhibitors, inhibiting different steps of 

this pathway were discovered and few are currently serving the human community in fighting 

severe infectious diseases (168-170).  

The microbial type I FAS system is also studied extensively and proved as a promising drug 

target due to its structural and functional differences with the animal/mammalian FAS-I (155-

160). 

Table 1.1. Reductases of type II fatty acid biosynthesis pathway in bacteria. 

Reductase 

isoform 

Name  Cofactor dependency Length (No. 

of aas) 

Protein 

family 

BKR FabG NADPH 450-470 SDR 

ENRI FabI NAD(P)H 260-280 SDR 

ENRII FabK NAD(P)H 

FMN (flavoprotein) 

300-330 AKR 

ENRIII FabL NAD(P)H 250-270 SDR 

ENRIV FabV NAD(P)H 400-420 SDR 

 

1.2.13. Enoyl ACP reductase enzymes and inhibitors: 

The final reduction step of the type II fatty acid biosynthesis pathway is catalyzed by the ENR 

enzymes which had been proven to be promising drug targets, as many of the known inhibitors 



 

 

including triclosan, isoniazid and diazaborines, are exercising their antimicrobial actions by 

inhibiting this enzyme (171-174). It has four known isoforms, observed in different pathogenic 

bacteria, including FabI (ENR isoform I), FabK (ENR isoform II), FabL (ENR isoform III) and 

FabV (ENR isoform IV). Few bacteria possess more than one isoform of ENR including 

Enterococcus faecalis, M. tuberculosis and Pseudomonas aeruginosa possessing FabI and 

FabK; Bacillus subtilis and Bacillus cereus containing FabI and FabL; Burkholderia 

pseudomallei having FabI and FabV; and Listeria monocytogenes harboring FabI, FabK and 

FabL (175-186). FabI (ENR isoform I) is the predominantly occurring ENR isoform in wide 

range of bacteria, including M. catarrhalis. Its functional, structural characterization and crystal 

structures are reported from various bacterial, plant and protozoan species, and extensively 

studied from E. coli (175-176, 187-190), M. tuberculosis (191-197), S. aureus (198-202), 

Helicobacter pylori (203), Bacillus subtilis (204), Bacillus cereus (205), Bacillus anthracis 

(206-207), P. aeruginosa (208-209), Francisella tularensis (210-211), Acinetobacter 

baumannii, Thermus thermophilus (212), B. pseudomallei (184), Candidatus Liberibacter 

(213), Chlamydia trachomatis (214), L. monocytogenes (182), Brassica napus (177, 215-216), 

P. falciparum (217-219), T. gondii (220) and E. tenella (221), and show remarkable structural 

similarity at their active sites. 

Several classes of inhibitors, targeting the ENR enzymes from many pathogenic bacteria, were 

discovered and many of them are in development phase, while few reached upto the clinical 

trials phase (222-226). Extensive drug discovery studies carried out on the FabI enzymes from 

the gram negative bacteria including E. coli, M. tuberculosis and P. aeruginosa, gram positive 

bacteria including S. aureus and Bacillus, and protozoa including P. falciparum which have 

been the targets for developing antimicrobials with improved efficiencies and/or novel modes 

of actions (227-234). 

Hence, our current study is focusing in understanding the structural and biochemical attributes 

of this enzyme from M. catarrhalis (McFabI), with the hope of exploiting those molecular 

features in structure-based drug designing of broad-spectrum antimicrobials. 

 

1.3. Infections by Acinetobacter baumannii:  

Acinetobacter baumannii is an opportunistic nosocomial pathogen in humans and 

predominantly exists in the health-care settings. It causes several bloodstream and ventilator-

associated infections, including hospital-acquired pneumonia (HAP), for example, in the 
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health-care facilities (235). While other species of the genus Acinetobacter are often found in 

soil samples (leading to the common misconception that A. baumannii is a soil organism and 

ubiquitous organism, too), it is almost exclusively isolated from hospital environments (236-

237). A. baumannii has a reputation of low virulence, but emerged as MDR pathogen due to its 

natural MDR phenotype and capability of acquiring new mechanisms of resistance (236-239). 

It‘s one of the major causes of the hospital-derived nosocomial and community-acquired 

infections in humans, especially the people with compromised immune systems. A. baumannii 

causes several types of hospital-acquired infections including pneumonia, bacteremia, 

secondary meningitis, bloodstream infections (BSIs), urinary tract infections (UTIs), central 

nervous system infections (CNSIs) and surgical site infections (SSIs) as manifestation of 

Acinetobacter nosocomial infection (240-241, 260). It mainly aims the moist tissues such as cut 

skin or mucous membranes and causes bacteremia followed by septicemia which may finally 

lead to death if left untreated (237). MDR A. baumannii usually causes infections like 

bacteremia, pneumonia, meningitis, wound and urinary tract infections. 

Pathogenecity of A. baumannii: 

When it is in adverse or stress conditions it rapidly mutates its genome to develop resistance 

and thereby to survive in those unfavorable conditions. Hence its genome can be plastic which 

majorly contributes to the development of MDR in A. baumannii strains (235). The potential of 

this organism to respond swiftly to changes in selective environmental pressure (selective 

antibiotic pressure, for example) contributes to the rapid global emergence of A. baumannii 

strains resistant to all β-lactams, including carbapenems. It also has a potential to upregulate its 

innate resistance mechanisms and potential of acquisition of foreign determinants. The genetic 

complexity, genetic agility and broad resistance armamentarium of A. baumannii and its wide 

array of drug resistance determinants and its ability to effectively regulate these according to 

selective environmental pressures clearly demand respect. Much of the success of A. baumannii 

to be multidrug-resistant can be directly attributed to its plastic genome, which rapidly mutates 

when faced with adversity and stress (235-236, 262, 281). The WHO has included carbapenem-

resistant A. baumannii in the critical group in the list of bacteria that pose the greatest threat to 

human health, prioritizing research and development efforts for new antimicrobial treatments. 

The molecular features that promote environmental persistence, including desiccation 

resistance, biofilm formation and motility, and the most recently identified virulence factors, 

such as secretion systems, surface glycoconjugates and micronutrient acquisition systems 



 

 

collectively enable these pathogens to successfully infect their hosts (235-236, 262, 281, 300, 

303, 305). 

1.3.1. Colonization by A. baumannii: 

A. baumannii has the ability to colonize the oral tracts, oropharyngeal tracts, skin, open 

wounds, body fluids and mucous membranes of the oral and respiratory tracts (242). It has the 

potential to colonize both biotic as well as abiotic surfaces that helps in its survival, persistence 

and widespread in adverse clinical settings also (243). All the clinical isolates tested have the 

ability to adhere to epithelial cells and subsequently colonize. According to the centers for 

disease control and prevention (CDC) criteria, the definition of A. baumannii colonization is its 

presence without any significant clinical symptoms of active infection (244-245). About 15-

20% of clinical isolates of A. baumannii develop colonization rather than active infections, 

making the assessments confused between infection and colonization (246). The factors 

promoting the colonization of A. baumannii include ICU admission, invasive ventilation and 

trauma unit admission.  The colonization of A. baumannii strains subsequently leads to the 

active infections in the later stages. A. baumannii is considered as a relatively avirulent 

organism that frequently colonizes the bodyfluids (247) and hence is often identified in the 

sputum and blood samples (248).  Subsequently it‘s also difficult to assess the attributable 

mortality of A. baumannii which appears to be as much a colonizer as it is a true pathogen 

(247). 

1.3.2. Bio-film formation by A. baumannii: 

Maximum proportion of A. baumannii clinical strains isolated from hospital-settings form the 

biofilms and these biofilm-forming strains of majorly responsible for the catheter-related 

urinary or bloodstream infections and shunt-related meningitis (249). These strains exhibit 

adherence, colonization and biofilm forming properties (250). Formation of biofilms by A. 

baumannii strains helps for their survival in environments like hospital settings including ICUs 

despite of the adverse/unfavorable conditions such as desiccation, nutrient starvation and 

antimicrobial treatments (251). A. baumannii strains have the ability to form biofilms on biotic 

surfaces including tracheal tubes, epithelial cells and fungal filaments as well as on multiple 

abiotic surfaces, in healthcare facilities, including glass, polypropylene, titatinium and 

polystyrene (251-252). Biofilms helps A. baumannii survival in adverse conditions and their 

persistence and dissemination in/across hospital environments and also acts as a potential 

virulent factor in A. baumannii pathogenesis, and thereby increasing its probability of causing 
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nosocomial infections (253). Biofilm formation by A. baumannii clinical strains is also known 

to play significant role in acquiring their antibiotic resistance, as the antibiotic resistance 

observed in biofilm producing A. baumannii strains is significantly higher than the non 

producers (254-257). There is also an evidence for the trade-off between antibiotic resistance 

and desiccation tolerance, in case of both clinical and environmental isolates of A. baumannii 

strains; and the fact that biofilm formation enhances the desiccation tolerance; but it 

particularly promotes antibiotic resistance only in case of clinical isolates and not in 

environmental isolates (258-259). 

1.3.3. Current treatment strategies for A. baumannii infections: 

Many classes of antibiotics including penicillins, cephalosporins, tetracyclins, aminoglycosides 

and quinolones have been the choice for treating infections due to A. baumannii, historically, 

for which they were susceptible to; but with time they started developing resistance to many of 

these antibiotics (260-261). Even after the development of resistance against several classes of 

antibiotics, the carbapenems, including imipenem, meropenem and doripenem, retained their 

antibiotic activities and become the major/only choice of treatment in many clinics worldwide 

(261-262). With the constantly rising antibiotic resistance in A. baumannii strains, the 

treatment, gradually, became dependent on the strain of its clinical isolate and the extent of its 

drug-resistance (i.e. the antibiotic susceptibility profile of the isolate); and the antibiotics which 

retained antimicrobial activities, including carbapenems (majorly imipenem, meropenem and 

doripenem), aminoglycosides and amikacin, were being used. In the subsequent time periods, 

A. baumannii strains also developed drug-resistance towards the last-line antibiotics 

carbapenems and maximum of the rest antibiotics (262-263), making the preference of 

antibiotics shifted to other therapeutic options including colistin, polymixins, aminoglycosides, 

derivatives of penicillins and tetracyclins, tigecycline, for example and the β-lactamase 

inhibitors, sulbactam, tazobactam and clavulanic acid, for example (248, 262-267). The 

resistance towards colistin is also observed in many parts of the world and the increasing use of 

this antibiotic worldwide is also posing a major threat of resistance further (262). Antibacterial 

phage therapy, bactericidal gene transfer therapy, cathelicidins, nanoparticle technology and 

photodynamic therapy are also in use, while radioimmunotherapy is yet to be implemented 

(237). 

Due to severe broad-spectrum drug-resistance and lack of new antibiotics, the treatments also 

involve the use of the inhibitors of A. baumannii adherence, colonization and biofilm 

formation, oroidin analogues, for example (268-269). Alternatively, the A. baumannii 



 

 

infections are currently treated by deploying the combinatorial antibiotic therapies, instead of 

using any single antibiotic, as most of its strains are developing resistance to many of the 

antimicrobial categories including the carbapenems which are the major tools to treat its 

infections for longer periods of time. These combinatorial therapies usually include a 

combination of one β-lactam antibiotic and one β-lactamase inhibitor, for example 

ampicillin/sulbactam and amoxicillin/sulbactam (248, 264). Colistin is also used in 

combination therapy along with tigecycline or gentamycin (262), as it is having advantages 

over its monotherapy. It is very crucial to notice that there should be always a strong 

experimental data to support and favor the combined therapy for treating MDR A. baumannii 

using any combination of antibiotics/drugs (270). Combinations of antimicrobials, in double or 

triple therapy, are becoming the cornerstones of treatment for A. baumannii infections, as the 

colistin-tigecycline-meropenem triple therapy is highly efficient than the double or 

monotherapies and also safe when the susceptibility profile of the pathogen is not known (271). 

Lot more new strategies been deployed in the treatments of MDR/XDR/PDR A. baumannii 

strains‘ infections due to the unique physiologic characteristics of patients, which can alter the 

drugs‘ pharmacokinetics and pharmacodynamics (272). These strategies include (1) the 

antibacterial dosing which exploit the pharmacokinetic and pharmacodynamic parameters of 

antibiotics to tailor their dosing (248), (2) the extended/prolonged infusion of β-lactams which 

exhibits the advantage of achieving drug concentrations above the MIC for a greater time in 

case of less-susceptible pathogens (248, 272) and (3) effective antimicrobial/antibiotic 

stewardship (AMS) which is a method that includes appropriate selection, dosage, route and 

duration of antimicrobial therapy (273); and antimicrobial/antibiotic stewardship programmes 

(ASWPs) which analyse the clinical and microbiological data on A. baumannii strains and 

assist the preauthorization of antibiotics at the patient level; and also educate and persuade the 

prescribers of antibiotics to follow evidence-based prescribing (274). 

Altogether the current repertoire of antibiotics/drugs available as choices to treat A. baumannii 

infections include polymixins, tigecycline, sulbactam, rifampicin, minocycline, fosfomycin and 

few of the newly discovered peptide agents; along with the new approaches of prudent usage of 

antibiotics including extended infusion of β-lactams and tailored antibiotic dosing (248, 267, 

275). And the treatment of infections due to non-MDR A. baumannii strains involves 

aminoglycosides in combination with a β-lactam (262). Polymixins, including colistin, are 

standing as the last-resort option for treating infections due to all carbapenem-resistant bacteria, 

although resistance is emerging gradually towards this class of antibiotics also. 
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1.3.4. Drug-resistance in A. baumannii: 

A. baumannii is a prominent member of the ESKAPE group of pathogens which are prevalent 

in healthcare settings and very well known to exhibit substantial drug resistance (4). A. 

baumannii strains were sensitive to most of the common antibiotics till 1970s, but exhibited 

resistance to carbapenems and rest of the antibiotic classes available (276-278). According to 

the international standard definitions of multidrug-resistant (MDR), extensively drug-resistant 

(XDR) and pandrug-resistant (PDR) bacteria (13), A. baumannii clinical isolates belonging to 

all 3 categories were reported worldwide, India, China, Africa, America, Asia and Europe (276-

295). A. baumannii strains employ numerous mechanisms to attain resistance to any adverse 

conditions encountered in their way of survival (236, 262, 281, 300). The most prevalent 

mechanism of β-lactam resistance in A. baumannii is enzymatic degradation by β-lactamases. 

However, in keeping with the complex nature of this organism, multiple mechanisms often 

work in concert to produce the same phenotype. The nonenzymatic mechanisms of β-Lactam 

resistance, including carbapenem resistance, include changes in outer membrane proteins 

(OMPs), multidrug efflux pumps, and alterations in the affinity or expression of penicillin-

binding proteins (PBPs). The resistance mechanisms toward other classes of antibiotics such as 

aminoglycosides, quinolones, tetracyclines and glycylcyclines, polymyxins and other 

antibiotics, include the aminoglycoside-modifying enzymes, ribosomal (16S rRNA) 

methylation, tetracycline-specific efflux, modification to target binding sites, ribosomal 

protection and multidrug efflux (236, 262, 281, 296-300). 

Among all the resistance mechanisms exhibited by A. baumannii clinical strains, the 

carbapenemases, extended-spectrum β-lactamases (ESBLs) and 16s rRNA methylases, 

conferring resistance to carbapenems, broad-spectrum cephalosporins and all clinically relevant 

aminoglycosides respectively, are the most important causes of concern (300). The following 

are the major mechanisms of antibiotic/antimicrobial resistance in A. baumannii. 

1.3.4.1. Resistance to β-lactams (cephalosporins and carbapenems, majorly) in A. 

baumannii: 

In this section, resistance mechanisms of A. baumannii towards β-lactam carbapenems and 

broad-spectrum β-lactam cephalosporins are explained majorly, while little focus on penicillins 

and monobactams. Resistance to β-lactams in A. baumannii is primarily conferred by the 

production of β-lactamases including ESBLs (class A β-lactamases), MBLs (class B β-

lactamases) and oxacillinases (class D β-lactamases), while the AmpC-type cephalosporinases 



 

 

(class C β-lactamases) contribute only a very low level resistance to cephalosporins (260, 262-

263). A. baumannii strains also employ few non-enzymatic mechanisms of antibiotic resistance 

to β-lactams including antibiotic target site modifications, efflux pumps and porin channel 

downregulation/deletion (298). 

1.3.4.2. Class A β-lactamases: 

1.3.4.2.1. Class A extended-spectrum β-lactamases (ESBLs) in A. baumannii: 

The class-A ESBLs are proven to majorly confer resistance towards broad/expanded-spectrum 

cephalosporins. PER-, GES- and VEB-type β-lactamases are the common Ambler class A 

ESBLs identified in A. baumannii (236-263). PER-1, 2, 3, 7 and 8 types of ESBLs were 

reported in A. baumannii from different parts of the world (260-264). VEB-1, 3 and 7 types 

were reported in A. baumannii from France, Iran and Taiwan; and GES-11, 12 and 22 types 

were reported from different parts of the world and majorly Middle East (284, 301). SHV-, 

TEM- and CTX-M-type ESBLs were rarely reported in A. baumannii, including SHV-5 and 12, 

TEM-92 and 116, and CTX-M-2, 15 and 43 types. RTG-4, a novel atypical ESBL was also 

identified in from France (296-300). The genes of these ESBLs are spread either on bacterial 

chromosomal or plasmid DNA.  

1.3.4.2.2. Class A carbapenemases in A. baumannii: 

Although carbapenemase activity is not the intrinsic property of Ambler class A ESBLs, few 

are known to possess and among which only GES-14 and KPC-2, -3, -4 and -10 were identified 

with carbapenemase activity in A. baumannii strains (300).  

1.3.4.3. Class B β-lactamases: 

Being also known as metallo-β-lactamases (MBLs), Ambler class B β-lactamases are not the 

most commonly identified carbapenemases in A. baumannii, and only either IMP-, VIM-, SIM- 

or NDM-type MBLs reported. IMP variants including IMP-1, -2, -4, -5, -6, -8, -11, -14 and -19; 

VIM variants including VIM-1, -2, -4, -6 and -11; and NDM variants including NDM-1 and -2 

were reported in A. baumannii from different parts of the world (297-300). The SIM-1 

carbapenemase is reported only from A. baumannii. IMP-, VIM-, SIM-type MBLs, that exhibit 

carbapenemase activity, are also considered as class B carbapenemases. 

1.3.4.4. Class C β-lactamases: 
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A. baumannii naturally produces AmpC-type cephalosporinases, which confer very low level 

cephalosporin resistance, and no acquired AmpC-type genes are identified in this species so far. 

AmpC variants with extended cephalosporinase activity including the ADC-type 

(Acinetobacter-derived cephalosporinase) enzymes ADC-33 and -56, which were termed as the 

extended-spectrum AmpC (ESAC) enzymes, were also reported (263, 300, 302). 

1.3.4.5. Class D β-lactamases: 

Enzymes of this heterogeneous class, exhibiting diverse structural and functional properties, are 

also known as oxacillinases and many class D β-lactamases possess an intrinsic property of 

carbapenemase activity and hence are also called as carbapenem-hydrolysing class D β-

lactamases (CHDLs) (236, 263). The broad-spectrum class D β-lactamases hydrolyzing 

expanded-spectrum cephalosporins are also known as extended-spectrum oxacillinases (ES-

OXA) and none of the ES-OXAs identified in A. baumannii so far. 

A. baumannii possess only one group of naturally occurring class D β-lactamases, OXA-51-like 

enzymes, and 5 subgroups of acquired class D β-lactamases including OXA-23-, OXA-40-, 

OXA-58-, OXA-143 and OXA-235-like enzymes. All these enzymes are classified as CHDLs, 

but exhibit weak carbapenemase activity and confer only reduced susceptibility to 

carbapenems. The cluster of OXA-51-like enzymes include OXA-51, -64, -65, -66, -68, -69, -

70, -71, -78, -79, -80 and -82, and are inherent in A. baumannii, locating on its chromosomal 

genomic DNA (236, 263, 281, 303). The OXA-23 subgroup consists of OXA-23 (ARI1), -27, -

49 and -73, which are the most widespread CHDLs in A. baumannii and responsible for major 

nosocomial outbreaks worldwide. The group of OXA-40-like enzymes in A. baumannii 

consists of OXA-40 (formerly known as OXA-24), -25, -26 and -72; the OXA-58 subgroup of 

CHDLs consists of structurally related OXA-58, -96 and -97; and the novel OXA-235-like 

enzymes include OXA-235, -236 and -237. Most of these enzymes are chromosome- or 

plasmid-encoded, while OXA-58 is always plasmid-born, and very few are transposon- or 

integron-encoded (236-237, 262-264, 281, 296-300). 

1.3.4.6. Resistance to aminoglycosides in A. baumannii: 

Among the different mechanisms of aminoglycosides resistance exhibited by A. baumannii 

strains, the enzymatic methylation modification of the 16S rRNA, the binding target of 

aminoglycosides, by 16S rRNA methylases is the most common one. ArmA enzyme is the 

most commonly identified 16S rRNA methylase in A. baumannii, while few isolates are 

reported to be producing the RmtB also (236, 263, 281). These methylases confer a high level 



 

 

resistance to most of the aminoglycosides being used in the clinics to treat A. baumannii 

infections. The aminoglycoside-modifying enzymes (AMEs) including acetyltransferases, 

nucleotidyltransferases and phosphotransferses, produced by the gene cassettes located within 

the integrons, also contribute to the aminoglycosides resistance in A. baumannii (299-300). 

1.3.4.7. Resistance to fluoroquinolones and quinolones in A. baumannii: 

The constitutive expression of efflux pumps and membrane impermeability offer a very low 

intrinsic resistance to fluoroquinolones in A. baumannii. But mutations in the DNA gyrase and 

topoisomerase-IV enzymes, resulting in antibiotic target site modifications, confer high level 

fluoroquinolones resistance (236, 260, 263-264). In addition to these mechanisms, 

overexpression of AdeABC and AdeIJK resistance-nodulation-cell division (RND) efflux 

pump systems encoded by adeABC and adeIJK operons, and AbeM efflux system, belonging to 

the multi-antimicrobial extrusion (MATE) protein family, co0ntribute to the high level acquired 

resistance to fluoroquinolones (297-298, 300). These efflux systems also contribute in the 

resistance to other classes of antibiotics, including aminoglycosides, tetracyclines, trimethoprim 

and chloramphenicol (304, 305). 

1.3.4.8. Resistance to tetracyclines and glycyclines in A. baumannii: 

A. baumannii usually exhibits efflux pumps mediated resistance towards most of the 

tetracyclines, which majorly involves the tet gene-encoded TetA and TetB efflux pumps (236, 

263). Upregulation of the synergistically acting A. baumannii-specific multidrug RND efflux 

pump systems AdeABC and AdeIJK are also responsible for the resistance towards many of the 

tetracyclines and glycyclines (glycylcyclines) including the tetracycline derivatives like 

tigecycline, a current potential therapeutic option to treat several MDR A. baumannii clinical 

starins (281, 297-298, 300, 303). The Trm methyltransferase and AdeFGH efflux pump may 

also involve in conferring resistance to tigecycline. The ribosomal protection protein TetM 

confers resistance to minocycline, but identified rarely in A. baumannii clinical isolates (300, 

303). 

1.3.4.9. Resistance to polymyxins and colistin in A. baumannii: 

We have renewed our clinical interest in polymyxins in the last decade because of accelerating 

numbers of MDR gram negative bacteria and dearth of novel antimicrobials. Resistance to 

polymyxins including colistin (polymyxin E), by A. baumannii, involves 2 mechanisms: 

mutations in the PmrAB two-component regulatory system leading to alterations in the lipid A 
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component of lipopolysaccharide (LPS), and mutations in the enzymes involving in the LPS 

biosynthesis resulting in complete loss of LPS production (236, 263, 281, 300). Colistin-

resistant PDR A. baumannii strains are reported from Korea, Spain, Iran and USA, and colistin 

heteroresistance also observed in in vitro models (306-308). 

1.3.4.10. Resistance to macrolides, chloramphenicol and trimethoprim/ sulfamethoxazole 

in A. baumannii: 

The AbeM and AbeS multi-drug efflux pump systems, belonging to the MATE and BIMP 

families respectively, are responsible for the macrolide resistance in A. baumannii (297-298). 

The chloramphenicol resistance also majorly conferred by the efflux pumps of RND family, 

including AdeABC and AdeIJK; MFS family, including CmlA and CraA; and BIMP family, 

including AbeS (281, 300, 309). Dihydrofolate reductase and dihydropteroate synthase 

enzymes are conferring trimethoprim resistance, along with the contributions from the RND 

family efflux pumps including AdeABC and AdeIJK. 

1.3.4.11. Non-enzymatic mechanisms of resistance in A. baumannii: 

There are multiple non-enzymatic mechanisms contributing to the high level antibiotic 

resistance in A. baumannii, which majorly include efflux pumps overexpression, 

downregulation/deletion of porin channels and modifications/alterations in the antibiotic target 

sites.  

1.3.4.12. Outer membrane proteins (OMPs): 

CarO and OprD are the two outer membrane proteins (OMPs) which usually transport the β-

lactams across the bacterial outer cell membrane, and A. baumannii downregulates or deletes 

the expression of these two OMPs resulting in the membrane impermeability or a very low and 

hampered transport of these β-lactams across the membrane which finally confer β-lactam 

resistance (236, 281, 300).  

1.3.4.13. Efflux pumps: 

Different efflux pump systems belonging to the RND, MATE, MFS and BIMP families play 

major roles in contributing to antimicrobial resistance in A. baumannii strains. Overexpression 

of the AdeABC multi-drug RND efflux pump system, encoded by adeABC operon, confer 

resistance towards almost all classes of antibiotics including β-lactams, tetracyclines and 

glycyclines, fluoroquinolones and aminoglycosides (236, 263, 297). Among the other RND 



 

 

efflux pump systems, AdeIJK also confer resistance to tetracyclines and glycyclines. The 

MATE family AbeM efflux pump system contributes to fluoroquinolones resistance, while 

AdeM to aminoglycosides and quinolones. The BIMP family multi-drug efflux pump system 

AbeS confers resistance to quinolones, chloramphenicol and macrolides. The tet gene-encoded 

TetA and TetB efflux pumps of MFS family also contribute to the tetracyclines resistance (237, 

262, 281, 300). 

1.3.4.14. Antibiotic-binding site modifications: 

A. baumannii also brings certain structural modifications in the penicillin-binding proteins 

(PBPs), the binding sites for β-lactams, which also contribute additional resistance towards this 

class of antibiotics. Alterations in the tetracyclines binding sites through the involvements of 

TetM proteins also confer tetracycline resistance to A. baumannii (236, 263). Mutations in the 

gyrA and parC genes that result in the structural modifications of the DNA gyrase and 

Topoisomerase IV enzymes, the binding sites of fluoroquinolones, also majorly contribute to 

the fluoroquinolones resistance (281, 296-300). Enzymatic methylation modification of the 16S 

rRNA, the target of aminoglycosides, by 16S rRNA methylases encoded by armA, rmtA, rmtB, 

rmtC, and rmtD genes is a major mechanism of aminoglycosides resistance. 

1.3.4.15. Acquired resistance in A. baumannii:  

Major proportion of the antibiotic resistance mechanisms used by A. baumannii is acquired; 

while very few are native/inherent to this pathogen. Among the β-lactamases, only the 

chromosomally encoded AmpC cephalosporinases (Ambler class C β-lactamases) and the 

OXA-51 group of CHDLs (Ambler class D β-lactamases) are native to A. baumannii, and all 

rest are acquired (236-237, 262-264, 281, 296-300). The insertion sequence (IS) ISAba1, 

present upstream of the blaAmpC gene and appears to act as a promoter that greatly enhances 

AmpC expression which can finally confer resistance to all penicillins and extended-spectrum 

cephalosporins in A. baumannii, is also acquired (298). Many of the genes encoding the efflux 

pumps and involving in the antibiotic target site modifications or the expression regulation of 

the porin channels are also acquired by A. baumannii strains. Acquisition of the genes 

involving in the antibiotic resistance occurs principally through horizontal gene transfer and 

these genes are either the plasmids-, transposons (jumping jenes)- or integrons-encoded (236, 

262, 281, 296-300). All these acquired resistance mechanisms act synergistically to confer the 

antibiotic resistance to the pathogen. The genomic analysis of several MDR clinical isolates of 

A. baumannii also revealed multiple large genomic islands including AbaR1, R2, R3 and R5, 
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which contain great number of resistance genes thought to be acquired from other pathogenic 

resistant bacteria (298). 

1.3.5. β-lactamase inhibitors (BLIs) as antibiotics to fight A. baumannii infections: 

The current repertoires of β-lactamase inhibitors (BLIs), that are clinically used to treat the 

infections caused by the β-lactamase producing A. baumannii clinical strains, include 

clavulanic acid, tazobactam, sulbactam and avibactam. Among these, clavulanic acid, 

tazobactam and sulbactam are themselves β-lactams, while avibactam is a 

diazabicyclooctanone (DBO) (310-312). In addition to these several new groups of β-lactamase 

inhibitors have been identified with potential activities to inhibit the A. baumannii clinical 

strains and these include ETX2514, a broad-spectrum diazabicyclooctanone β-lactamase 

inhibitor, WCK4234, WCK5222, LN-1-255, relebactam and vabrobactam, among which many 

are in last-stage development currently (313-318).  

1.3.5.1. Traditional BLIs: 

The BLIs, clavulanic acid, tazobactam and sulbactam, that are structurally and chemically β-

lactams in nature are usually recognized as traditional BLIs. Sulbactam exhibits its antibiotic 

properties through the inhibition of certain penicillin-binding proteins (PBPs) including PBP1 

and PBP3 (310-311, 319-320). 

Clavulanic acid and tazobactam do not inhibit the overexpressed the AmpC enzyme and hence 

do not exhibit any inhibitory actions against the AmpC hyperproducing A. baumannii strains. 

But sulbactam can inhibit A. baumannii strains in the absence of ISAba1 insertion sequence, 

which is responsible for the overproduction of AmpC-type cephalosporinases in A. baumannii 

(310, 320-327).   

1.3.5.2. Non-β-lactam BLIs: 

The BLIs that are not β-lactams in their chemical nature are grouped as Non-β-lactam BLIs. 

This group, at present, majorly includes the diazabicyclooctanone (DBO) derivatives/variants 

that exhibit potential broad-spectrum inhibitory activities against β-lactamases including 

several of the CHDLs. Avibactam, ETX2514, and WCK4234 are the major DBOs with proven 

broad-spectrum β-lactamase inhibitory activities (313-318).  

1.3.5.3. Resistance towards BLIs in A. baumannii: 



 

 

The traditional BLIs are active against only very few class-A β-lactamases and no proven 

activity against other classes. The reason behind this maybe that the traditional BLIs, being β-

lactams themselves, also turn into the substrates of β-lactamases, making them good substrates 

for hydrolysis by these enzymes and poor inhibitors (310, 328-330). Hence the traditional BLIs 

are routinely used in clinics in combinations with the β-lactam antibiotics, ampicillin-

sulbactam, amoxicillin-clavulanic acid and piperacillin-tazobactam, for example, and are 

resulting in significant antibacterial activities against several MDR strains (312, 319-327, 329). 

1.3.6. Human efforts and drug development to fight back AMR in A. baumannii: 

Humans are constantly evaluating the virulence mechanisms of this pathogen and 

understanding the molecular attributes contributing to its multi-drug resistance (MDR) (331-

339). Based on these, continuous trials are being undertaken to develop new antibiotics with 

increased potencies to inhibit a currently recognized mechanism of resistance or novel modes 

of antimicrobial actions (340-371). With regard to the former, attention has been directed 

toward new β-lactamase inhibitors, especially those targeting the Ambler class D OXA type 

carbapenemases (serine oxacillinases) (CHDLs) and Ambler class B MBLs, as well as toward 

inhibitors of aminoglycoside-modifying enzymes and multidrug efflux pumps (235-236, 281, 

300). The emergence of MDR A. baumannii emphasizes the urgency of developing alternative 

treatment strategies. These anti-virulence strategies include antibacterial phage-therapy, 

metabolic interference therapy, bactericidal gene transfer therapy, photodynamic therapy, 

radioimmunotherapy, antimicrobial peptide therapy, nanoparticle technology and vaccine 

strategies (248, 262, 267, 272, 275, 341, 343, 347, 351, 355, 359). Several new approaches are 

also being employed to fight the AMR in A. baumannii including combination therapy, 

repurposing the old antibiotics, digging the unexplored repertoire of antimicrobials and 

continuous discovery of synthetic antimicrobial compounds (343, 369-370). The β-lactams are 

being used in combination with the β-lactamase inhibitors to fight the antibiotic resistance 

conferred to A. baumannii by the β-lactamases, the major contributors to MDR phenotype (248, 

262, 270, 272, 310-330, 343). Antimicrobial stewardship (AMS) programs are widespread and 

actively involving in the control of AMR by educating and guiding the antibiotic prescribers 

and users on the evidence based usage of the antibiotics (273-275, 350). Many drug targets are 

being explored and characterized successfully to exploit in the drug discovery programs which 

mainly involve the techniques of CADD/SBDD/LBDD/FBDD tools, including molecular 

modeling, HTS and VS, and chemical synthesis of novel antimicrobial molecules (352-353, 

362, 366, 368, 372). Continuous efforts are being made by humans to discover and develop 
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novel β-lactam antibiotics, carbapenems, β-lactamase inhibitors and β-lactam enhancers (373-

376). 

1.3.7. Carbapenems, carbapenem-resistance, carabapenemases and carabapenemase 

inhibitors: 

Among the several chemical classes of antibiotics, including β-lactams, aminoglycosides, 

quinolones/fluoroquinolones, polymyxins, sulfonamides, macrolides, tetracyclines, 

glycylcyclines, oxazolidinones, cyclic lipopetides, glycopeptides and lipiarmycins, β-lactams, 

including penams (such as penicillins), penems, carbapenems, cephems (such as 

cephalosporins) and monobactams, are the most potent and popular antibiotics that are being 

widely used to treat broad range of infectious diseases (373, 377-379). With the constantly 

growing antibiotic resistance against many classes of antibiotics and emergence of 

MDR/XDR/PDR pathogenic strains, carbapenems, including imipenem, meropenem, 

doripenem, ertapenem and tebipenem, became the major choice of treatment due to their 

inherent antimicrobial properties against those antibiotic resistant bacteria (374, 380-403). 

Resistance is emerged towards many of the carbapenems following their widespread usage for 

treating the MDR/XDR/PDR pathogens, which is mainly conferred by the carbapenemases, the 

carbapenem-hydrolyzing β-lactamase enzymes, while it is also conferred by few naturally-

occurring enzymes including CphA, L-1, FEZ-1, CGB-1, EBR-1, JOHN-1, THIN-B and IND 

series (404).  

Carbapenemases are observed from all the 4 Ambler classes of β-lactamases and the MBLs are 

the first ever discovered carbapenem-hydrolyzing β-lactamases which are the source of 

acquired β-lactam antibiotic resistance in several gram-negative bacteria of clinical relevance 

(404-410). Later on, several other classes of carbapenemases contributing to MDR phenotype 

in several pathogens were discovered and characterized from many bacterial pathogens 

including A. baumannii. The carbapenemases are encoded by either chromosomes, plasmids, 

transposons or integrons; and either inherent/native to the bacteria or acquired. The class A 

carbapenemases including KPC, GES, SME, NMC, IMI, BIC and SFC; the class B 

carbapenemases including IMP, VIM, NDM, GIM, KHM, SPM, SIM, DIM, AIM and TMB; 

the class C carbapenemases including CMY, ACT, DHA and ADC; and the class D 

carbapenemases including the oxacillinases are extensively studied from A. baumannii, P. 

aeruginosa, K. pneumoniae and Enterobacteriaceae (404-416). The mechanisms of resistance 

being conferred to bacteria by all classes of carbapenemases are studied in detail and the 

underlying principles are deciphered (417-429). The Ambler class D β-lactamases, which are 



 

 

also called as oxacillinases and carbapenem-hydrolyzing class D β-lactamases (CHDLs), are 

the major concern of the current day human society due to their continuous evolution with 

broad-spectrum carbapenemase/β-lactamase activities. The CHDLs, which are also known as 

the class D serine carbapenemases, including the OXA-51, OXA-23, OXA-24/40, OXA-48, 

OXA-58, OXA-143, OXA-235, OXA-55, OXA-50, OXA-60 and OXA-62 subfamilies/clusters, 

are characterized and widely studied from MDR/XDR/PDR strains of different pathogenic 

bacteria (430-486). The structural, functional and mechanistic features of several OXA 

enzymes, including OXA-1, 2, 9, 10, 11, 12, 13, 15, 16, 18, 19, 23, 24/40, 25, 26, 27, 46, 48, 

51, 58, 134, 143, 145, 146, 163, 181, 205, 235, 139 and 245, have been studied thoroughly and 

provided a great platform to develop structure/mechanistic based β-lactamase inhibitors 

towards several antibiotic-resistant pathogenic strains (430-486). 

1.3.8. Oxa-58 β-lactamase from A. baumannii: 

The Oxa-58 is one of the acquired β-lactamases and a CHDL enzyme found in clinical isolates 

of A. baumannii from different parts of the world (444-448, 454, 463, 466, 473, 484). It is a 

serine β-lactamase which hydrolyzes a variety of β-lactam antibiotics, including penicillins, 

cephalosporins, and the last resort carbapenems, the most promising tools to treat this MDR 

pathogen, and conferring resistance to most of those antibiotics (444-448, 454, 463, 466, 473, 

484). It is one of the major factors contributing to MDR phenotype and hydrolyzing many 

classes of β-lactams including the β-lactamase inhibitors that are β-lactams in their chemical 

nature. The hydrolytic mechanism of different classes of β-lactams, including the carbapenems, 

by Oxa-58 from A. baumannii (AbOXA-58) is elucidated in detail by DG Kotra group (428). It 

is very crucial to understand the structural basis for the mechanism of β-lactam hydrolysis by 

these enzymes in order to take further actions towards controlling the constantly accelerating 

multidrug resistance in A. baumannii and many other human pathogens exhibiting 

MDR/XDR/PDR phenotypes. Hence, we are focusing on understanding the active site 

structural and catalytic elements essential for the hydrolysis of carbapenems by the AbOXA-58 

enzyme, by using the carbapenem structural mimetics including 6α-hydroxymethyl penicillin 

(6α-HMP) and 6α-hydroxyoctyl penicillin (6α-HOP), which are the very well proven probes of 

hydrolytic mechanisms of β-lactamases (421). 

 

1.4. Human diseases by Leishmania donovani and drug targets: 
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Leishmania donovani is a protozoan parasite that lives an obligative intracellular parasitic life 

in human macrophages/mononuclear phagocytic cells and causes a popular disease called 

leishmaniasis, which is also categorized as one of the neglected tropical disease (NTD) (487-

493). It also causes the similar disease in certain domestic animals, and hence the disease is 

considered as zoonotic disease in humans and anthroponotic disease in other animals (494). 

This parasite is majorly transmitted through female phlebotomine sandflies that were infected 

(495). This disease usually known to affect some of the poorest populations worldwide and is 

associated with several socio-economical factors including poor housing, malnutrition, 

population displacements and lack of financial sources. There are 3 main forms of this disease 

observed to occur in humans, including visceral leishmaniasis (VL), cutaneous leishmaniasis 

(CL), and mucocutaneous leishmaniasis (MCL) (491, 493). Till date around 98 countries 

worldwide are discovered to be endemic to the leishmaniasis disease. Leishmaniasis is one of 

the major neglected tropical diseases (NTDs) and the second leading cause of deaths due to 

parasitic diseases. By 2017 reports of WHO, there are 700,000 to 1,000,000 new leishmaniasis 

cases occur every year in around 98 disease endemic countries worldwide and they likely leads 

to 20,000 to 30,000 deaths. 

1.4.1. Visceral leishmaniasis (VL): 

VL is also known as kala-azar and this is the most serious form of the leishmaniasis disease. 

VL is mainly caused by L. donovani and L. infantum species. This form of disease affects the 

visceral organs also, including spleen and liver, hence popularly described as visceral 

leishmaniasis (496-498). Clinical symptoms of VL include intermittent and irregular bouts of 

fever, progressive body weight loss (known as cachexia), anaemia and enlargements of the 

affected visceral organs liver and spleen, known as hepatomegaly and splenomegaly 

respectively. Other symptoms including lymphadenopathy and persistent diarrhoea are also 

frequently observed in leishmaniasis patients (499-503). VL is fatal, if left untreated, as 

observed in over 95% of cases. According to world health organization (WHO) disease 

statistics reports, approximately 50000 – 90000 new VL cases occur each year worldwide, 

among which major proportion observed in South-East Asia, Brazil and East Africa. India, 

Brazil, Ethiopia, Kenya, Somalia, Sudan and South Sudan are the 7 countries from where more 

than 90% of new VL cases were reported to WHO in 2015 (504-506). 

1.4.2. Cutaneous leishmaniasis (CL): 



 

 

CL is the most common form of leishmaniasis among all its 3 forms. Its clinical symptoms 

include skin lesions, majorly in the form of ulcers, on parasite exposed parts of the body. These 

skin lesions also leave life-long scars and disability, even after successful treatment (507-511). 

According to the WHO disease statistics reports, about 95% of CL cases are observed in the 

Central Asia, Middle East, Americas and Mediterranean basin; while Brazil, Colombia, 

Afghanistan, Algeria, Iran and Syrian Arab Republic are the 6 countries from where more than 

70% of new CL cases were reported to WHO in 2015. Its occurrence is very frequent in several 

parts of the world with 600000 to 1 million new CL cases observed annually worldwide (504-

505). 

1.4.3. Mucocutaneous leishmaniasis (MCL) and tegumentary leishmaniasis (TL): 

MCL is an infrequent non-lethal form of leishmaniasis and more than 90% of its cases usually 

occur in Brazil, Ethiopia, Bolivia and Peru. Its clinical symptoms include partial or complete 

destruction of the mucous membranes of the mouth, nose and throat (512-516). Several species 

of Leishmania also cause the infection known as tegumentary leishmaniasis (TL) which is a 

disease of the skin and mucosal tissues. The TL is also observed to occur with the co-infection 

of several pathogens other than HIV and including helminths or Trypanosoma cruzi (the 

parasite that causes Chagas disease) (517). 

1.4.4. Post-kala-azar dermal leishmaniasis (PKDL): 

In several cases of visceral leishmaniasis, recurrence of the disease is observed, usually 6 

months to 1 or more years after the successful treatment and cure of kala-azar, which is 

popularly named as post-kala-azar dermal leishmaniasis (PKDL) due to its clinical 

manifestations which include papular or macular rashes and/or nodular spots that usually occur 

on face, upper arms, trunks and other parts of the body (518-521). PKDL is observed to occur 

mainly in the Indian subcontinent and East Africa where 5-10% of kala-azar patients usually 

develop the recurrent disease condition, while 50% of the properly treated VL cases in Sudan 

are observed to develop PKDL (522-527). 

1.4.5. Leishmania donovani co-infection with HIV viruses: 

In few cases of leishmaniasis disease, it‘s diagnosed that there is concomitant infection of the 

patients with HIV retroviruses, which is confirming the co-infection of L. donovani and HIV 

viruses (528-534). Usually high mortality rates, high relapse and chances of developing full-

blown clinical symptoms of the leishmaniasis disease are observed to be associated with the 



31 

 

Leishmania-HIV coinfected people (535-539). High rates of this protozoan parasite-retrovirus 

coinfection are reported from India, especially the Bihar state, Brazil and Ethiopia countries. 

Treatment of the coinfected patients with antileishmanial and antiretroviral drugs together is 

observed with reduced symptoms of the leishmaniasis disease, delayed relapses and increased 

survival rates of the patients (540-542). 

1.4.6. Reservoirs and vectors of transmission for Leishmania parasites, and canine 

visceral leishmaniasis (CVL): 

Humans and their common domestic animals, including dogs, are the primary reservoirs of this 

deadly protozoan parasitic pathogen L. donovani (494, 543-544). The disease forms of 

leishmaniases that occur in canines are usually called as canine leishmaniases and the major 

form of canine leishmaniases is the canine visceral leishmaniasis (CVL) (543-546). 

Approximately 70 different animal species are found to be the natural reservoir hosts of 

Leishmania parasites, including L. donovani, and this parasite also causing the similar diseases 

in many of those animal reservoirs (545-546). People suffering from PKDL are also recognized 

as a potential source of this parasite that can readily spread among human populations and their 

dwellings (522-527). 

Female phlebotomine sandflies are the common vectors of transmission for L. donovani 

parasites, while the sandflies of Lutzomyia genera also responsible for this parasite transmission 

among hosts (547-552). Several different species of sandflies are responsible for the 

trasnsmission of zoonotic and anthroponotic visceral leishmaniasis and cutaneous 

leishmaniasis, including Phlebotomus argentipes, P. papatasi, P. sergenti, P. kandelakii, P. 

neglectus, P. perfiliewi, P. keshishiani and P. alexandri, among many others. It transmits the 

parasite through its blood meal that it collects usually by biting the reservoir animals that are 

carrying the parasite in their blood circulation after its release from the human phagocytic cells 

which are intra-cellularly harboring that parasite (553-557). 

1.4.7. Leishmania donovani life cycle and pathogenesis of leishmaniasis: 

L. donovani spends a digenetic life cycle comprising the flagellated and motile promastigote 

form of L. donovani that is transferrable, through the vectors, between different 

hosts/reservoirs, and non-flagellated and non-motile amastigote form that spends intracellular 

life within the host (558-561). The promastigotes are morphologically distinct to amastigotes 

and are subclassified into five types: procyclic, nectomonad, leptomonad, haptomonad and 

metacyclic promastigotes. The metacyclic promastigotes are regarded as the infective stage and 



 

 

have high adaptability for successful transmission within the human host. When an infected 

female phlebotomine sandfly bites human body to have its blood meal, it may concomitantly 

release/transmit the promastigotes, the infective form of L. donovani parasite in humans, from 

its proboscis into the human‘s bloodstream. Those newly entered promastigotes are 

phagocytized by human macrophages and other types of mononuclear phagocytic cells, and 

subsequently transform into amastigotes, the tissue stage and proliferative-form of L. donovani 

parasite in humans, within those phagocytic cells (560-564). Amastigotes live an intracellular 

life and proliferate by simple cell division inside the parasitophorous vacuoles of the 

macrophages until they are destroyed, and eventually infect the neighbor phagocytic cells. 

During this phase of infection, the symptoms of the leishmaniasis disease may develop 

depending on the human body and parasite conditions and several other factors, which 

gradually transforms the infection into symptomatic that results in either visceral or cutaneous 

leishmaniasis (565-569).  

During the proliferative phase, in humans, the burst of phagocytic cells occur that leads to 

release of the amastigotes into the blood stream. These amastigotes may be ingested by the 

sandfly during its human bite for blood meal and subsequently transform into promastigotes 

within the sandfly gut epithelial cells (568-572). These promastigotes proliferate in the sandfly 

gut and eventually migrate to its proboscis to start its next stage of life cycle in human hosts. 

The promatigote and amastigote forms of L. donovani parasite possess lipophosphoglycan 

(LPG) on their surface which helps them to manipulate the host immune system and to get 

protection from the host defence mechanisms. LPG helps the promastigotes from the host 

complement-mediated lysis and promotes parasite phagocytosis by parallelly inducing the 

complement activation (573-576). LPG layer also protects the amastigote form the actions of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS), which are generated as 

part of host defence system, by delaying the assembly of NOX2 at the surface of the phago-

lysosome. After phagocytosis, the L. donovani parasite itself secretes the arginase enzyme, 

which initiates the biosysnthesis of polyamines that are crucial for parasite metabolism, within 

the host macrophages or induces those macrophages to produce it (560, 564-569, 575). 

1.4.8. Treatments against leishmaniases: 

Traditionally the leishmaniasis had been treated by chemotherapy using the pentavalent 

antimonials, including sodium stibogluconate (SSG (Pentostam)) and meglumine antimoniate 

(Glucantime), as the standard first line of treatment (577-601). Due to emergence of resistance 
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towards pentavalent antimonials, the treatment strategies shifted towards alternative 

therapeutics including the second-line anti-leishmanial drugs miltefosine (MF, 

hexadecylphosphocholine), paromomycin (PM (aminosidine), an aminoglycoside-

aminocyclitol antibiotic), amphotericin B (AmB, a polyene antibiotic) and their lipid 

formulations (602-624). The current day treatments for the visceral, cutaneous and 

mucocutaneous leishmaniases include the drugs like AmBisome (liposomal amphotericin B), 

pentamidine (aromatic diamidines), imiquimod (the active ingredient in a topical cream called 

Aldar), tamoxifen, PDT, ketoconazole, itraconazole, fluconazole (the antimycotic azoles), 

sitamaquine ( a 4-methyl-6-methoxy-8-aminoquinolone (lepidine)), pentamidine structural 

analogs and nucleoside analogs (including allopurinol, a pyrazolopyrimidine), as these drugs 

offer better efficacy, easier administration and lower toxicity (625-634, 664). In children also, 

many of the common antiparasitic drugs are being used for the treatment of leishmaniases (591, 

595, 604). With the emergence of resistance towards many classes of anti-leishmanial drugs, 

alternative strategies, including combination therapies, new delivery methods of drugs and new 

formulations of drugs, are in implementation (599-601, 603, 606, 617, 623, 633). In the case of 

co-infection of Leishmania parasites with other pathogens, including HIV retroviruses, 

helminthes and other trypanosomatids like Trypanosoma, the combination of anti-parasitic and 

anti-retroviral drugs are being used after proper diagnosis of the individual symptoms (517, 

629). Several natural and plant derived products/extracts are reported to be exhibiting anti-

leishmanial/leishmanicidal activities as part of phytotherapies, and many of them are 

characterized for their further analysis and applications (635-645, 664). Few peptide based 

therapies and immunotherapies are also discovered, along with the designing of 

nanotherapeutics with the help of nanothechnology (646-647). The antimicrobial Peptides 

(AMPs) are also being tested for the anti-leishmanial activities (664). 

1.4.9. Vaccines against Leishmania parasites: 

Several types of vaccine candidates, including killed or live attenuated whole parasite vaccines, 

wild-type/recombinant/synthetic whole/fragmented protein antigens, non-protein antigens and 

DNA vaccines, are characterized, experimented and tested against all forms of human and 

canine leishmaniases (648-651). Leishmanisation, the inoculation of live virulent Leishmania, 

had been the method practiced and used for immunization against Leishmania parasites for 

over a century in the past, and gradually several kinds of vaccine preparations are made 

including killed parasite vaccines (whole-cell, killed vaccines), live-attenuated vaccines, 



 

 

subunit vaccines, polyprotein vaccines, single antigen vaccines, cocktail vaccines, prophylactic 

and therapeutic vaccines (652-654).  

The several different antigenic/immunogenic molecules from different Leishmania species, that 

have been tested as anti-leishmanial vaccine candidates so far, include surface expressed 

glycoprotein leishmaniolysin (gp63), GPI-anchored membrane protein gp46, prasite surface 

antigen 2 (PSA-2), native polypeptides derived from promastigotes, Leishmania homologue for 

receptors of activated C kinase (LACK), amastigote cysteine proteases (CP), cysteine 

proteinase A2, amastigote membrane proteins P4 and P8, kinetoplastid membrane protein-11 

(KMP-11), amastigote LCR1, hydrophilic acylated surface protein B1 (HASPB1), leishmanial 

antigen ORFF, acidic ribosomal protein P0, paraflagellar rod protein 2 (PRP-2), NH36 (a main 

component of the fucose-mannose ligand), proteophosphoglycan (PPG), ATP synthase alpha 

chain, beta-tubulin, heat shock 70-related protein 1 precursor, anti-sandfly saliva components 

(652-665). The adjuvants tested and used in the anti-leishmanial vaccine preparations include 

ODN containing immunostimulatory CG motifs, unmethylated CpG dinucleotides in bacterial 

DNA or synthetic oligonucleotides (ODN), CpG-containing immunostimulatory 

oligodeoxynucleotides (CpG ODNs), Bacille Calmette-Guerrin (BCG), monophosphoryl lipid 

A (MPL, a detoxified form of lipid A derived from the lipopolysaccharide of Salmonella 

minnesota R595) (648-665). 

The various anti-leishmanial vaccine preparations tested in animal models include (1) two 

killed Leishmania Major vaccines - killed either by autoclave (ALM), or thimerosal plus 

freeze-thawing (KLM), with or without BCG as adjuvant, (2) DNA vaccine including L. 

donovani p36 (LACK) (3) live promastigotes, (4) killed promastigotes, (5) killed promastigotes 

with BCG, (6) killed promastigotes with IL-12, (7) irradiated promastigotes, (8) live attenuated 

promastigotes, (9) recombinant or native gp63 and synthetic peptides, (10) recombinant or 

native gp46/M2/PSA-2, (11) recombinant LACK, (12) A2, P4, and P8, (13) Flagellar antigen 

LCR1, (14) Naked DNA gp63, PSA-2, and LACK, (15) live parasites coinjected with CpG-

containing immunostimulatory oligodeoxynucleotides (CpG ODNs) alone or in combination 

with whole-cell lysates of heat-killed L. major promastigotes bound to alum (ALM), (16) 

recombinant ORFF (rORFF) leishmanial antigen with or without CpG-ODNs as adjuvants, (17) 

Autoclaved L. donovani (ALD), (18) stimulatory soluble antigenic proteins, including F2 sub 

fraction and rF14, from L. donovani, (19) Th1-stimulatory polyproteins of soluble L. donovani 

promastigotes, which majorly include the subfractions elongation factor-2, p45, heat shock 

protein-70/83, aldolase, enolase, triosephosphate isomerase, disulfideisomerase and calreticulin 
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among the 19 identified immunostimulatory proteins (648-681).  Many of those vaccines are 

proved to be exhibiting potent antigenic and immunogenic properties against Leishmania 

parasites, and found to be successful in eliciting immune responses in the experimental model 

organisms and human volunteers.  

An ‗ideal‘ anti-leishmanial vaccine is to be effective against more than one Leishmania species 

in order to protect individuals in areas where several forms of leishmaniasis coexist and thus 

should provide cross-protection. Hence, any anti-leishmanial vaccine preparation has to be 

checked whether it will work against both forms of the disease, and provides cross-immunity 

between different leishmania species (658-671). The ultimate anti-leishmanial vaccine would 

most likely be a cocktail of several well-defined immunogens rather than a single molecule to 

overcome genetic restriction of hosts and cover a wider diversity of parasites (648-663). 

Currently, there are no vaccines available with promising actions in preventing this parasitic 

pathogen and no vaccine against Leishmania in routine use anywhere in the world. Several 

vaccine preparations are in more or less advanced stages of testing, and many vaccines are 

clinical trials and have to reach the market (648-681). Animal vaccination is also very much 

necessary to control and prevent the spread of Leishmania parasites across the domestic 

animals and humans.  

1.4.10. Drug-resistance in Leishmania parasites and insecticide-resistance in sandfly 

vectors: 

The ineffectiveness of the pentavalent antimonial compounds (Sb
v
), which have been the 

mainstay of anti-leishmanial therapy for more than 50 years, was reported and gradually 

emerged during the early 1980s in India. The important reasons for the rapid increase in the Sb
v
 

refractoriness include the rampant use of sub-therapeutic doses, incomplete duration of 

treatment and substandard drugs, and the anthroponotic transmission of Leishmania parasites in 

India (682-683, 687, 690). Subsequently, resistance is observed for all the first-line drugs 

including antimonial compounds and amphotericin B, the second-line drugs including 

miltefosine, paromomycin, pentamidine, and many other drugs, which are at various stages of 

their development process, including imiquimod, tamoxifen, PDT, ketoconazole, itraconazole, 

fluconazole (the antimycotic azoles), sitamaquine, pentamidine structural analogs and 

nucleoside analogs (including allopurinol) (683-696). The resistance of Leishmania parasites 

towards the anti-leishmanial drugs is categorized broadly into ―species variation‖, the intrinsic 

variation in the sensitivity of Leishmania species, and ―acquired drug resistance‖. The 

mechanisms of intrinsic and acquired drug resistance, as well as clinical and in vitro resistance, 



 

 

are being investigated with intense focus of research for the last few decades and yet obtained 

apparently contradictory results (683, 686). 

The monitoring of anti-leishmanial drug resistance is crucial in understanding the resistance 

pattern and further development of the novel and efficient drugs. The factors like amastigote-

macrophage culture assay, which is used to correlate clinical and in vitro resistance, and a lack 

of knowledge about the molecular and biochemical mechanisms of resistance to antileishmanial 

drugs, make the monitoring of anti-leishmanial drug resistance a difficult process (683-686, 

688, 692-693). Hence, improved methods that determine either the (i) phenotypic sensitivity of 

parasite isolates or (ii) molecular changes that indicate alterations in either the drug target or 

mechanisms that alter the intraparasite level of active drug are required to monitor the drug 

resistance. It is also important to determine the factors involved in the spread of drug resistance 

(683, 686). 

The resistance of sandflies, the vectors of Leishmania parasites, to insecticides had been 

reported from several parts of the world. Insecticide resistance in P. argentipes, the vector of 

kala-azar in the Indian subcontinent, was first reported in 1987 in Bihar, India. The sandflies 

were known to be susceptible to insecticides until 1978, but resistance to 

dichlorodiphenyltrichloroethane (DDT) in P. papatasi and P. argentipes was reported in 1979 

and 1990 (697-699). In the kala-azar endemic areas of Bihar and West Bengal in India, the 

resistance of P. argentipes to DDT was reported, while in non-endemic areas it was reported to 

be susceptible. In areas of Nepal bordering India, resistance to DDT is emerging, while 

biochemical resistance was reported in Sri Lanka. However, the sandfly vector was reported to 

be still susceptible to pyrethroids in all kala-azar endemic areas in the aforementioned countries 

(553-555, 697-701). In 2003, it was reported that P. papatasi was tolerant to DDT, 

methoxychlor and dieldrin in Egypt, the Islamic Republic of Iran and Israel; Lutzomyia youngi 

were tolerant to malathion and fenthion while resistant to propoxur and deltamethrin. L. 

longipalpis was reported to be tolerant to fenitrothion and pirimiphos-methyl, while high 

resistance in P. papatasi against malathion and propoxur was reported in Sudan (555, 700, 

702). The insecticide resistance and tolerance in phlebotomine sandflies was reported from 

different parts in the Southeast Asia region, including India, Bangladesh, Nepal and Sri Lanka. 

In India, P. argentipes and P. papatasi were reported to be resistant and tolerant to the 

insecticides DDT, dieldrin, malathion, propoxur, BHC, deltamethrin and permethrin from 

several states that are endemic to the disease (553-555, 699, 701, 703). The pyrethroid 

tolerance was also observed from the VL hotspot of Bihar, India.  
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The mechanism of insecticide resistance and tolerance exhibited by the sandflies was also 

studied in detail, and it was found that the Vgsc mutations detected in the para voltage-gated 

sodium channel (VGSC), which is the shared target site of DDT and pyrethroids, appear to be a 

primary mechanism underlying DDT resistance in P. argentipes and a contributory factor in 

reduced pyrethroid susceptibility, suggesting a potential impact if P. argentipes are subjected to 

suboptimal levels of pyrethroid exposure, or additional resistance mechanisms evolve (703) . 

There are four enzyme systems reported to be involved in insecticide resistance, including 

acetylcholinesterase, non-specific carboxylesterases, glutathione-S-transferases and 

cytochrome p450 monooxygenases, the first report of these resistance mechanisms in sand 

flies, which probably arose from the malathion-based spraying regimes of the anti-malarial 

campaign (698). 

1.4.11. Prevention, control, elimination and eradication of Leishmaniases in Indian 

subcontinent and worldwide: 

The prevention of Leishmaniases is chiefly dependent on control of the spread of Leishmania 

parasites, among the human and canine host reservoirs, through the sandfly vectors. There are 

several vector control strategies are in current implementation to combat leishmaniasis 

including indoor residual spraying (IRS), application of chemicals in rodent burrows, 

impregnation of bed nets and curtains with insecticides, the use of insect repellents, 

impregnation of dog collars; among which three different interventions are widely popular for 

VL vector management: indoor residual spraying (IRS); long-lasting insecticide treated nets 

(LLIN); and environmental modification (EVM) through plastering of walls with lime or mud 

(697-703). The main strategy for vector control of VL is to conduct two rounds of indoor 

residual spraying with DDT/pyrethroids in human dwellings and cattle sheds up to a height of 6 

ft; the first round is usually undertaken from February to March and the second round during 

May to June but may vary from state to state. In accordance with the roadmap for elimination 

of kala-azar (www.nvbdcp.gov.in), micro-planning for vector control was instituted in 2014 

whereby any village or hamlet reporting KA cases in the past 3 years qualifies for 100 % 

coverage by spraying. IRS results in significant sand fly reductions in all sites independent of 

type of walls or dwelling or type of insecticide (DDT or pyrethroids) (555, 697-699). Several 

insecticides are in current use to control the sandflies, including DDT, pyrethroids, synthetic 

pyrethroids, alpha-cypermethrine, deltamethrin, permethrin, dieldrin, malathion, fenthion, 

fenitrothion, lambda-cyhalothrin, propoxur, BHC, bendiocarb, methoxychlor, pirimiphos-

methyl and few others (555, 697-707). Collateral benefits of anti-malaria programme are 



 

 

noticed in VL control, as it was observed that the apparent disappearance of VL between 1960 

and 1970 may partly be as a collateral benefit of DDT spraying under the National Malaria 

Eradication Programme, in Southeast Asia. 

With the emergence of insecticide resistance, it was observed that indoor residual spraying and 

use of treated nets have low effectiveness, which warrants improvement in the quality of 

spraying, and research on alternative, integrated vector control methods to achieve VL 

elimination. Evaluation of insecticide resistance, subsequent monitoring through sentinel 

surveillance and capacity strengthening is required not only in India where kala-azar has yet to 

be eliminated but also in the neighbouring endemic countries of Bangladesh, Bhutan, Nepal 

and Sri Lanka as part of vector surveillance within an integrated vector management approach 

(699-711). The insecticide resistance in the Indian subcontinent is wide spreading and hence 

high IRS coverage, frequency of sprays and choice of insecticide will be important factors in 

achieving an impact on the vector population and reducing the spread of resistance; and new 

approaches including the investigation of the behavioral patterns of the adults of different sand 

fly species, introduction of biological insecticide agents, the use of insecticidal plants and other 

novel strategies for the control of sand fly populations should be recommended and improved 

since they provide optimistic results (555, 704-713). The eradication of the vector can be 

achieved through the use of insecticides, elimination of stagnant water, use of insect repellents, 

and prophylaxis; along with the use of thick clothes with long sleeves that can be impregnated 

with insecticides and long pants and by avoiding night walks in jungle areas (704-716). 

The control and elimination of leishmaniases requires proper diagnosis of all forms of the 

human and canine leishmaniases, including VL, CL, MCL and TL; followed by precise 

treatment of the diagnosed disease form (704-714, 717-725). The diagnosis of the 

leishmaniases symptoms is very crucial during the co-infection of humans with Leishmania 

parasites along with the other pathogens including HIV retroviruses, helminth parasites or any 

other trypanosomatids like Trypanosoma (717-731). 

There are several organizations in India and worldwide, including Leishmaniasis Research 

Society (India), Indialeish, World Health Organization (WHO), Worldleish, Drugs for 

Neglected Diseases initiative (DNDi), Centers for Disease Control and Prevention (CDC, 

USA), Uniting to Combat NTDs and many others, work together to implement many 

programmes for leishmaniases control/prevention/elimination/eradication and evaluate the 

subsequent progress/success (732-748). They also exercise on the necessary actions to be taken 

for the further control and eradication of leishmaniases diseases after completion of the earlier 
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implemented leishmaniases elimination programmes. These organizations also act together to 

help the poor populations being affected by these parasitic diseases in the developing countries. 

WHO is the leading organization which majorly contributes in executing the leishmaniases 

control/prevention/elimination/eradication programmes worldwide and helps the poor 

societies/countries by offering them the required medicine/vaccines (733, 738, 741-747). These 

organizations continuously monitor the spread of human and canine leishmaniases cases 

throughout the world, and keep the emergence and spread of anti-leishmanial drug resistance in 

Leishmania parasites and insecticide resistance in sandfly vectors under tight 

surveillance/vigilance. They also keep updating the new challenges in eliminating/eradicating 

the leishmaniases, educating the human populations in efficiently using the currently available 

anti-leishmanial drugs and insecticides and offering them with newly developed strategies for 

the prevention of the spread of the leishmaniases diseases (733-750). In January 2012, the 

WHO released a plan to control, eliminate, or eradicate 17 NTDs by 2020, and the global NTD 

community including pharmaceutical companies, donor and endemic countries, private 

foundations, civil society organizations, and others responded, with each committing to do its 

part to reach those goals for 10 of these diseases. This informal group was called Uniting to 

Combat NTDs (748). Leishmaniases, along with other NTDs and HIV/AIDS, tuberculosis, 

malaria and hepatitis, are widely focused by many of the worldwide health organizations for its 

control, prevention, elimination and eradication by 2030, according to the new agenda released 

for 2016-2030, by WHO (741). 

1.4.12. Drug development and drug targets in Leishmania parasites: 

Due to lack of vaccines, the current treatment of leishmaniases solely dependent on 

chemotherapy, but there certain challenges in the present-day antileishmanial chemotherapy 

including the availability of very few drugs, emergence of resistance to the existing drugs, their 

toxicity and lack of cost-effectiveness; and therefore, it is of utmost importance to look for 

effective drugs and new drug targets for the treatment of leishmaniasis (577-681). The 

emergence and gradual development of anti-leishmanial drug resistance in Leishmania 

parasites, as well as insecticide resistance in sandflies, which has been observed over the past 

few years, are raising the alarms for the development of novel anti-leishmanial drugs and 

insecticides (682-703). Hence, humans are continuously striving for the discovery of novel 

inhibitors against Leishmania parasites and insecticides for the sandflies. The human efforts 

include the discovery of new drug targets, finding new inhibitors with improved efficacies or 

novel modes of inhibition mechanisms, testing the synergistic effects of the existing anti-



 

 

leishmanial drugs for checking their fitness for combined therapy, exploring the alternative 

drug regimens, exercising the dosage pattern of the existing drugs and discovering the new 

formulations of the drugs for their better delivery and improved working efficiency (697-755). 

The prodrug approach, which is an effective way of improving the oral bioavailability of poorly 

soluble drugs by chemical derivatization to more water soluble compounds and topical drug 

delivery, is also exploited efficiently in the anti-leishmanial drug development. Human efforts 

also include implementation of new vector prevention methods/strategies; the pattern of IRS, 

the choice of insecticide for IRS, introduction of biological insecticide agents, the use of 

insecticidal plants and other novel strategies (697-768). Efforts for identifying and 

characterizing novel vaccine candidates and developing potent vaccines against Leishmania 

parasites are also underway (648-681). A welcome change is also observed in terms of flow of 

funds for antiparasitic drug discovery, as some of the organizations like Institute of One World 

Health (IOWH), DNDi, Bill and Melinda Gates foundation have had a significant impact on 

working towards the drug development for tropical diseases including leishmaniases (732-768). 

Discovering new potent drug targets is a continuous human effort and revealed several 

metabolic pathways and their component enzymes, and the regulatory pathways of cellular 

functional machinery to be promising anti-leishmanial drug targets (769-778). These novel 

drug target pathways in the Leishmania parasites include the polyamine biosynthesis pathway, 

sterol biosynthetic pathway, isoprenoid pathway, glycolytic pathway, purine salvage pathway, 

glycosylphosphatidylinositol (GPI) glycolipids biosynthetic pathway, protein kinases 

(including cyclin dependent kinases ((CDKs), including CRK3 and GSK-3) and mitogen-

activated protein kinases (MAP kinases, including LmxMPK1 (Leishmania mexicana mitogen-

activated protein kinase 1) and LmxMPK2)), proteinases (proteases (peptidases), including 

cysteine proteinases (CPs)), folate biosynthesis pathway, glyoxalase system, trypanothione 

pathway, topoisomerases, ubiquitin conjugation system and hypusine biosynthesis pathway, 

among many others. The squalene synthase (SQS), D
24,25

-sterol methyltransferase (SMT), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), nucleoside transporters, hypoxanthine-

guanine phosphoribosyl transferase (HGPRT), mannosyl transferases (MT), thymidylate 

synthase (TS), dihydrofolate reductase (DHFR), trypanothione reductase (TR), tryparedoxin 

peroxidase (TP), ornithine decarboxylase (ODC), arginase, topoisomerase I, topoisomerase II, 

deoxyhypusine synthase (DHS) and deoxyhypusine hydroxylase (DOHH) are few of the well 

characterized potential and promising drug targets from the Leishmania parasites and other 

trypanosomatids (769-786). 
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Several new anti-leishmanial drugs, targeting the aforementioned drug targets, are discovered 

in the last few years, and many inhibitors are designed, synthesized and tested (577-647, 697-

716, 778, 782-784). Few of these targeted drugs and inhibitors with proven anti-leishmanial 

effects include zaragozic acids, quinuclidines, ER-119884, E5700, terbinafine (an allylamine), 

ketoconazole, bisphosphonates, azasterols, azoles, adenosine analogs (including N
6
-(1-

naphthalenemethyl)-2‘-(3-methoxybenzamido) adenosine), indirubin class of chemicals 

(including 6-bromo substituted indirubins), 2, 6, 9-trisubstituted purines, paullones, derivatives 

of staurosporine (the non-specific kinase inhibitor), allopurinol, pthalic anhydride derivatives 

(structural analogs of purine bases, including TF1), phthalimide derivatives (including TF2), 

GlcNAc-PI analogs (including GlcNCONH2-b-PI and GlcNCONH2-(2-O-octyl)-PI), 

amphomycin (lipopeptide antibiotic), metal chelators (like EDTA), GlcN-PI analogs (including 

GlcN-(2-O-hexadecyl)PI), phenylmethylsulphonyl fluoride (PMSF, a serine esterase inhibitor), 

carbobenzoxy-phenylalanyl-alaninediazomethyl ketone (Z-Phe-Ala-CHN2), 9-anilinoacridine 

(used as anti-tumor agent) and other acridine derivatives, dihydrobetulinic acid (DHBA, a 

derivative of betulinic acid (which is a pentacyclic triterpenoid)), isoflavanoids (including 8-

prenylmucronulatol, lyasperin H and smiranicin) and spermidine analogs (697-716, 778, 782-

784). 

The anti-leishmanial, anti-trypanosomatid, anti-parasitic drug development is in good progress, 

and several structure-based and mechanism-based inhibitors are discovered in the last few years 

which are in several stages of their development. The drugs which are in clinical trials include 

sitamaquine ((WR6026, lepidine), an 8-aminoquinolone), the antimycotic azoles (including 

ketoconazole, itraconazole, fluconazole, posaconazole and imiquimod), and few others (577-

647, 697-716, 751-768). The experimental agents and lead compounds with antileishmanial 

activities, that are in preclinical stages (translation phase) or research phases (lead 

optimisation), include 2-substituted quinolines (alkaloids), 8-Aminoquinolines (including 

NPC1161 and tafenoquine), buparvaquone (a hydroxynaphtoquinone) [and its topical 

formulations, prodrugs, and derivatives (including the phosphate prodrug 3-phosphono-

oxymethyl-buparvaquone)], new amphotericin B formulations (including solid nanoparticles of 

amphotericin B deoxycholate, novel lipid based amphotericin B formulations, N-(2-

hydroxypropyl)-methacrylamide-GFLG-amphotericin B copolymer conjugates and 

poly(HPMA)-GFLG-amphotericin B-alendronic acid conjugates), new formulations of 

antimonial drugs (including the antimonial drugs entrapped into phosphatidylserine liposomes 

like the liposome-encapsulated meglumine antimoniate), nitroimidazooxazine (DNDi-



 

 

0690), oxaboroles (DNDi-5421, DNDi-5610 and DNDi-6148), aminothiazoles, 

aminopyrazoles, CGH VL series 1, CpG D35, 8-nitroquinolin-2(1H)-one series, PS-203 (4-

(4,4,8-trimethyl-7-oxo-3-oxabicyclo[3.3.1]non-2-yl)-benzoic acid methyl ester), new 2,9-

bis[(substituted-aminomethyl)phenyl]-1,10-phenanthroline derivatives, benzimidazole 

derivatives (including 2-(long chain)alkyl benzimidazoles, and 2-benzyl and 2-phenyl 

benzimidazoles (like (2-(4-chlorobenzyl)-1-lupinyl-5-trifluoromethylbenzimidazole))), 

bombinin H4 (an antimicrobial peptide) and bombinin H2, doxorubicin and its pegylated 

liposomal formulation (doxil, caelyx), sulphonamide nanoemulsions, benzoxaboroles 

(including a series of 6-substituted ureido- and thioureido-benzoxaboroles), trifluoromethyl-

substituted benzo[b][1,8]naphthyridin-4(1H)-ones, 2-benzyl-5-nitroindazole-derived amines, 4-

aryloxy-7-chloroquinoline derivatives, substituted 1,5-naphthyridine derivatives, triazolyl 

quinoline derivatives, voacamine (an indole alkaloid) and many other natural products 

(including plant extracts) (577-647, 697-716, 751-768, 778, 782-784, 787-801). 

Many of the newly developed/discovered antileishmanial drugs/inhibitors/agents are also tested 

in combinations with old or new drug molecules and showed promising results. Few of these 

combinations include PS-203 with miltefosine, tamoxifen with meglumine antimoniate, and 4-

aryloxy-7-chloroquinoline derivatives in combined therapy (756, 788, 798). 

1.4.13. Hypusine biosynthesis pathway: 

Hypusine (N6-(4-amino-2-hydroxybutyl)lysine) is a modified amino acid residue of specific 

lysine observed in the eukaryotic initiation factor 5A (eIF5A). Hypusine biosynthesis is the 

result of a post-translational modification occurring exclusively in the cellular protein eIF5A, 

by the transfer of the 4-aminobutyl moiety from spermidine to its lysine residue (802-803). 

Hypusine formation occurs mainly in two enzymatic steps and is studied in detail in mammals 

(including Homo sapiens), invertebrates (C. elegans and D. melanogaster), yeasts (including S. 

cerevisiae) and protists (including L. donovani, Trypanosoma, and Plasmodium) (804-813). 

The first step is catalyzed by the enzyme deoxyhypusine synthase (DHS), which catalyzes the 

NAD-dependent transfer of the 4-aminobutyl moiety of spermidine to a specific lysine residue 

of the eIF5A precursor protein to form an intermediate, deoxyhypusine (Figure 1.4). This 

intermediate is subsequently hydroxylated by the enzyme deoxyhypusine hydroxylase 

(DOHH), which completes the synthesis of hypusine and maturation of eIF5A. Biosynthesis of 

hypusine represents a novel, unique, and the most specific post-translational modification 

known in literature (802-813). Direct evidence showing the essential nature of eIF5A and DHS 

comes from gene disruption studies in S. cerevisisae; the disruption of the two eIF5A genes 
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(TIF51A and TIF51B) and the DHS gene produces a lethal phenotype. Although the hypusine 

biosynthesis pathway exists in humans and many of the protozoan parasites as well, many 

differences among the component enzymes of this pathway are noticed and hence validated as a 

drug target from these parasitic pathogens (807-816). Several antiparasitic drugs and inhibitors 

have been discovered based on the mechanistic and structural features of the component 

enzymes of this pathway, including bis- and mono-guanylated diamines and polyamines 

(including N-mono- and N,N'-bisguanyl derivatives of 1,6-diaminohexane, 1,7-

diaminoheptane, and l,8-diaminooctane, like N
1
-guanyl-1,7-diaminoheptane (GC7)), diamine 

and triamine analogs, difluoromethyl ornithine (DFMO), branched-chain and unsaturated 1,7-

diaminoheptane derivatives (like 1,7-diamino-trans-hept-3-ene) and guanylhydrazone CNI-

1493 (817-826). In mammalian cells, inhibitors of spermidine biosynthesis and hypusine 

biosynthetic enzymes, DHS and DOHH, exert anti-proliferative effects, including in cancer cell 

lines, and cause arrest of cell cycle progression (818, 820-823, 826). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. the hypusine biosynthesis pathway and its component enzymes, along with the 

reactions they are catalyzing. 

 

1.4.14. Deoxyhypusine hydroxylase: 



 

 

The first step in the modification of lysine to deoxyhypusine is reported to occur in all archaea. 

However, no orthologs of the second enzyme, DOHH have yet been reported in the archaeal 

genomes or proteomes. Interestingly, despite the lack of evidence for DOHH, archaeal species 

have been found to contain either hypusine or deoxyhypusine or both. On the contrary, there is 

no evidence for the occurrence of deoxyhypusine or hypusine in eubacteria (827-831). The 

DOHH gene is found to be essential in C. elegans and D. melanogaster but not in S. cerevisiae. 

DOHH seems to be functionally more significant in the yeast, S. pombe, in comparison to S. 

cerevisiae, where a mutation in the gene caused a temperature sensitive growth and abnormal 

distribution and morphology of mitochondria (830-833). DOHH was identified, characterized 

and studied in detail from several different eukaryotic organisms, including yeast, protists and 

mammals (including H. sapiens) (827-837). The structure of DOHH from humans (HsDOHH) 

was elucidated by X-ray crystallography and is the only DOHH structure available till date 

(837). DOHH from several human pathogens, including the trypanosomatid protozoa L. 

donovani, Trypanosoma, and Plasmodium, was proved as a promising drug target due to its 

structural differences with its human homolog; and many structural and mechanistic inhibitors 

of parasitic DOHH were discovered for treating the parasitic diseases (838-848).  

The hypusine pathway and DOHH protein from L. donovani (LdDOHH) also proven to be 

promising drug targets and hence we are currently focusing in elucidating its molecular features 

including active site structural elements that may be helpful in antiparasitic and anti-

leishmanial drug discovery using structure-based drug designing tools (813, 836). The dohh 

gene from L. donovani is 981 bp long and encodes a putative polypeptide of 326 amino acids. 

DOHH is a HEAT-repeat protein with eight tandem repeats of α-helical pairs. Four conserved 

histidine-glutamate sequences (HE motifs) have been identified that may act as metal 

coordination sites. It is a metalloenzyme and requires a di-iron active center for its activity. 

Alignment of the LdDOHH sequence with the human homolog (HsDOHH) showed two 

insertions in the former and one of the insertions were found to be crucial for its activity (836). 

Superposition of the modeled DOHH structures from human and L. donovani showed 

differences in the C-terminal His-Glu motifs and other stereo-chemical features. 

 

1.5. Sex, gender and age differences in human resistance to infectious diseases:  

Pathogens affect males and females, but the sex, gender and age differences in the host 

resistance and susceptibilities to infectious diseases, including the M. catarrhalis and M. 
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tuberculosis infections as well, are very well established in humans (849-856). Their root 

causes, other than the differences in the hormonal content, hormonal regulation of the host 

immune system, and the host responses to vaccination, remain unanswered till date.  

1.5. Antimicrobial properties of estradiol and triclosan: 

Triclosan (TCS), which is being used as a broad-spectrum antimicrobial for more than the past 

40 years, is reported to be exhibiting endocrine-disruption and several other toxic properties 

due to its structural and functional similarities with many estrogen-like endocrine disrupting 

chemicals (EEDCs), including PCBs, BPA, PBDEs, DDT and dioxins. It also mimics the 

physiological activities of true estrogens, including estradiol, and hence is classified as a 

potential non-steroidal xenoestrogen (857-864). Triclosan and estradiol bind to several 

common protein targets in the biological systems including mammalian steroid hormone 

receptors (857-858, 860-862, 865-866), components of the steroid hormonal regulatory 

pathways (867-868), enzymes of steroid hormone biosynthesis/metabolic pathways (860, 869-

871), and the bacterial/fungal oxidoreductase enzymes (872-874). They are also shown to 

exhibit antimicrobial properties against several bacterial, fungal and viral pathogens (857-858, 

874-878). Triclosan exerts its antimicrobial activities by inhibiting the ENR enzyme from the 

type II fatty acid biosynthesis pathway and the mechanism has been elucidated at the molecular 

level (148-149). While few mechanisms are known for the antimicrobial actions of estradiol in 

vitro (879-880), it exerts in vivo antimicrobial activities through an indirect mechanism by 

regulating the mucosal and non-mucosal humoral immune responses, and the uterine epithelial 

cells (UECs) (876-878). The antimicrobial roles of estradiol, through the regulation of immune 

responses and polarized epithelial cells of the FRT, are crucial for the host innate immune 

defenses, fetal survival and perpetuation of the species (877). And they also majorly contribute 

to the well-established fact that females are immune-privileged and more resistant to the 

microbial infections than the males (850-852, 874-878). 

Our current study is attempting to decipher the mechanism for the direct antimicrobial actions 

of 17β-estradiol which might also be contributing to the sex differences in the resistance to 

microbial infections in humans. In this study, it is also attempted to derive the possible 

similarities between the mechanisms of antimicrobial actions of triclosan, a non-steroidal 

xenoestrogen, and estradiol, a true steroidal estrogen. 
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CHAPTER 2 

Biochemical and structural studies on Enoyl-ACP Reductase (ENR) from M. catarrhalis 

(McFabI) elucidating structural elements helpful in broad-spectrum drug design and 

identifying the target-specific antimicrobial activities of the steroid hormone 17β-estradiol 

 

2.1. Introduction: 

Moraxella catarrhalis is an opportunistic human respiratory tract pathogen and is one of the 

causative agents of bacterial otitis media in children, a leading cause of conductive hearing loss 

in children, and the exacerbations of chronic obstructive pulmonary diseases (COPD) in adults, 

the fourth leading cause of death worldwide (42-44). It also infects immuno-compromised 

patients and causes many severe pathological conditions, including bacterial sinusitis, bacterial 

meningitis, pneumonia and septicemia (45-57). The emergence of multi-drug resistant strains 

of M. catarrhalis over the last decade (35, 67-74, 99-118) and the current availability of very 

limited drugs (82-93) and no well-established vaccines against its infections (94-98), are 

together driving the need to develop antimicrobials with novel mechanisms of action. 

Therefore, it is also necessary to explore new drug targets for discovering novel antimicrobials 

and vaccine candidates against M. catarrhalis infections (121-147). Type2 fatty acid 

biosynthesis pathway (FASII) from pathogenic bacteria has been reported as an attractive drug 

target and members of this pathway including FabB, FabF, FabH, FabZ and ENR are known 

drug targets (148-170). 

Enoyl-acyl carrier protein (ACP) reductases (ENRs) catalyze the ultimate and rate limiting step 

in the FAS II pathway and are the members of the short-chain alcohol dehydrogenase/reductase 

(SDR) superfamily. These reductases utilize the cofactor NAD(H) or NADP(H) for the 

reduction reaction and share a highly conserved catalytic dyad motif of Tyr-(Xaa)6-Lys. FabI is 

the highly conserved among all known ENR isoforms; FabI, FabK, FabL, and FabV (175-221); 

and a proven target for few of the known antimicrobials including diazaborines, isoniazid and 

triclosan. Its functional, structural characterization and crystal structures are reported from 

various bacterial, plant and protozoan species and extensively studied from Escherichia coli 

(175-176, 187-190), Mycobacterium tuberculosis (191-197), Staphylococcus aureus (198-202), 

Bacillus subtilis (204), Bacillus cereus (205), Bacillus anthracis (206-207), Burkholderia 

pseudomallei (184), Brassica napus (177, 215-216), and Plasmodium falciparum (217-219). 



 

 

Our current study is also attempting to decipher the mechanisms for the direct antimicrobial 

actions of 17β-estradiol which may also contribute to the sex differences in the resistance to 

microbial infections in humans. The sex, age and gender differences in the resistance and 

susceptibilities to infectious diseases, including the infections caused by M. catarrhalis as well, 

are very well established in humans (849-856) while their root causes, other than the 

differences in the hormonal content and their regulation of the host immune system and the 

host responses to vaccination, remain unanswered till date. TCS, which is being used as a 

broad-spectrum antimicrobial for more than the past 40years, is reported to be exhibiting 

endocrine-disruption and several other toxic properties, and sharing functional and structural 

similarities with many EEDCs (including PCBs, BPA, PBDEs, DDT and dioxins) and the true 

steroidal estrogens (including E2) and hence is classified as a potential non-steroidal estrogen 

(857-864). TCS and E2 are known to bind several common protein targets in the biological 

systems including mammalian steroid hormone receptors (857-858, 860-862, 865-866), 

components of the steroid hormonal regulatory pathways (867-868), enzymes of steroid 

hormone biosynthesis and metabolic pathways (860, 869-871) and bacterial and fungal 

oxidoreductase enzymes (872-874) and are also shown to exhibit antimicrobial properties 

against several bacterial, fungal and viral pathogens (857-858, 874-878). In this study it‘s also 

attempted to derive the possible similarities between the mechanisms of antimicrobial actions 

of the non-steroidal xenoestrogenic (estrogen-like) endocrine disrupting chemical (EEDC) 

triclosan (TCS), and the true steroidal estrogen 17β-estradiol (E2). TCS exerts its antimicrobial 

activities by inhibiting the ENR enzyme from the type II fatty acid biosynthesis pathway and 

the mechanism is deciphered at molecular level (148-149). While there are very few 

mechanisms known for the direct and indirect antimicrobial actions of E2 in vitro (879-880), it 

is exerting it‘s in vivo antimicrobial and immune activities within the human body through an 

indirect mechanism by regulating the mucosal and non-mucosal humoral immune responses 

and also through the uterine epithelial cells (UECs), which are the polarized epithelial cells 

lining the female reproductive tract (FRT) (876-878). These antimicrobial roles of estradiol 

through the regulation of immune responses and polarized epithelial cells of the FRT, which 

are crucial for the host innate immune defenses, fetal survival and perpetuation of the species 

(877), are also majorly contributing to the well- established fact that human females are 

immune-privileged and more resistant to the microbial infections than the males (850-852, 874-

878).  
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In our present study, we have done the cloning, expression, purification, enzyme activity and 

crystallization of the ENR from M. catarrhalis (McFabI) and obtained its crystal structures in 

apo and ternary complex forms, McFabI-NAD-TCL and McFabI-NAD-EST. These Crystal 

structures revealed the substrate binding loop (SBL) and two more loops which play essential 

roles in the catalysis. We have done pharmacophore based virtual screening and obtained 

estradiol cypionate as one of the hit compounds. We assessed the antimicrobial properties of 

the major female sex hormone 17β-estradiol (E2), the physiological form of estradiol 

cypionate, and observed that it inhibits ~60% of M. catarrhalis growth at 100 μM (27µg/mL) 

concentration. The binding kinetics analysis by SPR showed that E2 binds to McFabI with a kD 

value of 5 μM, while triclosan with 4 nM. Enzyme inhibition studies revealed that triclosan 

inhibits the oxidoreductase activity of McFabI with a Ki value 31 nM in presence of NAD+, 

while E2 inhibits with a Ki value 38.1 μM. We have also determined the crystal structure of 

estradiol bound in the active site of McFabI, along with the cofactor NAD. The in vitro 

inhibition of McFabI by E2 is pointing to a possible mechanism for its direct in vivo 

antimicrobial activities which may be contributing to the differences in the sex and age 

distribution of M. catarrhalis cases (849). These results altogether indicate that estradiol maybe 

exhibiting its direct antimicrobial actions by inhibiting the FabI enzyme from the pathogenic 

bacteria and also hinting that these direct antimicrobial actions of estradiol may contribute to 

the sex differences in the resistance to microbial infections in humans. 

2.2. Materials and Methods: 

2.2.1. Materials 

Most of the chemicals used in this study were purchased either from Sigma, Merck-millipore, 

Fluka, Himedia, Bio-Rad or SRL. The chromatography media and columns were procured from 

GE Healthcare or Bio-Rad. The molecular biology enzymes, including Taq DNA polymerase, 

restriction endonucleses and T4 DNA ligase are purchased from New England Biolabs (NEB). 

M. catarrhalis strain was procured from MTCC, IMTECH, Chandigarh, India; while E. coli 

DH5α and BL21 (DE3) strains and cloning and expression plasmids from Novagen (USA). The 

bacterial growth media were purchased either from Merck-millipore or Himedia laboratories, 

while the platic ware and glass ware from Tarsons and Borosil respectively.  

The pre-optimized crystallization screens, including Crystal Screen, PEG/Ion, Index, Salt and 

Crystal Screen Cryo were purchased from Hampton Research, USA; while JCSG-plus, 

MIDASplus, Morpheus and PACT premier were from Molecular Dimensions, UK.  The CM5 



 

 

sensor chip and amine coupling reagents (EDC, NHS, and ethanolamine HCl) for SPR 

experiments were purchased from Biacore (Uppsala, Sweden). 

2.2.2. Methods 

2.2.2.1. Transformation of the Mcfabi gene-carrying plasmid vector:  

The full length coding region of MCRH_1153 gene from Moraxella catarrhalis was cloned, 

earlier in our laboratory by our senior colleague Dr. Shivendra Pratap, into pET28C plasmid 

vector using forward and reverse primers: 5‘ GTG AGG GTC CAT ATG TTA CTA AAA 

GGT CAG CGT TTT G 3‘ (forward) and 5‘ GAT TTG AAC CTC GAG TTA TTG TTC GCC 

GTC GCC TG 3‘ (reverse), containing NdeI and XhoI restriction sites respectively. The gene 

was cloned into pET28C vector with an N-terminal 6xHIS affinity tag and TEV protease site. 

The recombinant plasmid with Mcfabi gene was transformed into E. coli DH5α and BL21 DE3 

cells, the cloning and expression hosts respectively. The transformation was carried out by 

CaCl2 chemical-heat shock transformation method.  

Non-transformed E. coli DH5α and BL21 DE3 cells were inoculated separately into 10 mL 

Luria-Bertani (LB) culture tubes and kept for overnight incubation at 37°C and 200 rpm speed 

in a Kuhner made refrigerated orbital incubator shaker. The overnight culture was centrifuged 

at 5000 rpm speed and 4°C for 10 mins in an Eppendorf made refrigerated table top centrifuge. 

The supernatant was discarded and the cell pellet was washed thrice with 5 mL of 100 mM ice 

cold CaCl2 in each wash and 30 mins incubation was given in the last wash step. The CaCl2-

washed cell pellet was added with 100 μL of ice cold CaCl2 and suspended with gentle mix 

using pipette. A 2 μL of recombinant plasmid DNA carrying the Mcfabi gene was added 

individually to the above DH5α and BL21 DE3 competent cells, and kept for incubation on ice 

for 20 mins with intermittent gentle mixing. The incubated cells were given quick and gentle 

heat shock at 42°C for 90 mins in a pre-equilibrated water bath and kept back on ice. 200 μL of 

autoclaved LB broth was added to each of these tubes and kept for 1-2 hrs incubation at 37°C 

and 200 rpm speed. The incubated transformed cells were spread on LB-KAN agar plates 

prepared using autoclaved LB agar culture medium added with 50 μg/mL kanamycin. The 

culture spread plates were kept for around 12-24 hrs incubation at 37°C.  

2.2.2.2. Protein over-expression confirmation: 
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Single bacterial colony from each of the recombinant McFabI-6xHis-TEV-pET28C plasmid-

transformed DH5α and BL21 DE3 agar plates was inoculated separately into autoclaved LB 

broth tubes, and kept for overnight incubation at 37°C and 200 rpm speed. These cultures were 

used as primary inoculums. The transformed DH5α cells were used for plasmid isolation for 

future needs and the BL21 DE3 cells for protein over-expression checking. A 10 mL LB broth 

tube was inoculated with the primary culture of the McFabI-6xHis-TEV-pET28C plasmid-

transformed BL21 DE3 cells and kept for incubation at 37°C and 200 rpm speed until its OD600 

reaches to 0.6. At this time point, the culture was subject to induction with 0.5 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG). After IPTG addition, the culture was further incubated at 

18°C and 200 rpm for around 15-20 hrs. The cells were harvested from that incubated culture 

by centrifugation at 6000 rpm and 4°C for 10 mins.  

The cell pellet was re-suspended in suspension buffer containing 25 mM tris-Hcl buffer pH 7.4, 

100 mM sodium chloride and 2% glycerol, and cell disruption was carried out at 20 KPSI 

working pressure using Constant systems LTD made one shot cell disruptor, with 5-7 mL cell 

suspension in each shot. The cell lysate obtained after cell disruption was centrifuged at 12000 

rpm and 4°C for 60-70 mins. The supernatant was separated out from the pellet containing the 

cell debris and the debris was dissolved in suspension buffer. The supernatant and pellet were 

run on 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) to check 

the presence and status of over-expression of the McFabI protein. The pre-stained SDS-PAGE 

protein ladder was also run along with the samples in order to confirm the molecular weights of 

the separated protein bands.  

2.2.2.3. SDS-PAGE to confirm the protein presence and purity: 

The 5% stacking gel and 12% resolving gels are prepared according to the established protocol 

in the laboratory that was adopted from the Laemmli method, using the components 30% 

acrylamide, 10% sodium dodecyl sulfate (SDS), stacking gel buffer (1 M Tris-HCl pH 6.8), 

resolving gel buffer (1.5 M Tris-HCl pH 8.8), 10% ammonium persulfate (APS) and N, N, N‘, 

N‘-tetramethylethylenediamine (TEMED). The sample loading dye was prepared by adding 

both the SDS detergent and the reducing agent β-mercaptoethanol (BME) to the bromophenol 

blue (BPB) dye compound, along with other additives glycerol, 1 M tris-HCl buffer pH 6.8 and 

distilled water. The tris-glycine-SDS gel electrophoresis running buffer was used in both the 

tank and cassette. The SDS-PAGE was run at 80 V for 2 hrs in a vertical gel electrophoresis 

apparatus connected to a power supply. After completion of the electrophoresis run, the gel was 



 

 

stained by coomassie brilliant blue (CBB) in 1:4:5 acetic acid:methanol:distilled water mixture, 

followed by destaining to visualize the stained protein bands. 

2.2.2.4. Purification of McFabI protein by affinity chromatography:  

After confirming the McFabI protein over-expression from the recombinant McFabI-6xHis-

TEV-pET28C plasmid-transformed BL21 DE3 cells, the primary culture was used to inoculate 

large volumes of LB broth. One litre of broth was added with kanamycin antibiotic and 10 mL 

of overnight grown primary inoculum, followed by incubation at 37°C and 200 rpm speed until 

its OD600 reaches to 0.6. The culture was induced for protein over-expression using 0.5 mM 

IPTG, followed by incubation at 18°C and 200 rpm for around 15-20 hrs. The cells from the 

incubated culture were harvested by centrifugation 6000 rpm and 4°C for 10 mins.  

All the purification steps were carried out at 4°C, unless otherwise mentioned. The cell pellet 

was re-suspended in 20 mL of suspension buffer (25 mM Tris pH 7.4, 100 mM NaCl and 2% 

glycerol) and ell disruption was carried out at 20 KPSI working pressure. The cell lysate thus 

obtained was centrifuged 12000 rpm and 4°C for 60-70 mins, using high-speed sustainable 

oakridge falcon tubes and the supernatant was separated out from the pellet containing the cell 

debris. Meanwhile a manually packed Ni
2+

-NTA agarose affinity column having 5 mL of 

matrix/bed was washed properly with imidazole followed by 20-30 column volumes of water, 

and subsequently equilibrated with upto 10 column volumes of binding buffer. The supernatant 

was applied onto that buffer-equilibrated Ni
2+

-NTA agarose column and incubated for 40-50 

mins for allowing the His6-affinity tagged McFabI protein binding to the affinity matrix in the 

column at 4°C. Now the flow through is collected from the incubated protein-affinity matrix 

mixture, followed by the matrix wash with low concentration imidazole step gradient to remove 

the loosely bound unwanted impure proteins. A 10 mL of each 10 mM, 20 mM, 50 mM and 

100 mM imidazole concentrations, that were dissolved in the binding buffer, were used to wash 

the column and corresponding flow through were collected in separate falcon tubes. Finally the 

tightly matrix-bound over-expressed His6-affinity tagged McFabI protein was eluted using 30 

mL of the highest 250 mM imidazole concentration and the corresponding flow through was 

collected into multiple collection tubes with 5-10 mL in each. The supernatant, flow through 

and elution fractions collected at each purification step, along with a protein ladder sample, 

were run on the SDS-PAGE electrophoresis using a 12% separating gel. 

2.2.2.5. Purification of McFabI protein by size exclusion chromatography: 
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The presence and purity of the protein fractions collected in the affinity chromatography step 

were analyzed in the SDS-PAGE gel. The fractions containing partially purified McFabI 

protein were pooled and concentrated using 10 kDa molecular weight cutoff (MWCO) amicon 

centrifugal filters (Merck-Millipore made) of 15 mL volume. The protein was concentrated 

upto 5 mg/mL concentration, which was assessed by UV absorbance-molecular extinction 

coefficient method. Meanwhile, a 120 mL HiLoad 16/600 Superdex 200 pg gel filtration 

column (GE Healthcare made), connected with the AKTA purifier 10 (GE Healthcare made), 

which is a fast performance liquid chromatography (FPLC) system,  was very well equilibrated 

with 2 column volumes of gel filtration purification buffer (25 mM Tris pH 7.4 and 100 mM 

NaCl). After completion of equilibration, 500 μL of concentrated protein sample was loaded 

and eluted protein fractions, 2 mL of each, were collected from the point of void volume of the 

column. The elution from the column was monitored by UV absorption at 280 nm, along with 

other parameters including conductivity, ionic strength and pH. The protein elution was 

observed by the 280 nm absorption peaks and all the elution fractions corresponding to all the 

peaks were run on 12% SDS-PAGE gel to check for the presence and purity of the protein. 

The gel filtration fractions containing purified McFabI protein were pooled and concentrated 

using the 10 kDa MWCO amicon centrifugal filters. The protein was concentrated upto 20 

mg/mL and used for crystallization and other experimental studies.  

2.2.2.6. Protein concentration measurement: 

The protein concentration was assessed by UV absorbance method. Protein absorbance was 

measured at 280 nm using UV-visible spectrophotometer (Agilent made). Then protein 

concentration was calculated using the molecular extinction coefficient and gram molecular 

weight of McFabI protein, those were obtained by submitting the protein aminoacid sequence 

to the ExPASy ProtParam tool. The following formula was used for this protein concentration 

measurement from the A280.   

 

2.2.2.7. Crystallization:  

McFabI protein concentration of 20 mg/mL, in 25 mM Tris pH 7.5 and 100 mM NaCl, was 

used for crystalization experiments. Crystallization trials were performed at 4°C and 20°C and 

hanging drop and sitting drop vapor diffusion methods were employed. For apo crystals, 1 μL 



 

 

of this protein solution was mixed with 1 μL of reservoir well solution containing 0.2 M 

calcium chloride, 0.1 M HEPES buffer pH 7.0 and 22% PEG400. After setting the 

crystallization experiments, the crystal trays were incubated in vibration free crystallization 

chambers (Rumed make) set at the appropriate temperature. Protein was set for co-

crystallzation with the cofactor NADH and inhibitor compounds triclosan (TCL) and estradiol 

(EST) as follows for obtaining crystals of McFabI-NADH binary complex and McFabI-NADH-

TCL and McFabI-NADH-EST ternary complexes. For McFabI-NADH binary complex, 20 

mg/mL concentration of protein was added with 10-fold concentration of NADH and incubated 

for 4-5 hrs at 20°C. In case of triclosan, 20 mg/mL concentration of protein was added with 10-

fold concentration of NADH and TCL and incubated similarly for 4-5 hrs at 20°C. For EST 

ternary complex crystals also the sample was prepared by mixing protein and NADH in a 

concentration ratio of 1:10 which was then added with saturated concentration of EST and 

incubated similarly. Thus incubated apo, binary and ternary complex mixtures of protein, 

cofactor and inhibitors were used for crystallization experiments as described for the apo 

crystals. Crystallization reservoir solution was mixed with the incubated protein binary/ternary 

complex solution at 1:1 ratio and set for crystallization at two different temperatures 4°C and 

20°C. 

2.2.2.8. Data collection, processing and refinement:  

The diffraction data for well grown crystals of McFabI apo protein and McFabI-NADH-TCL 

were collected at home source X-ray diffraction facility, MCU lab, IIT Roorkee, India. The 

data were collected at 100K temperature on MAR345dtb IP detector using a Bruker Microstar 

Cu rotating anode X-ray generator (CuKα wavelength = 1.54 Å). 15% glycerol in reservoir 

solution was used as cryo-protectant to improve the diffraction pattern quality. The data for 

McFabI-NADH-EST ternary complex were collected at the European Synchrotron Radiation 

Facility (ESRF, Grenoble) beamline ID30A-3, France, equipped with Eiger X 4M detector.  

The data collected, at the home source, from apo crystals and McFabI-NADH-TCL ternary 

complex crystals were processed; indexed, integrated and scaled; using the HKL2000 suite 

(881), while the data collected, at the ESRF beamline, from McFabI-NADH-EST complex 

crystals were indexed, integrated and scaled using XDS and AIMLESS as implemented in 

autoPROC (882). The image files were autoindexed and the suitable spacegroup with highest 

possible symmetry group, was selected during the autoindexing step for further processing of 

the image files. All the possible parameters including detector parameters, crystal parameters, 



55 

 

crystal to detector distance, unit cell parameters, rotation angle, ice ring, spot size and 

mosaicity were properly inspected during this step. It was followed by integrating the full set 

data, which was monitored by examining the χ2 value, and subsequently scaling it using global 

refinement method during which the unit cell parameters were refined again for whole data set 

and crystal slippage and imperfect goniostat was opted. During scaling step of data processing, 

both merge and unmerge (using Macros option) output files were prepared and the log files of 

this step were carefully observed to know the goodness of the data, data completeness and the 

resolution of the data upto which it can be used for further structure solution of the crystallized 

protein. 

The scalepack output file (.sca format) was converted to .mtz file format in order for the 

processed data to be used by CCP4i and PHENIX suites. The crystal unit cell contents were 

assessed by calculating the crystal‘s Mathews coefficient and the best suitable space group of 

the crystal was analysed by pointless program of CCP4i.  

The initial phases for McFabI were obtained by molecular replacement with MOLREP (883) 

and BALBES pipeline (884) of the CCP4 suite (885-886) using the processed .mtz data file, 

McFabI protein primary sequence and the protein atomic coordinates of a single subunit of A. 

baumannii FabI crystal structure (PBD ID: 4ZJU) as a search template. The output from the 

MOLREP program was analysed in the molecular building and visualization tool COOT. 

REFMAC5 (887) program of CCP4i suite and phenix.refine program from PHENIX (888-889) 

suite were used for refinement of the initial coordinates obtained from molecular replacement. 

Initially rigid body refinement was carried out and restrained refinement in the subsequent 

cycles of refinement, along with TLS and NCS refinement parameters. After each round of 

refinement of the protein atomic coordinates, the model building of the coordinates was carried 

out in the COOT tool with proper real space refinement (RSRZ). Iterative cycles of model 

building and refinement were performed by COOT (890) and REFMAC5/PHENIX. The 

progress, correctness and goodness of the refinement and model building were monitored by 

refinement statistics including the values of Rwork and Rfree. Once the protein coordinates were 

fit and refined properly, the water (solvent) molecules were added in the Fo-Fc difference map 

at 2.5σ using the other modeling tools option in the COOT and subsequently refined. Protein 

atomic coordinates of a single monomer from the final refined model of apo McFabI protein 

were used as initial template for solving the X-ray diffraction data collected for the McFabI-

NADH-TCL and McFabI-NADH-EST ternary complex crystals. Protein chains were fit and 

refined properly and then density for the NADH and TCL/EST ligands was searched in the Fo-



 

 

Fc difference map at 2.5σ and fit properly in the match density using other modeling tools and 

real space refinement options of COOT. The ligand coordinates were imported into COOT 

from its monomeric compound/ligand dictionary. 

2.2.2.9. Validation of the refined PDB structures: 

During manual model building in the COOT, real space refinement was done using real space 

refine zone (RSRZ) option after every fit and validation and analysis tools, including geometry 

analysis, rotamer analysis, density fit analysis, Ramachandran plot analysis, temperature factor 

analysis, incorrect chiral volumes, unmodelled blobs and peptide omega analysis, were used for 

initial validation of the atomic model during its development. The stereo-chemical attributes of 

refined models were validated by MOLPROBITY (891). Further validation of the completely 

refined models was carried out by the PDB validation tool of the wwPDB deposition suite. 

The data collection and refinement statics were calculated using the information contained in 

the log files (.log), that were written and obtained after every step of data processing and 

refinement, and are given in table 2.1. 

2.2.2.10. Sequence and structure analysis:  

The McFabI protein sequence was compared with homologous proteins from other bacterial 

species by multiple sequence alignment using the ClustalΩ tool (892-894). The amino acid 

sequences of FabI proteins of Escherichia coli (EcFabI), Pseudomonas aeruginosa (PaFabI), 

Acinetobacter baumannii (AbFabI), Francisella tularensis (FtFabI), Burkholderia pseudomallei 

(BpFabI), Neisseria meningitides (NmFabI), Bacillus subtilis (BsFabI), Bartonella henselae 

(BhFabI), Helicobacter pylori (HpFabI), Staphylococcus aureus (SaFabI) and Mycobacterium 

tuberculosis (MtbFabI), were collected from the NCBI protein database in the FASTA format. 

All these sequences were submitted together to the ClustalΩ tool and the output options were 

chosen to be clustal file with numbering and percent identity matrix (PIM). The multiple 

sequence alignment file was analysed manually for the homology and conserved amino acid 

sequence regions and the presence of insertions or deletions. The evolutionary relationships of 

the FabI, FabK, FabL, FabV, FabG, all isoforms of the mammalian 17β-hydroxysteroid 

dehydrogenases, and fungal and bacterial OYE family oxidoreductases were also analysed by 

phylogenetic tree construction using the MEGA7 program (929). 
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The secondary structural features of these aligned sequences were comparatively analysed by 

ESPript (895), using the McFabI structure as template. The multiple sequence alignment file, 

obtained from the ClustalΩ tool, along with a single polymeric protein chain from the refined 

and validated final PBD format McFabI-NADH-TCL protein model, as a template PDB 

structure, was submitted to the ESPript server for calculating the conserved and homology 

secondary structural features among the FabI structures from various pathogenic bacteria. 

2.2.2.11. Tertiary and quaternary structure analysis: 

The secondary, tertiary and quaternary structural features of the final refined and validated apo 

McFabI, McFabI-NADH-TCL and McFabI-NADH-EST ternary complex structures were 

initially analysed and compared manually using the 3-D visualization tools like PyMOL (896), 

Discovery Studio Visualizer (897), Chimera (898) and COOT. This initial analysis include the 

type and amount of secondary structural elements (α-helices, β-sheets and random loops), 

number and type of domains present in each protein polymeric chain, number of protein chains 

present in the entire protein model and their arrangement in 3-D space. The protein-ligand 

interactions were also analysed using the same tools. The protein volume and volumes of all the 

cavities, active sites and ligand binding pockets were calculated using the tool. 

The PDB structures of FabI from other bacterial species were downloaded from the RCSB PDB 

database and used for comparative analysis with the McFabI protein, which was carried out 

manually in the 3-D visualization tools like PyMOL, Discovery Studio Visualizer, Chimera and 

COOT. The distant structural homologues of McFabI protein were searched by the DaliLite 

server (899-900). A single polymeric protein chain from the McFabI-NADH-TCL structure was 

submitted to the DaliLite server and the output structures were analysed and inspected for 

homology by monitoring the Z-score and RMSD values. 

2.2.2.12. Protein subunit and ligand interface analysis: 

Subunit interface analysis was carried out by PDBe PISA server (901). The final refined 

quaternary structures of apo McFabI, McFabI-NADH-TCL and McFabI-NADH-EST complex 

structures, containing the crystal symmetry operators, were submitted individually to the PISA 

server. Different aspects of the interfaces were analysed including total surface area (solvent 

exposed area), buried area and interface area. Subunit-subunit interface interactions were 

analysed for salt bridges, hydrogen bonds, covalent bonds and disulfide bonds. The subunit-

ligand and ligand-ligand interface areas and interactions were also analysed in the similar way. 



 

 

The structural figures for all the structural analyses, including quaternary structure poses, 

subunit arrangements, secondary structural arrangements, domain organization, 3-D structural 

comparisons and subunit-subunit and subunit-ligand interface interactions, were prepared using 

PyMOL. 

2.2.2.13. Pharmacophore modelling and virtual screening:  

After obtaining the fully refined McFabI structure, the polypeptide chain containing all the 

structural elements of the full length protein was extracted, along with the bound NAD cofactor 

molecule, from the McFabI-NADH-TCL ternary complex for pharmacophore-based virtual 

screening. The FabI inhibitor compound AFN-1252 was chosen and docked into McFabI 

monomeric structure, using AutoDock (902) and Autodock Vina (903). The McFabI-AFN-1252 

docked structure was used for pharmacophore model generation by Receptor-Ligand 

Pharmacophore Generation (RLPG) protocol (904-906), available in the Discovery Studio suite 

(BIOVIA) (897). The RLPG protocol was applied by defining the parameters: (i) the minimum 

and the maximum number of selected features were set at 5 and 6, respectively, (ii) the 

maximum number of excluded volumes (EV) at 5, and (iii) energy threshold value set at 20. 

Ten pharmacophore models were generated on the basis of protein-ligand interactions and they 

were ranked on the basis of fit value, sensitivity and specificity. The best pharmacophore model 

was selected for further screening of the small molecule drug database. The L1300-Selleck-

FDA-Approved-Drug-Library (Selleckchem), a commercially available small molecule library 

(5.22), having 1443 compounds was used for virtual screening. All this processing was done 

using the DS suite. 

2.2.2.14. Molecular docking:  

The top hit compounds obtained from the virtual screening were docked into the template 

McFabI protein using AutoDock and Autodock Vina (902-903) in order to calculate the binding 

energies of those compounds at the active site of McFabI. Protein and ligand files were 

prepared by using AutoDock tools (902) according to the standard protocol. Protein file was 

prepared by removing any bound ligand molecules except for NAD and water; and adding 

Kollman charges and hydrogen atoms. Final hits were docked in the active site using the 

Lamarckian genetic algorithm (LGA) and the Grid centred at (29.58, 11.972, 17.167) 

24×22×36 dimension with the default spacing (0.375 Å). The lowest energy conformation of 

the docked ligand was interpreted as the best pose. Results were analysed using PyMol and 
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Discovery studio visualizer. We also docked estradiol into the active site of InhA using the 

same protocol. 

2.2.2.15. McFabI enzyme activity studies:  

The purified McFabI protein was checked whether it‘s enzymatically active by measuring it‘s 

substrate catalytic activity. Although its real substrate in vivo is an acyl-ACP, i.e. an ACP-

bound fatty acyl molecule, we have alternatively used crotonoyl-CoA (CCA), a Coenzyme-A 

bound crotonic acid (2-butenoic acid) which is a well established alternative substrate for 

enoyl-ACP reductase enzymes, to measure McFabI enzyme activity. The McFabI enzyme 

activity was measured by two methods: (i) Monitoring the consumption of NADH by 

spectrophotometrically measuring the decrease of UV absorbance at 340 nm (176) using an 

UV-visible spectrophotometer and (ii) Monitoring the consumption of NADH, during the 

course of enzymatic reaction, by measuring the decrease of fluorescence emission at 460 nm 

upon excitation at 340 nm (211, 907-908) using a fluoresecence measurement equipped micro-

plate reader. All the enzyme activity measurements were carried out at 25°C. The enzyme was 

purified as described in the previous sections and the CCA substarte, NADH cofactor and 

buffer solutions were prepared before start of the measurements. The enzyme reactions were 

optimized for suitable protein and cofactor concentrations and buffer type also. Finally, the 

enzyme activity was measured using an optimized 100 μL of final standard reaction mixture 

containing 50 mM sodium phosphate buffer pH 7.5, 200 μM NADH, 5 μM of purified McFabi 

protein, and variable concentrations of CCA between 100 μM and 1600 μM in order to measure 

the effect of the substrate on efficiency of the enzyme and its affinity towards enzyme. Enzyme 

kinetics reaction was monitored for initial 40 mins and absorbance/fluorescence data were 

recorded. 

After collecting the absorbance/fluorescence data, the absorbance change or relative 

fluorescence change was plotted against time and initial enzyme velocity, corresponding to 

each substrate concentration, was measured from it. The initial enzyme velocities, calculated 

for all substrate concentrations, were plotted against substrate concentrations used in the 

experiment. Subsequently the data were fitted to Michaelis-Menten equation by linear 

regression, followed by plotting the reciprocals of initial enzyme velocities and corresponding 

substrate concentrations to generate Lineweaver-Burk double reciprocal plot in order to 

calculate the enzyme kinetic constants KM, Vmax, Kcat and Kcat/KM. 

2.2.2.16. Enzyme inhibition studies: 



 

 

The enzyme inhibition studies were carried out for the inhibitors triclosan and estradiol to 

check their effect on McFabi activity by varying the substrate concentration at different fixed 

concentrations of inhibitors; triclosan at 50, 100, 150 and 200 nM concentrations, while E2 at 

12.5, 25, 50 and 100 μM concentrations. For inhibition studies, the enzyme, NADH and 

inhibitor mixtures were incubated for 5h at 4°C in the presence of 100 µM NAD
+
 before adding 

the substrate at the time of kinetic data collection. The data collected for McFabi activity in 

presence of the two inhibitors were analysed by plotting the enzyme velocities in presence of 

the inhibitors versus the substrate concentrations used. Subsequently the inhibition constant 

(Ki) values for the inhibitors were calculated from the secondary plots of the Y-intercepts from 

the LB plots versus inhibitor concentration. The corresponding graphs were prepared using the 

Microsoft Excel program. 

2.2.2.17. MIC determination:  

Bacterial growth inhibition studies were carried out by measuring the minimum inhibitory 

concentrations (MIC) of the inhibitors TCL and EST. The MIC values were determined by the 

microbroth dilution assay according to the Clinical and Laboratory Standards Institute (CLSI) 

methods for antimicrobial susceptibility tests for aerobically growing bacteria (909-910). M. 

catarrhalis was grown in Mueller–Hinton (MH) broth to mid-log phase till its OD at 550 nm 

reaches to 0.2 and diluted in MH broth to 1000-fold which is expected to contain 4×10
5
 

CFU/mL, for its usage as seed inoculum in bacterial growth inhibition studies. Serial dilutions 

of the inhibitor compounds were made in MH broth and used at concentration range 0.25 

µg/mL-58 µg/mL for TCL and 0.1 µg/mL-27.2 µg/mL for estradiol, in 96-well microtiter 

plates. DMSO controls were also used at appropriate concentrations in MH broth to check its 

effect on bacterial growth. After making proper dilutions of the inhibitors and all the controls in 

96-well plate, the M. catarrhalis bacterial inoculum was added to compound dilutions at 1:1 

proportion and plates were incubated at 37°C for 12-24 hrs. The MH plain broth without 

inhibitor but added bacterial inoculum was used as positive control and MH plain broth with 

neither inhibitor nor bacterial inoculums as negative control. The bacterial growth was visually 

inspected and also measured spectrophotometrically at 600 nm. 

2.2.2.18. Binding kinetics studies by SPR:  

The protein-ligand binding interactions were analysed by surface plasmon resonance (SPR) 

technique by using Biacore T200 (GE Healthcare) instrument. McFabI that was purified to 

highest homogeneity was immobilized at ~4,000 RU level on active flow cell (Fc2) of CM5 
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sensor chip by standard amine-coupling procedure using the immobilization reagents EDC, 

NHS, and ethanolamine HCl, and 10 mM sodium acetate buffer pH 4.0 and HBS (HEPES-

buffered saline: 20 mM HEPES, 150 mM sodium chloride, pH 7.4) as the immobilization 

buffer and running buffer respectively. But the reference flow cell (Fc1) was simply activated 

by EDC and NHS, followed by deactivation with ethanolamine HCl, using the same protocol. 

The binding of cofactor and inhibitors was assessed by binding analysis carried using the 

appropriate analyte concentration series. The sequence of estradiol concentrations used for 

binding kinetics and affinity analysis include 0.39, 0.78, 1.56, 3.125, 6.25, 1.56 and 12.5 µM, 

with an additional repeat of 1.56 µM concentration. The binding kinetics studies were 

performed by collecting the data at 25°C by injecting the concentration series of anlytes over 

reference and active flow cells with injection parameters: 30 μL/min flow rate and 30 s 

association and dissociation phases. Each concentration of analyte was analysed in triplicate 

injections in random order, with buffer blanks injected periodically for double referencing 

(911), which includes two references: (i) analyte response over reference cell and (ii) zero (0) 

concentration analyte sample response over both active and reference flow cells. The binding 

kinetics data were analysed by the Biacore evaluation software using the ―surface bound‖ 

kinetics evaluation module. 

2.2.2.19. SAR (Structure-activity relationship) studies:  

These studies were carried out by analyzing the McFabI-NADH-TCL and McFabI-NADH-EST 

ternary complex structures and comparing the inhibitor interaction pattern in the enzyme‘s 

active site with the enzyme‘s catalytic mechanism, with special attention on the inhibitors‘ 

interactions with the enzyme‘s residues participating in the mechanism of catalysis. Crotonoyl 

Co-A, the alternative substrate of FabI enzymes, was also docked into the active site of 

McFabI-NADH protein binary complex, extracted from the McFabI-NADH-TCL ternary 

complex, using the same protocol described in the previous sections. The interactions of 2-

butenoyl moiety of the docked Crotonoyl Co-A with the catalytic residues were compared with 

that of inhibitors. 

2.2.2.20. CD spectroscopy studies: 

The McFabI protein was analysed for its various biochemical properties, including thermal 

stability, resistance to denaturants, pH stability and ionic strength sustainability. These studies 

were carried out using JASCO circular dichroism spectroscopy. 10 μM McFabI protein, 

purified to its highest homogeneity, in 20 mM sodium phosphate buffer (without any salt) was 



 

 

used for spectroscopy analysis and the experiment was carried out using 200 μL sample in 0.1 

mm cuvette. The far UV spectral scan was recorded from 260-190 nm, at 1 nm band width. (i) 

The thermal stability of the protein was studied in the temperature range 25°C - 100°C; (ii) the 

resistance to denaturants was assessed by using 0.1 M – 8 M concentration range of urea and 

guanidine hydrochloride (GnHcl); (iii) the pH stability was analysed by using different buffers 

in the range 4.0 – 9.0; and (iv) the ionic strength sustainability was checked by using 0.1 M - 1 

M salt strength. Before the start of sample analysis, the buffer was used to take the blank 

readings in the same scan range. The results were analysed in the Microsoft Excel and Origin 

softwares. 

2.2.2.21. Intrinsic fluorescence studies:  

The protein McFabI is having 3 tryptophan residues (Trp21, 81 and 241) and 5 tyrosine 

residues (Tyr38, 126, 151, 161 and 177) which can exhibit protein intrinsic fluorescence. This 

property of McFabI was analysed by Fluorolog 3 fluorescence spectroscopy (Fluorolog 3 

spectrofluorometer) (HORIBA scientific). The protein‘s intrinsic fluorophores were excited at 

280 nm and 295 nm to analyse the protein‘s overall fluorescence properties and exclusively 

tryptophan fluorescence respectively. The emission spectrum was collected in the range 300 

nm - 500 nm, at both the excitation wavelengths. 1 mL of 0.25 μM protein solution in 20 mM 

sodium phosphate buffer was used for spectral analysis and the experiment was carried out at 

25°C using 1mm quartz cuvette. Before the start of sample analysis, the buffer was used to take 

the blank readings in the same scan range. The results were analysed in the Microsoft Excel 

and Origin softwares. 

2.2.2.22. Biophysical characterization by Differential scanning calorimetry: 

The thermodynamic properties of McFabI protein were assessed by differential scanning 

calorimetry (DSC) analysis using the VP-DSC instrument (GE Healthcare made). The thermal 

denaturation analysis was carried out for apo McFabI, McFabI-NADH binary complex, and 

McFabI-NADH-TCL and McFabI-NADH-EST ternary complex structures. The thermal scan 

was carried out from 10°C to 90°C at 1°C per minute scan rate, with 10-minutes long pre-

thermostat scan at 10°C, and 10 μM McFabI protein was used for the thermal scanning 

experiments in DSC. A 10 μM McFabI was added with 10-fold concentration of NADH, TCL 

and NADH, and EST and NADH compounds, in order to make McFabI-NADH binary 

complex form, and McFabI-NADH-TCL and McFabI-NADH-EST ternary complex forms 

respectively, and incubated at 20°C for 5-6 hrs before using for DSC analysis. The suitable 
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references were chosen for each experiment and 500 μL of sample and reference solutions each 

were loaded into sample and reference cells respectively. Reference solution, in all the cases, 

contains all the components that of the sample, except for the protein. Proper pressure was 

maintained throughout all the scans. The reference baseline was obtained in the initial 3-4 scans 

using the reference solution in both the cells (sample and reference) and then the sample was 

loaded to scan for the sample. The results were analysed using the Origin software provided 

with the instrument. 

2.2.2.23. Binding studies using Isothermal titration calorimetry: 

The McFabI protein-ligand binding interactions were assessed by isothermal titration 

calorimetry (ITC) using the Microcal ITC200 instrument (GE Healthcare made). The two 

interacting partners include protein (macromolecule/receptor) and ligand (small molecule) that 

were loaded into cell and syringe of the instrument respectively, while distilled water was 

loaded into the reference cell. The ligand component was used in higher concentrations than 

that of the protein component, starting from 10-folds to several. 10 μM McFabI was used in the 

experiments while NADH cofactor and/or inhibitors were used at 20 μM concentration for 

interaction studies. In case of the McFabI-NADH-TCL and McFabI-NADH-EST ternary 

complex interaction analyses, protein was incubated with the cofactor in advance and the equal 

amount of cofactor NADH was added in both the protein and ligand solutions. The experiments 

were carried out in highest quality mode at 25°C analysis temperature with the paramer settings 

including 18 injections, 2 μL injection volume, 180 s spacing and 1000 rpm stirring speed, 

while the initial injection was only 0.5 μL to monitor the system aberrations before collecting 

the data. All the solutions used in the ITC experiments including the reference solution, protein 

and ligand solutions were filtered and degassed thoroughly before usage. 200 μL of reference 

and protein macromolecule sample solutions were loaded manually into the reference and 

sample cells respectively, while 40 μL of ligand small molecule solution was loaded by 

automated mode into the syringe. Buffer-buffer, buffer-protein and buffer-ligand interaction 

scans were also recorded using the same experimental settings. The results were analysed using 

the Origin software provided with the instrument. 

2.2.2.24. Inhibitor binding and protein oligomeric state analysis by Native-PAGE: 

Native-PAGE analysis was carried out to check the McFabI protein‘s oligomeric state in its apo 

form, McFabI-NADH binary complex form, and McFabI-NADH-TCL and McFabI-NADH-

EST ternary complex forms. The 12% native PAGE gel was prepared by using the same 



 

 

protocol explained for the SDS-PAGE, except for the differences including (i) all the gel 

preparations are done without use of SDS detergent (ii) gel electrophoresis running buffer was 

made without SDS (iii) the sample loading dye was prepared without the reducing agent(s) β-

mercaptoethanol (BME) and detergent SDS (iv) protein samples were not boiled after addition 

of the native PAGE dye (v) the electrophoresis run was carried out at 4°C inside a freezer 

chamber to maintain the temperature of the buffer during run. Low voltage and current were 

used during this run. In case of binary and ternary complexes, the McFabI protein was 

incubated with its ligand partners for 5-6 hrs before native PAGE run. A 35 μM (1 mg/mL) 

McFabI protein was added with 10-fold concentration of NADH, TCL and NADH, and EST 

and NADH compounds, in order to make McFabI-NADH binary complex form, and McFabI-

NADH-TCL and McFabI-NADH-EST ternary complex forms respectively, and incubated at 

20°C for 5-6 hrs before native PAGE run. A 15 μM (1 mg/mL) bovine serum albumin (BSA) 

protein was prepared and loaded into native PAGE along with our test samples, as a protein 

marker/reference. After run, the gel was stained and destained in the same way as done for the 

SDS-PAGE gel. 

2.2.2.25. MD simulations: 

The crystal structures obtained for the McFabI protein were subjected to molecular dynamics 

simulations to check their conformational stability. GROningen MAchine for Chemical 

Simulations (GROMACS) version 5.1.4 installed on a graphical processing unit (GPU) was 

used for the simulation studies (912). The topology for the protein polypeptide chains was 

prepared by the GROMOS43a1ff (Gromos43a1 force field) of GROMACS software, while the 

topology files for the cofactor (NADH) and inhibitor compounds (TCL and EST) were 

prepared by PRODRG server (939-940). Simple point charge (Spc) water model was used to 

solvate the protein in a cubic box. The ―protein in water‖ system was neutralized by adding Na
+
 

and Cl
-
 ions and also the system was added with 150 μM extra amount of salt to mimic the 

biological buffering system. The xyz 3-D periodic boundary condition (pbc) was used to 

eliminate the surface effects and to maintain minimum image convention. A solute-box 

distance of 1.0 nm was used to maintain at least 2.0 nm between any two periodic images of a 

protein. The solvated, electro-neutral system was energy minimized to ensure that the system 

has no steric clashes or inappropriate geometry and it is relaxed properly. Vacuum 

minimization was done by steepest descent minimization algorithm and 50000 number of 

minimization steps. During the energy minimization step, the Verlet cutoff-scheme was used 

for neighbor searching, the simple grid method was used to determine the neighbor list, 
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treatment of long range electrostatic interactions was done by particle mesh Ewald (PME) 

electrostatics algorithm, maximum force to be achieved was set to < 1000.0 kJ/mol/nm and 

both short-range electrostatic and van der Waals cut-off were set to 1.0. Standard cut-off of 1.0 

nm was used for both the neighbour list generation and the coulomb and Lennard–Jones 

interactions. 

The position restrained parameters prepared for the protein, cofactor and inhibitors were used 

to apply a position restraining force on the heavy atoms of the protein (anything that is not a 

hydrogen), to avoid unnecessary distortion of the protein–ligand complex. The energy 

minimized system was equilibrated in 2 methods for 50 ns each: (i) NVT (constant Number of 

particles, Volume and Temperature) equilibration, which is also referred to as "isothermal-

isochoric" or "canonical" ensemble, at 300 K reference temperature and (ii) NPT (constant 

Number of particles, Pressure and Temperature) equilibration, which is also referred to as 

"isothermal-isobaric" ensemble, at 1.0 bar reference pressure. Both the equilibration steps 

include two temperature coupling groups (tc_groups) comprising (i) the protein group: McFabI, 

McFabI_NADH, McFabI_NADH_TCL and McFabI_NADH_EST, in case of apo, binary and 

ternary complex forms respectively, and (ii) non-protein group: water_ions, in case of all the 

four simulations. During NVT equilibration, only temperature coupling (V-rescale modified 

Berendsen thermostat algorithm) was on, while both temperature coupling (V-rescale modified 

Berendsen thermostat) and pressure coupling (Parrinello-Rahman barostat) were on during the 

NPT equilibration. 

The system that was well-equilibrated at the desired 300 K temperature and 1.0 bar pressure 

was used for production MD run. 50-ns MD run was executed with 25000000 steps and data 

were collected with 2 fs step size. During production MD run both the temperature and pressure 

coupling were on and the elctro-statistics were using PME algorithm. The production MD data 

were analysed for the stability of the polypeptide structure and complex stability by calculating 

the root-mean-square displacement (RMSD) of all the protein heavy atoms, i.e. non-hydrogen 

atoms, with respect to the starting structures. The time-dependent potential energy of the 

system and the root mean square fluctuation (RMSF) of all the protein residues were 

calculated, and the hydrogen bond pattern analysis between protein and the ligands was also 

carried out. 

 

 



 

 

2.3. Results 

2.3.1. Cloning, Expression and Protein purification:  

The recombinant pET28C-6xHis-TEVP-fabi plasmid carrying the MCRH_1153 gene from M. 

catarrhalis was successfully transformed into E. coli DH5α and BL21 (DE3) cells. IPTG 

induction of E. coli BL21 (DE3) cells harboring pET-28a(+)-McFabI vector resulted in over-

expression of McFabI protein. Purification by Ni-NTA affinity chromatography resulted in 

homogeneous protein in the high imidazole concentration elutions (figure 2.1).  

 

 

 

 

 

 

Figure 2.1: SDS-PAGE profile of the McFabI purification by Ni-NTA chromatography. Lane 

1: supernatant, lane 2: supernatant flow through, lanes 3: eltion with purification buffer, lane 4: 

pre-stained protein ladder, lanes 5-10: elutions with imidazole concentrations. 

When the apo protein was loaded onto superdex 200 pg column, we observed a chromatogram 

with two small UV 280 absorbance peaks at 45 mL and 55 mL, while a major peak at 72 mL 

with a shoulder edge at 80 mL elution volume (figure 2.2). These peak positions correspond to 

the different oligomeric states of the protein, monomer, dimer, tetramer and higher order 

oligomers, which were observed by the native PAGE. As a result, it is confirmed that McFabI 

protein exists majorly in tetrameric form in solution. The gel filtration separation also resulted 

in purified protein without any impurities (figure 2.3).  
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Figure 2.2: The size exclusion chromatography profile of the wild-type apo McFabI protein 

purification by Superdex 200 pg gel filtration column. 

 

 

 

 

 

 

Figure 2.3: SDS-PAGE profile of the elutions obtained from the size exclusion 

chromatography of the wild-type apo McFabI protein purification by Superdex 200 pg gel 

filtration column. 

2.3.2. Crystal structures:  

The crystal structures of McFabI in apo form and McFabI-NAD-TCL and McFabI-NAD-EST 

ternary complex forms were determined at 2.4, 2.3 and 2.2 Å resolutions respectively. The 

corresponding crystallographic data and refinement statistics are presented in table 2.1. Crystals 

of apo McFabI belong to P 42 21 2 space group and refined to final Rwork and Rfree of 21.3% and 

25.9% respectively, with one monomer in the asymmetric unit; whereas the crystals of TCL 

ternary complex belong to P 21 space group and refined to final Rwork and Rfree of 16% and 

22.2% respectively, with one tetramer in the asymmetric unit; while the crystals of EST ternary 

complex belong to P 21 space group and refined to final Rwork and Rfree of 19.2% and 27.6% 

respectively, with one tetramer in the asymmetric unit (Figure 2.4). Electron density is missing 



 

 

for 3 loop regions in the apo structure; Phe98-Thr112 (substrate binding loop 2, SBL2), 

Gly153-Tyr161 (active site loop, ASL) and Ser203-Phe208, the substrate binding loop (SBL); 

while present with full occupancy in both the ternary complex structures (Figure 2.4 and 2.5), 

indicating that these loop regions are disordered/flexible in the absence of cofactor and 

inhibitor binding. There is no interpretable density observed for few residues at the C-terminus 

in all the three McFabI structures solved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The crystallographic asymmetric unit and biological assembly states of the McFabI 

protein in its apo form, and McFabI-NAD-TCL and McFabI-NAD-EST ternary complex forms. 

(A), (C) and (E) are the asymmetric unit states of the TCL ternary complex, apo, and EST 

ternary complex forms respectively, while (B), (D) and (F) are their biological assembly states 

respectively.  
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Table 2.1:  Data collection and refinement statistics 

 McFabI-apo  McFabI-NAD-TCL 

ternary complex 

McFabI-NAD-EST 

ternary complex 

Wavelength (A°) 1.54 1.54 0.967 

Resolution range 31.84 - 2.38 (2.465 - 

2.38) 

34.77  - 2.224 (2.303  

- 2.224) 

35.71 – 2.121 (2.196 

- 2.121) 

Space group P 42 21 2 P 21 P 21 

Unit cell 74.9 74.9 101.4 

90 90 90 

78.5 75.5 89.2  

90 90 90 

76.5 76.5 99.7  

90 90 90 

Total reflections 123196 (9936) 100664 (7133) 192954 (19088) 

Unique reflections 12145 (1171) 48274 (4678) 49378 (4582) 

Multiplicity 10.1 (8.4) 2.1 (1.6) 11.1 (11.3) 

Completeness (%) 99.69 (98.57) 98.90 (92.03) 99.20 (93.27) 

Mean I/sigma(I) 30.47 (4.86) 8.80 (1.64) 22.32 (0.82) 

Wilson B-factor 50.03 33.53 63.39 

R-merge 0.065 (0.496) 0.111 (0.502)  0.048 (2.728) 

R-meas 0.068 (0.528) 0.143 (0.670) 0.051 (2.859) 

CC1/2 0.999 (0.904) 0.991 (0.555)  1 (0.441) 

CC* 1 (0.975) 0.998 (0.845)  1 (0.782) 

Reflections used in 

refinement 

12140 (1171) 51009 (4677) 57267 (4581) 

Reflections used for 

R-free 

600 (65) 2595 (217)  2857 (273) 

R-work 0.213 (0.258) 0.1600 (0.2999)  0.1923 (0.3697) 

R-free 0.259 (0.278) 0.2219 (0.2908)  0.2760 (0.3810) 

CC(work) 0.940 (0.861) 0.945 (0.659) 0.960 (0.583) 

CC(free) 0.916 (0.904) 0.910 (0.609)  0.894 (0.554) 

Number of non-

hydrogen atoms 

1763 8630 8618 

Macromolecules 1722 8056 8197 

Ligands 1 258 364 

Solvent  40 316 347 



 

 

Protein residues 230 1077 1127 

RMS(bonds) 0.011 0.022 0.021 

RMS(angles) 1.41 2.01 1.91 

Ramachandran 

favored (%) 

96.85 96.07 93.21 

Ramachandran 

allowed (%) 

3.15 3.84 6.42 

Ramachandran 

outliers (%) 

0.00 0.09 0.38 

Rotamer outliers 

(%) 

3.95 4.04 3.85 

Clashscore 1.73 2.89 5.82 

Average B-factor 60.40 37.71 73.83 

Macromolecules 60.50 37.83 72.85 

Ligands 83.24 32.97 105.71 

Solvent 55.42 38.61 72.29 

Number of TLS 

groups 

1 4 4 

 

Statistics for the highest-resolution shell are shown in parentheses. 

The monomeric McFabI apo structure is similar to all the 4 individual monomers of the both 

ternary complex structures, except for the 3 missing loops, the α-helical content, the 

conformation of the cofactor binding loop (CBL) and the bound ligands. The monomer of apo 

McFabI consists of 8 α-helices and 7 β-sheets, while that of the TCL ternary complex consists 

of 13 α-helices and 7 β-sheets and EST ternary complex containing 11 α-helices and 7 β-sheets 

(Table 2.2). 
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Table 2.2: The list of secondary structural elements of McFabI structures. The α-helix and β-

strand are labeled with the Hn and Bn identifiers respectively. 

 

Apo McFabI McFabI-NAD-TCL McFabI-NAD-EST 

Secondary 

structure 

Residue 

range 

Secondary 

structure 

Residue 

range 

Secondary 

structure 

Residue 

range 

B1 7-11 B1 6-10 B1 6-10 

H1 19-30 H1 19-30 H1 19-30 

B2 33-38 B2 33-38 B2 33-38 

H2 44-55 H2 41-54 H2 43-54 

B3 58-61 B3 59-61 B3 58-61 

H3 66-82 H3 67-81 H3 67-81 

B4 91-94 B4 91-94 B4 91-94 

H4 Missing  H4 101-104 H4 101-104 

H5 Missing H5 108-111 H5 Loop  

H6 114-142 H6 114-142 H6 114-142 

B5 145-151 B5 145-150 B5 145-150 

H7 Missing H7 152-155 H7 152-155 

H8 165-186 H8 163-183 H8 163-183 

B6 188-194 B6 188-194 B6 188-194 

H9 Missing H9 200-204 H9 200-205 

H10 207-219 H10 208-218 H10 210-218 

H11 226-243 H11 227-238 H11 227-238 

B7 249-252 B7 248-252 B7 248-252 

H12 255-259 H12 256-258 H12 256-258 

  H13 263-266   

 

 

In all the 3 structures, a seven-stranded parallel β-sheet is flanked by three α-helices on either 

side, a reminiscent of Rossmann fold (Figure 2.5A). The tetrameric McFabI-NAD-TCL and 

ternary complexes consists of four active sites corresponding to its 4 subunits and are identical 

in being occupied by NAD and triclosan; while the 4 subunits of McFabI-NAD-EST ternary 

complex are also identical and occupied by NAD and estradiol. The SBL, Arg198-Phe208, 



 

 

adopts a two-turn α-helix in both the ternary complex structures, but with different 

conformations which differ at 6.8Å RMSD (Figure 2.6). 

 

 

 

 

 

 

 

 

 

Figure 2.5: Structural organization of an intact monomer and comparison of apo McFabI 

monomer with the one having all the loops. (A). The monomeric structure of the ternary 

complex of McFabI is presented as a ribbon diagram with secondary structures labeled. The α-

helices, β-strands and loops are colored as cyan, magenta and gray respectively. NAD+ and 

triclosan are shown as stick models and colored as hot pink and lime green, respectively. The 

substrate binding loop (SBL) is colored in yellow. Both N- and C-termini are labeled in red. 

(B). Comparison of McFabI apo structure with one of the four subunits of the tetrameric 

McFabI ternary complex.The 3 loops missing in apo structure are color coded in the 

counterpart of ternary complex. 
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Figure 2.6: Differences in the loop structures among the 3 crystal structures of McFabI. The 

structural features of Apo, TCL and EST ternary complex structures are colored as magenta, 

cyan and green respectively. (A). CBL (Cofactor-binding loop) (B). IL (Insertion loop) (C). 

SBL2 (Substrate-binding loop 2) (D). ASL (Active site loop) (E). SBL (SBL1) (Substrate-

binding loop 1).  

2.3.3. Cofactor Binding site:  

The NAD cofactor is present in the active site of McFabI. The sequence ―GxxxxxSxA‖, a 

cofactor-binding motif conserved among the members of divergent subfamily of the SDR 

domain superfamily, is present in the McFabI indicating that it is also a member of the 

divergent subfamily. The conserved residues of this motif in McFabI include Gly12, Ser18, and 

Ala20 (Figure 2.7 and 2.8). The backbone carbonyl oxygen atom of Gly12 forms a hydrogen 

bond with the O3B atom of adenine ribose of NAD, while the OG atom of Ser18 with the O2A 

of NAD and the main chain amide nitrogen of Ile19 with O2N of NAD. The cofactor binding 

motif, which is also referred as the cofactor binding loop (CBL), is displaced at around 4.2Å 

RMSD in both the ternary complexes when compared to the apo structure (Figure 2.6). This 

positional displacement of CBL facilitates the binding of cofactor NAD. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: The active site architecture of McFabI. (A) TCL ternary complex showing the 

structural positions and arrangement of the protein residues (cyan) and water molecules (gray) 

that are interacting with the cofactor NAD (yellow) and inhibitor TCL (magenta). (B) EST 

ternary complex showing the structural positions and arrangement of the protein residues 

(cyan) and water molecules (gray) that are interacting with the cofactor NAD (yellow) and 

ligand EST (magenta).  
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Figure 2.8: Multiple sequence alignment of FabI sequences from M. catarrhalis and other 

species. Completely conserved residues are shown in red boxes with white characters, while the 

residues in the white boxes with red characters are relatively conserved. The cofactor binding 

motif, active site motif and insertion are highlighted by the light blue, green and purple colored 

boxes respectively. The catalytic residues are pointed by blue coloured solid triangles. 

Secondary structure elements of McFabI are labeled above the sequences. FabI from different 

bacterial species were collected as explained in the methods section. 

The NAD binding site of McFabI mostly consists of hydrophobic residues (Figure 2.7). In 

detail, the nicotinamide ring is surrounded by Ile19, Ala194, Gly195 and Ile197, and the 

pyrophosphate is surrounded by Leu200 and Ala201. The residues Ile13, Ala14, Val64, Ile96, 



 

 

and Gly97 form a hydrophobic pocket for the adenine ring of NAD. In addition, there are 6 

residues hydrogen-bonded with NAD: the OD2 atom of Asp63 is hydrogen-bonded with the 

N6A atom of NAD, while the NZ of Lys168 with the O2D and O3D atoms of NAD, the OG1 

of Thr199 with O1N of NAD, the main chain backbone carbonyl oxygen of Gly195 with the 

N7N of NAD and the main chain backbone amide nitrogens of Val64 and Ala201 with the N1A 

and O1A atoms of NAD, respectively. Asp63 and Lys168 are the conserved residues among 

FabIs. There are 5 water molecules involving in the conventional hydrogen bonding network 

within the co-factor binding site, including HOH15, 32, 104, 117 and 132 that are hydrogen 

bonded with the O2N, O1A, O3D, O2A and N3A of NAD respectively. 

There are few differences exist in the position and binding pattern of NAD between the TCL 

and EST ternary complexes. The positions of PA, O5B and C5B are differing at 1.07, 1.95 and 

1.11 Å respectively, while the overall RMSD for NAD is 0.66 Å. Because of this positional 

shift of the NAD, it is unable to make few potential hydrogen bonds with the protein residues 

including Ser18, Thr199 and Ala201 in the EST complex when compared to the TCL complex. 

2.3.4. Triclosan Binding pocket:  

The electron density map clearly revealed the position of the triclosan in the ternary complex 

structure of McFabI (Figure 2.9). Triclosan is surrounded by the hydrophobic side chains of 

Tyr151, Tyr161, Pro196 and Phe208 (Figure 2.7A). The hydroxylchlorophenyl ring of triclosan 

occupied a position that is parallel to the nicotinamide ring of NAD with an interplanar 

stacking distance of 4.04 Å, making a π–π stacking interaction. Notably, the O17 of triclosan 

forms a tight hydrogen bond with OH of Tyr161, which is a highly conserved residue among 

FabI structures from other species. The O17 and O7 of triclosan are also making stable 

hydrogen bonds with the O2D of nicotinamide ribose of the NAD cofactor. 
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Figure 2.9: The electron density map for the ligands in the McFabI-NAD-TCL ternary 

complex structure. The 2|Fo| − |Fc| map of TCL and NAD were contoured at 1.0σ level. TCL 

and NAD are colored by element in magenta and yellow respectively. 

2.3.5. Estradiol binding site:  

We have obtained a partial density for the ligand EST, with the C ring having poor electron 

density (Figure 2.10). Most of the interactions that EST is making with the surrounding protein 

residues are hydrophobic in nature, while the O3 and O17 hydroxyl groups of EST are making 

strong hydrogen bonding. O3 is making 2.84 and 3.11 Å hydrogen bonds with SD of Met211 

and peptidyl oxygen of Pro159 respectively, while O17 of D ring is making a 3.29 Å H-bond 

with the peptidyl oxygen of Gly159. The A ring of EST is making Π-Π T-shaped interactions 

with the side chain aromatic rings of Tyr161 and Phe208, while it is making the Π-alkyl 

interactions with the side chain of Met211. The B ring of EST is making Π-alkyl interactions 

with the side chains of Tyr151, Tyr161 and Phe208, while the C ring is making similar 

interactions with Tyr161. 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 2.10: The electron density map for the ligands in the McFabI-NAD-EST ternary 

complex structure. The 2|Fo| − |Fc| map of EST and NAD were contoured at 0.8σ level. EST 

and NAD are colored by element in cyan and yellow respectively. 

2.3.6. Oligomer interface analysis:  

The monomer interfaces and tetramer interfaces are analysed, using the PISA server, for the 

residues participating in the oligomer formation and its stability. There are 22 residues are 

participating in the A:B and C:D monomer-monomer interface interactions, while 10 residues 

are participating in the A:D and B:C dimer-dimer interfaces and 7 residues in the A:C and B:D 

tetramer interfaces (Table 2.3). The five residues that are involving in strong monomer-

monomer interface interactions include Asp67, Asp107, Arg114, Asp122 and Arg136, which 

are making strong hydrogen bonds and salt bridge interactions as well. The tetramer interfaces 

are stabilized mainly by the C-terminal residues including Thr258, Ala260, Ile261, Ile265 and 

Met266. The surface area of each of the monomers was calculated to be ~13000 Å
2
. The A:B or 

C:D monomer interface area was estimated as ~1650 Å
2
, while the A:D or B:C dimer interface 

area was calculated at ~1300 Å
2
 and the A:C or B:D tetramer interface was ~900 Å

2
. 
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Table 2.3: Protein residues involving in the McFabI protein interface interactions. The residues 

are listed according to the surface and the type of interactions they are involving in.  

Residues participating in H-bonds Residues participating 

in salt bridges 

A:B interface and 

C:D interface 

A:D interface and 

B:C interface 

A:C interface and 

B:D interface 

A:B interface and 

C:D interface 

Val64 

Gly65 

Asp67 

Asp107 

Phe108 

Thr109 

Gln110 

Thr112 

Arg114 

His121 

Asp122 

Tyr126 

Lys133 

Arg136 

Gly153 

Ser154 

Ser156 

Leu158 

Ser170 

Arg176 

Tyr177 

Ser181 

Gly184 

Pro220 

Arg223 

Glu229 

Ser243 

Gly244 

Glu248 

Phe251 

Asp253 

Ala254 

Val157 

Arg210 

Thr258 

Ala260 

Ile261 

Ile265 

Met266 

Asp67 

Asp107 

Arg114 

Asp122 

Arg136 

 

2.3.7. Comparison of FabI structures from different bacterial species:  

Structural comparison of McFabI with the FabI crystal structures reported from several 

bacterial species revealed that the monomer structures from all these FabI structures are almost 

similar, with root-mean-square deviations (RMSD) ranging from 0.8 to 2.0 Å for the main 

chain atoms (Figure 2.11). Comparison of the active site architecure indicates that the McFabI 

TCL ternary complex structure adopts a closed lid conformation of its active site upon ligand 

binding. It revealed the structural conservation of the catalytic residues Tyr161 and Lys168 and 

also the cofactor binding motif, which participate in the stabilization of protein-substarte and 

protein-cofactor interactions. The contacts that O17 of triclosan making with the O2D of NAD 

cofactor, OH of Tyr161 alcohol and NZ of Lys168 base at 2.5, 2.5 and 4.4 Å respectively in the 

McFabI active site, are similar to those it is making in the active sites of ENR enzymes from 

other species (913), indicating the similar fashion of tight binding of TCL and its recognition 

mechanism by the protein and cofactor residues (figure 2.17). It is also observed that there is a 



 

 

5-amino acid long insertion (83V-87K) in the sequence of McFabI in comparison to ENR 

enzymes from other species, except for the InhA from M. tuberculosis which has a 3-aa long 

insertion at the corresponding position. It forms part of the loop 7 (L7: 82G-90D) between helix 

3 (H3: 67D-81W) and β-sheet 4 (BS4: 91G-94H), and present at the surface of the monomer 

making hydrogen bond contacts at the tetramer-tetramer interface. The residue Gly84 of this 

insertion from one of the monomers of a tetramer makes a 3.1 Å hydrogen bond with Gly204 of 

one of the monomers of the neighbour tetramer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Superimposition of FabI-NAD-TCL ternary complex structures from different 

bacterial species. (A) NAD, TCL and SBL are shown superimposed. NAD and TCL are shown 

with stick representation, and the SBL in line representation, while rest of the protein in cartoon 

representation. (B) Active site residues are superimposed along with the ligands NAD and 

TCL.  
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Variations in the SBL conformation in FabI structures: 

The SBL obtained in the TCL ternary complex of McFabI is of typical closed conformation in 

comparison to many similar complex structures from other bacteria, while the SBL observed in 

the EST complex structure adopted a conformation which is different and distant in position at 

an RMSD of 6.8 Å from the closed conformation of the TCL ternary complexes and 8.4 Å from 

the open conformation reported in few FabI structures, including 1ENO, 1ENP, 1D7O and 

5YCV (Figure 2.12; Table 2.4). So the SBL obtained in the EST complex is observed as an 

intermediary conformation, which is similar to few FabI structures including 5TRT, 3GAF and 

3K2E (Table 2.5). This intermediary conformation of SBL in EST complex is in acceptable 

agreement to the shifted positions of the cofactor NAD and the ligand EST, and their 

interaction pattern within the active site. This difference in the conformation of the SBL 

between TCL and EST ternary complexes may be due to the mechanism of enzyme inhibition 

or may also be resulted from crystallization conditions. The differences in structural ordering 

and conformation of SBL were addressed by similar explanations in case of the FabI structures 

from other species (195, 913). 

Table 2.4: The conformational differences in the catalytically essential structural loops among 

the McFabI structures. CBL: cofactor binding loop, SBL: substrate binding loop. 

 

 

 

 

 

 

 

 

Structural 

element 

Structure 1 Structure 2 Cα RMSD 

(Å) 

CBL Apo McFabI McFabI-NAD-TCL 4.2 

CBL Apo McFabI McFabI-NAD-EST 4.2 

CBL McFabI-NAD-TCL McFabI-NAD-EST 0.43 

SBL McFabI-NAD-TCL McFabI-NAD-EST 6.8 

SBL McFabI-NAD-TCL 1ENO, 1ENP, 1D7O, 5YCV 13.6 

SBL McFabI-NAD-EST 1ENO, 1ENP, 1D7O, 5YCV 8.4 

NAD McFabI-NAD-TCL McFabI-NAD-EST 0.66 



 

 

 

 

 

 

 

 

 

Figure 2.12: Superimposition of the SBL among the FabI structures. The SBL from McFabI-

NAD-TCL and McFabI-NAD-EST ternary complex structures, and BnFabI are colored in cyan, 

green and yellow respectively indicating the closed, and are indicating the intermediary and 

open conformational states of SBL respectively. 

Table 2.5: The structural conformation of substrate binding loop of FabI proteins from 

different pathogenic bacteria. 

Structure Organism Molecule Substrate binding loop 

Structure conformation 

 M. catarrhalis Apo Absent   

3EK2 B. pseudomallei Apo Absent  

3GRK B. melitensis Apo Absent  

2YW9 (A-G) T. thermophiles Apo Absent  

1ULU T. thermophiles Apo Absent  

5CFZ E. coli Apo Absent  

4NQZ P. aeruginosa Apo Absent  

5YCV (A & C) B. anthracis Apo Loop  Open (wider) 

3K2E (A) A. phagocytophil Apo Loop Open 

3OIC (D) B. subtilis Apo Loop Open 

5I7E  B. pseudomallei Apo Loop Intermediary  

3GAF B. melitensis Apo α-helical Open 

4NK4 C. liberibacter Apo α-helical  Intermediary 

5TRT (B-D) B. pseudomallei NAD Absent  

2JJY F. tularensis NAD Absent  

2YW9 (H) T. thermophiles NAP Absent  

1DFI E. coli NAD Absent  

5TRT (A) B. pseudomallei NAD α-helical Open  

5KOI  B. melitensis  NAD α-helical  Closed  

4ZJU  A. baumannii  NAD α-helical Closed 



83 

 

1ENO B. napus NAD Loop  Open (wider) 

1ENP B. napus NAD Loop Open (wider) 

 M. catarrhalis NAD-TCL α-helical Closed 

5IFL (and 8) B. pseudomallei NAD-TCL α-helical Closed 

2PD3 H. pylori NAD-TCL α-helical Closed 

1QSG (and 1) E. coli NAD-TCL α-helical Closed 

3PJD (and 2) E. coli NAD-TCL α-helical Closed 

4NR0 P. aeruginosa NAD-TCL α-helical Closed 

3NRC F. tularensis NAD-TCL α-helical Closed 

4M89 N. meningitidis NAD-TCL α-helical Closed 

2O2Y P. falciparum NAD-TCL α-helical 

(res.mis) 

Closed 

3OID (FabL) B. subtilis NDP-TCL α-helical Closed 

3OIF (A) B. subtilis NAD-TCL Loop Closed 

3OIF (D) B. subtilis NAD-TCL Loop 

(res.mis) 

Closed 

1D7O B. napus NAD-TCL Loop Open (wider) 

 M. catarrhalis NAD-EST α-helical Open 

4RLH B. pseudomallei AFN1252 Absent   

4JQC E. coli NAD-AFN1252 α-helical Closed 

4Q9N C. trachomatis NAD-AFN1252 α-helical Closed 

5CG1 E. coli NAD-BBN Absent  

5CG2 E. coli NAD-CJ3 Absent  

4CV2 E. coli NAI-CG400549 Absent  

4CV3 E. coli NAI-PT166 Absent  

1DFG E. coli NAD-NDT Loop Intermediary  

1DFH E. coli NAD-TDB Loop Intermediary  

4BKU B. pseudomallei NAI-PT155 Loop Intermediary  

3OIG B. subtilis NAD-INH α-helical Closed 

3OJF B. cereus NDP-IMJ α-helical Closed 

1CWU B. napus NAD-TDB α-helical Closed 

 

2.3.8. Comparison of McFabI structures and sequences with rest of the ENR isoforms 

FabK, FabL, and FabV from different bacterial species:  

All of the ENR isoforms including FabI, FabL and FabV, along with McFabI are sharing the 

highly conserved catalytic residues Tyr161 and Lys168 (McFabI numbering) in the identical 

positions, which are also conserved structurally and funactionally, except for the FabK isoform 

which is a flavoprotein belonging to AKR superfamily (Figure 2.13). The CA atoms of TCL 

and EST ternary complex structures of McFabI are superimposing at 1.1 to 2.2 Å and 1.6 to 2.6 



 

 

Å RMSDs respectively, with overall structures of FabL isoforms. The better superposition of 

TCL complex is due to similarities in the SBL conformation with that of FabL structures. The 

CA atoms of TCL and EST ternary complex structures of McFabI are superimposing at 3.9 to 

4.8 Å RMSDs with the dinucleotide binding domains of FabV isoforms. The McFabI structures 

are differing greatly from the FabK isoforms due to differences in their cofactor preferences 

and catalytic mechanisms, where FabK is a flavoprotein containing a flavor-mononucleotide 

binding site which horbors the cofactor FMN while the FabI isoform is a non-favoprotein 

which contains a dinucleotide binding site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Alignment of the McFabI amino acid sequence with that of all different ENR 

isoforms, FabI, FabK, FabL and FabV, along with FabG. The color code of the residues is same 
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as explained in the figure 8. The conserved catalytic residues are indicated by blue colored 

solid arrows. 

 

2.3.9. Comparison with BKR (FabG) enzymes and other oxidoreductases having 

significant similarity with McFabI structures:  

A DALI search of McFabI final model resulted in several matches with significant Z-score 

values of more than 41 among which the ENR-NAD+-TCL ternary complex from 

Pseudomonas aeroginosa (PDB ID: 4NR0) is topping the list. This search revealed that several 

members from SDR superfamily are showing very good structural similarity with Z-scores 

around 30 and RMSD around 2 Å, which also include the human 17-β hydroxysteroid 

dehydrogenase 14 (PDB ID: 5EN4 and 5JS6) and estradiol 17-β dehydrogenase 8 (PDB ID: 

4CQL) (figure 2.14). 

The TCL and EST ternary complex structures of McFabI are superimposing very well with the 

dinculeotide binding domains of the FabG (BKR) structures reported from other bacterial 

species. They are also superimposing well at 2.3, 2.4 and 3.0 Å RMSDs respectively, with the 

overall structures of the human 17-β hydroxysteroid dehydrogenase isoforms 14, 8 and 10. The 

amino acid sequences from all these proteins were compared and analysed for their conserved 

structural and functional aspects (figure 2.15). 

Figure 2.14: DALI database search for the distant structural homologs of McFabI protein. The 

homologs of our interest are highlighted in yellow color.  

 



 

 

 

 

 

 

 

 

 

 

Figure 2.15: Alignment of the sequences of the ENR isoforms belonging to the SDR 

superfamily including FabI, FabL and FabV, with sequences of other oxidoreductase enzymes 

including FabG enzymes and 17-β HSD isoforms. Colour coding of the residues is same as 

explained in the figure 8. The catalytic residues conserved in these sequences are indicated by 

blue coloured solid arrows. 

2.3.10. Substrate and inhibitor recognition by McFabI enzyme: 

The mechanisms of substrate and inhibitor recoginition by McFabI enzyme are similar to that 

of FabI enzymes from other bacterial species. The substrate crotonyl coenzyme A (CCA) was 

docked in the active site of McFabI and analysed for its contacts with the protein residues and 

recognition mechanism. The C2 and O17 atoms of triclosan are contacting the C4N and side 

chain OH groups of NAD cofactor and the enzyme‘s Tyr161 catalytic residue respectively in 

the similar fashion of the C3 and the side chain carbonyl oxygen atoms of CCA (figure 2.16). 

In presence of both TCL and CCA, the NZ atom of Lys168 catalytic residue is making strong 

hydrogen bonds with the O2D and O3D atoms of the nicotinamide ribose of the NAD cofactor. 

Hence the mechanism of recognition and binding is similar for the substrate CCA and the 

inhibitor TCL. 
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Figure 2.16: Recognition mechanism of the substrate crotonyl CoA (CCA) and the inhibitor 

triclosan (TCL). (A) All the atoms of the substrate CCA, cofactor NAD and the catalytic 

residues Y161 and K168 are labeled. CCA, NAD and catalytic residues are colored cyan, 

yellow and light blue respectively. (B) Atoms from the inhibitor TCL, cofactor NAD and the 

catalytic residues Y161 and K168 are labeled. TCL, NAD and catalytic residues are colored 

magenta, yellow and green respectively. 

The different substrate binding loop conformations observed in the McFabI-NAD-TCL and 

McFabI-NAD-EST ternary complexes maybe correspond to the SBL movements during the 



 

 

substrate or inhibitor binding. The SBL may attain closed conformation upon the tight binding 

of the substrate or/and inhibitor, in presence of the cofactor NAD, while an intermediary 

conformation when the substrate or inhibitor bound transiently/loosely during their 

travelling/approach towards the catalytic residues in the active site (figure 2.17). This 

hypothesis is in support of the fact that we observed the intact density for the tightly bound 

triclosan within the McFabI active site with the closed conformation of the SBL, while partial 

density is observed for the loosely and transiently bound estradiol within the active site with an 

intermediary conformation of the SBL. In the absence of substrate or/and inhibitor binding, the 

SBL remains flexible/disordered.  

 

 

 

 

 

 

 

 

Figure 2.17: The SBL movements and conformations during the binding of substrate. The SBL 

movement is shown by blue colored solid right arrow and the corresponding movement in the 

substrate CCA is shown by the black colored solid curved down arrow. 

2.3.18. Pharmacophore modeling, virtual screening and molecular docking:  

RLPG protocol generated 10 pharmacophore models by using the defined strategies and 

features of all these models are listed in the Table 2.6. Because of its high selectivity score, 

model no1 afn_01.chm is used for screening the L1300-Selleck-FDA-Approved-Drug-Library 

and obtained 21 compounds with a fit value more than one. All these compounds are showing 

good binding scores when docked in the active site of the enzyme using AutoDock Vina and 

estradiol cypionate, the commercially available drug form of the major female sex hormone 

17β-estradiol (E2), is found binding to McFabI with highest binding energy (Table 2.7). 
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Table 2.6: The pharmacophore models, with their selectivity score, that were generated during 

pharmacophore modeling. 

 

 

 

 

 

 

 

 

 

Table 2.7: Docking scores of the top hit compounds obtained from the virtual screening. 

S.No.          Ligand energy 

1.  Estradiol cypionate -9.9 

2.  Alibendol -6.7 

3.  Azactam -7.3 

4.  Bufexamac -6.9 

5.  butylparaben -6.8 

6.  caverject -7.6 

7.  Clorsulon -6.8 

8.  Compound 22 -7.4 

9.  Depocyt -6.0 

10.  Doxrcalciferol -8.6 

11.  Ezetimibe -8.2 

12.  Furosemide -7.6 

13.  Lenalidomide -7.8 

14.  Levobetaxolol -7.2 

15.  Lm-3572 -7.0 

Pharmacophore No. of features Feature set Selectivity Score 

afn_01.chm 6 AADHHH 10.65305 

afn_02.chm 6 AADHHR 10.65305 

afn_03.chm 5 ADHHH 9.13825 

afn_04.chm 5 ADHHR 9.13825 

afn_05.chm 5 ADHHH 9.13825 

afn_06.chm 5 ADHHR 9.13825 

afn_07.chm 5 AADHH 9.13825 

afn_08.chm 5 AADHH 9.13825 

afn_09.chm 5 AADHR 9.13825 

afn_10.chm 5 AADHR 9.13825 



 

 

16.  L-thyroxine -6.1 

17.  Nafamostat -9.7 

18.  Nelarabine -7.0 

19.  Nimesulide -7.0 

20.  Pci-24781 -7.3 

21.  Silibinin -8.3 

22.  Sulisobenzone -7.7 

23.  Enteretinib -10.1 

24.  Nateglinide -8.4 

25.  Cytarabine -6.0 

26.  Tazobactam -6.7 

27.  Afn1252 -8.5 

 

2.3.12. McFabI enzyme activity and inhibition studies:  

McFabI is catalytically active in the presence of the substrate crotonyl CoA with KM value of 

358 μM, Vmax of 106.4 μM.min
-1

 and Kcat of 0.36 S
-1

. The corresponding kinetics data were 

shown in the form of double reciprocal plots (Lineweaver-Burk plots) in figure 2.18. These 

kinetic parameters are in the ranges comparable to those of FabI enzymes from other species. 

Triclosan is inhibiting the McFabI catalytic activity with an inhibition constant (Ki) of 31 nM 

in an uncompetitive fashion (Figure 2.18 A and B). While, we observed upto 70.5% of enzyme 

inhibition in presence of 100 μM estradiol concentration and enzyme inhibition experiments 

couldn‘t be possible above this concentration due to limitations of the compound solubility. 

With this data it is calculated that estradiol may be inhibiting the McFabI catalytic activity with 

an inhibition constant (Ki) 0f 38.1 μM in an uncompetitive fashion (Figure 2.18 C and D). TCS 

and E2 are behaving as uncompetitive inhibitors with respect to the substrate CCA, indicating 

that they are binding to the enzyme via the conformationally altered enzyme-cofactor (McFabI-

NAD) complex, rather than directly to the enzyme alone. 
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Figure 2.18: McFabI enzyme activity assay and the mechanism of McFabI inhibition by 

triclosan and estradiol compounds. (A) and (C) Lineweaver-Burk plots, the double reciprocal 

plots, representing the kinetic data showing the uncompetitive inhibition of McFabI binding to 

crotonyl coenzyme A by triclosan and estradiol respectively. The Michaelis-Menten constant 

(Km) and maximum velocity (Vmax) were calculated from the LB plot obtained for the 

enzyme kinetic data collected in the absence of the inhibitor (I0). (B) and (D) The secondary 

plots of the Y-intercept values of the lines from the (A) and (C) plots versus the inhibitor 

concentrations of TCL and EST respectively. The corresponding inhibition constant (Ki) values 

for both the inhibitors were calculated from these secondary plots.  

2.3.13. Antimicrobial activities of the inhibitors:  

The triclosan compound is inhibiting the growth of M. catarrhalis at a minimum inhibitory 

value of ≤0.5 μg/mL (1.7 μM), while estradiol is observed to be exhibiting antimicrobial 

actions by inhibiting 60% of the pathogen growth at ~27 μg/mL (100 μM) concentration  

(Table 2.8). Because of the solubility limitations, we couldn‘t able to use higher concentrations 

of the estradiol compound to find its MIC at which it can inhibit complete growth of the 

pathogen. 

 



 

 

Table 2.8: The inhibitory properties of triclosan and estradiol. 

Inhibitor  Ki (McFabI) MIC (M. catarrhalis) 

Triclosan  31 nM ≤0.5 μg/mL (1.7 μM) 

Estradiol  38.1 μM ~27 μg/mL (100 μM) [inhibits 60% 

of the pathogen growth]* 

2.3.14. Estradiol-McFabI interaction studies by SPR and ITC:  

In the case of estradiol, the binding kinetics data were fit to 1:1 binding model with a χ
2
 value 

of 0.04 RU
2
 and U-value of 9, indicating that the experimental data fit with high confidence 

and the rate constants can be uniquely determined. The ka and kd kinetic constant values 

obtained for the McFabI-EST interactions are 9035 M
-1

S
-1

 and 0.0045 S
-1

 respectively, while 

the affinity constant kD observed for this interaction is 0.5 μM from the binding kinetics 

analysis, while it is 5 μM from the affinity fit analysis (Figure 2.19). All the kinetic parameters 

analysed are given in table 2.9. The kD value obtained for the binding interaction of triclosan to 

McFabI is 4 nM. 
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Figure 2.19: Binding studies of McFabI to 17β-estradiol by SPR. (A) Kinetics analysis of 17β-

estradiol binding to McFabI. The binding kinetics data were fitted to 1:1 binding model and the 

corresponding sensograms, the plots of binding response (RU) versus time (S), are depicted 

here. The processed sensograms were color labeled according to the analyte concentration. (B) 

The binding kinetics data processed by affinity evaluation. Here in this case, the response (RU) 

was plotted against the analyte molar concentration (M) in order to find whether the binding 

interaction reached to saturation. The X-intercept of the vertical line intersecting the sensogram 

indicates the analyte concentration corresponding to its affinity constant (kD) value for the 

ligand. 

 

Table 2.9. The report point table explaining all the kinetic parameters corresponding to the 1:1 

binding model analysis of the McFabI to 17β-estradiol binding kinetics, studied by SPR. 

 

The interactions of McFabI with 17β-estradiol and triclosan are also analysed by isothermal 

titration calorimetry. The data were analysed by 1:1 single binding sites model and the 

corresponding isothermograms were shown in the figure 2.20. The thermodynamic properties 

of these interactions were also analysed, interpreted and found that the stoichiometric ratio (N) 

of triclosan and estradiol binding to McFabI is 1. The isothermograms obtained for these 

interactions haven‘t reached saturation and as a result the kD values obtained for the 

interactions of triclosan and estradiol with McFabI are 200 µM and 800 µM respectively, and 

further optimization needed. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20: The McFabI-inhibitor interactions studied by ITC. (A) and (B) The 

isothermograms shown for the interactions of McFabI with EST and TCL respectively. The top 

panels in both (A) and (B) represent the raw data showing the heat changes (μcal/sec) during 

the sequential injections with time (min), while the bottom panels are the plots of the heat 

evolved (kcal/mol of injectant) upon binding of the injectant to the macromolecule within the 

cell. 

2.3.15. DSC analysis of the thermal properties of McFabI and its interactions with 

estradiol and triclosan: 

The McFabI protein was subjected to analysis by differential scanning calorimetry under 

different conditions including apo protein, the protein incubated with the cofactor NAD alone 

(McFabI-NAD binary complex), and the protein incubated with cofactor and inhibitor together 

(McFabI-NAD-TCL and McFabI-NAD-EST ternary complexes). These results revealed that the 

apo protein is exhibiting a Tm value of 52°C, and it is not affected by the binding of the 

cofactor alone as we obtained the same Tm value for the McFabI-NAD binary complex also 

(Figure 2.21). But the binding of the both inhibitors equally affected this thermodynamic 

property of the protein as we observed the Tm value of 65.1°C and 65.8°C for the McFabI-

NAD-EST and McFabI-NAD-TCL ternary complexes respectively. The enthalpies of the 

corresponding thermal transitions were also calculated from these data. It can be understood 



95 

 

from these results that the inhibitors EST and TCL are equally stabilizing the thermal 

denaturation properties of the McFabI protein. 

 

 

 

 

 

 

 

 

 

Figure 2.21: The thermal analysis of the McFabI protein and its interactions with the cofactor 

and inhibitors by DSC. (A), (B), (C) and (D) are showing the thermal analyses of the apo 

protein, the McFabI-NAD binary complex), and the McFabI-NAD-TCL and MFabI-NAD-EST 

ternary complexes respectively. The data were processed and plotted the heat capacity (Cp) 

(kcal/mole/°C) of the analyte sample versus the temperature (°C). 

2.3.16. CD and fluorescence spectroscopic studies of the McFabI protein to unravel its 

biochemical attributes: 

The circular dicroism spectroscopy studies were carried using the protocols explained in the 

methods section. The temperature stability of the protein was checked and from the analysis of 

the spectroscopy results, it was found that the protein is starting thermally denaturing at around 

55°C temperature (Figure 2.22A), and it was also supported by the DSC experiments which 

showed the Tm of the apo protein as 52°C (Figure 2.21A). The denaturant resistance of the 

protein was also assessed by analyzing its structural stability in presence of the linear 

concentration gradient of the well-established protein denaturant urea. These results showed 

that the protein is stable upto 2 M urea and thereafter started getting denatured gradually with 

the increasing concentrations of urea (Figure 2.22B). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: The biochemical attributes of McFabI revealed by CD spectroscopy studies. (A). 

Studying the temperature stability of the structural features of the protein. The far UV 

absorption spectrum was collected for the protein within the temperature range of 25°C to 

90°C, at an interval of 5°C. (B). Stability of the protein in presence of the protein denaturant 

urea. The McFabI protein stability was analysed from 0.1 M urea concentration to 10 M. The 

data were processed by Microsoft excel as explained in the methods. 

The fluorescence properties of the McFabI protein were also analysed by fluorescence 

spectroscopy as explained in the methods section. The protein was checked for fluorescence 
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emission at two different excitation wavelengths 280 nm and 295 nm to check its properties 

with respect to all of its intrinsic fluorophores and exclusively tryptophan, respectively. The 

results showed that protein is exhibiting maximum emission wavelength (λmax(Em)) of 341 nm 

and 347 nm when excited at 280 nm and 295 nm respectively (Figure 2.23A and 2.23B). The 

binding of NAD cofactor shifted the λmax(Em) to 345 nm at λEx of 280 nm, but didn‘t influence 

the λmax(Em) of McFabI at λEx of 295 nm, while in the presence of triclosan inhibitor binding, 

McFabI protein is exhibiting λmax(Em) of 345 nm and 364 nm at λEx of 280 nm and 295 nm 

respectively (Figure 2.23C and 2.23D, and Table 2.10). These results are indicating that the 

binding of NAD and triclosan are bringing certain conformational changes within the protein 

structure including the regions containing the intrinsic fluorophores tyrosines and tryptophanes. 

These results are supporting the conformational changes of the CBL, SBLs and ASL and few 

other structural elements, observed in the McFabI-NAD-TCL ternary complex in comparison to 

the apo structure. 

The conformational and structural stability of the McFabI protein were also analysed by using 

its intrinsic fluorescence properties. The fluorescence emission pattern of McFabI was assessed 

in the presence of increasing concentrations of the protein denaturant urea. The results showed 

that the fluorescence intensity is gradually increased with the ΓRFU of 30000, and the 

corresponding λmax(Em) increased from 341 nm to 360 nm, with the increasing urea 

concentration at λEx of 280 nm (Figure 2.24A). The similar results were also observed at λEx of 

295 nm, where the fluorescence intensity is gradually increased with the ΓRFU of 55000, and 

the corresponding λmax(Em) increased from 347 nm to 360 nm, with the increasing urea 

concentration (Figure 2.24B). These results are indicating the gradual denaturation of the 

protein with the increasing denaturant urea concentration, leading to gradual exposure of the 

intrinsic fluorophore amino acid residues. 

Table 2.10. The fluorescence spectral parameters of the McFabI protein in various conditions 

including the presence of ligands and protein denaturing agents. 

Sample  λEx λEm(max) FI (fluorescence 

intensity) 

Shift in 

λEm(max) 

McFabI 280 nm 341 nm - - 

McFabI 295 nm 347 nm - - 

McFabI-NAD 280 nm 345 nm Decreased  Red shift 

McFabI-NAD 295 nm 347 nm Increased  Red shift 



 

 

McFabI-NAD-TCL 280 nm 345 nm Decreased  Red shift 

McFabI-NAD-TCL 295 nm 364 nm Increased  Red shift 

McFabI-urea 280 nm 360 nm Increased Red shift 

McFabI-urea 295 nm 360 nm Increased Red shift 

 

 

Figure 2.23: The intrinsic fluorescence properties of McFabI in its apo, McFabI-NAD binary 

complex and McFabI-NAD-TCL ternary complex forms studied by fluorescence spectroscopy. 

(A) and (B) are the fluorescence emission spectra of apo McFabI protein, in 300-400 nm range, 

at λEx of 280 nm and 295 nm respectively. (C) and (D) are comparatively showing the 

fluorescence emission spectra of the apo protein, the McFabI-NAD binary complex and the 

McFabI-NAD-TCL ternary complex, in 300-400 nm range, at λEx of 280 nm and 295 nm 

respectively. 
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Figure 2.24: The conformational stability analysis of McFabI under urea denaturation 

conditions. The intrinsic fluorescence properties of apo McFabI were studied, by fluorescence 

spectroscopy, in presence of 1-10 M urea concentration. (A) The fluorescence emission 

spectrum of McFabI under increasing concentrations of urea, in 300-400 nm range, at λEx of 

280 nm. (B) The fluorescence emission spectrum under similar conditions at λEx of 295 nm. 

 

 



 

 

 

2.3.17. Native-PAGE analysis of inhibitor binding and protein oligomeric states: 

The McFabI protein, in its apo, McFabI-NAD binary complex and McFabI-NAD-TCL and 

McFabI-NAD-TCL ternary complex forms, was analysed, by the Native-PAGE, for its 

oligomeric status and the influence of the cofactor and inhibitors on it. The results showed that 

the protein predominantly exists in monomer, dimer and tetramer states in its apo form in the 

solution and the binding of the inhibitors in presence of NAD cofactor led to the formation of 

tetramer species in major proportions, which is the biological assembly form of McFabI 

protein, while the cofactor alone didn‘t affect the oligomeric status significantly (Figure 2.25). 

 

 

 

 

 

 

Figure 2.25: The Native-PAGE profile of McFabI protein in its apo, McFabI-NAD binary 

complex and McFabI-NAD-TCL and McFabI-NAD-EST ternary complex forms. Lane 1, 2 and 

3: McFabI incubated with NAD-EST (McFabI-NAD-EST ternary complex form), NAD 

cofactor alone (McFabI-NAD binary complex), and NAD-TCL (McFabI-NAD-TCL ternary 

complex) respectively. Lane 4: Bovine serum albumin (BSA); Lanes 5 and 6 McFabI apo 

protein. 

2.3.18. MD simulations of the McFabI-inhibitor complexes: 

The McFabI apo protein and the McFabI-NAD binary complex structures extracted from the 

McFabI-NAD-TCL ternary complex crystal structure, along with the McFabI-NAD-TCL and 

MFabI-NAD-EST ternary complexes, were subjected to molecular dynamics simulations using 

GROMACS program and the protocols explained in the methods section. The results showed 

that the apo and the McFabI-NAD-TCL and McFabI-NAD-EST ternary complex structures are 

conformationally stable after 15 ns of MD simulation with an RMSD of ~0.35 – 0.4 Å (Figure 

2.26A). The crotonyl coenzyme A (CCA) and estradiol docked in the McFabI and MtbFabI 
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(InhA) active sites, respectively, were also analysed for their conformational stability by MD 

simulations.  

The binding of CCA substrate in the McFabI active site is highly stabilized at 0.4 Å RMSD 

within 15 ns after the simulation start. While the estradiol binding in the InhA active site was 

unstable for longer time and stabilized with ~0.4 – 0.45 Å RMSD at around 25 ns. 

 

Figure 2.26: The MD simulations of the McFabI and InhA protein complexes with triclosan 

and estradiol inhibitors and CCA substrate. (A). The RMSD graphs corresponding to McFabI 

apo protein, and the McFabI-NAD-TCL and McFabI-NAD-EST ternary complex structures are 

shown colored by blue, red and green respectively. (B). and (C). The RMSD graphs of the 

InhA-NAD-EST and McFabI-NAD-CCA ternary complex structures respectively. 

2.4. Discussion 

The McFabI enzyme, the only isoform of ENR from Moraxella catarrhalis (914), was 

characterized, for the first time, biochemically and structurally in our current study. McFabI 

exists in homo-tetramer state in solution as well as in crystal, and this feature is in resemblance 

with many FabI proteins characterized from other bacterial species, except for SaFabI, BcFabI 



 

 

and BaFabI (198-199, 204-205, 207) (Table 2.11). The substrate binding loop (SBL) in the 

TCL ternary complex structure of McFabI is observed as a closed state conformation, as in the 

case of FabI structures characterized from many bacteria except for few (Table 2.5). 

Surprisingly the SBL is observed with an intermediary conformation in the EST ternary 

complex structure when compared with that of the closed and open conformations. This SBL, 

along with substrate binding loop 2 (SBL2) and active site loop (ASL), is found missing or 

highly disordered in case of apo structure and obtaining a stable ordered structure upon 

interaction with the cofactor and inhibitor molecules within the active site of ternary 

complexes. The cofactor binding loop (CBL) is present in all 3 structures, but shifted 

positionally at 4.2 Å RMSD in the two ternary complexes to accommodate and interact with the 

cofactor. 

Table 2.11: The biological assemblies of FabI proteins from different pathogenic bacteria. 

ADBU: author determined biological unit, SDQS: software determined quaternary structure. 

Organism PDB Molecule  Biological assembly Asymmetric 

unit 1 (ADBU) 2 (SDQS) 

M. catarrhalis  Apo  Tetramer  Tetramer Monomer  

M. catarrhalis  NAD-TCL Tetramer  Tetramer Tetramer 

M. catarrhalis  NAD-EST Tetramer  Tetramer Tetramer 

B. cereus 3OJE Apo  Dimer  Dimer Monomer 

B. cereus 3OJF NDP-IMJ Tetramer  Tetramer Tetramer 

B. anthracis 5YCX Apo (His-tag) Dimer  Dimer Monomer 

B. anthracis 5YCV Apo (no-tag) Tetramer  Tetramer Tetramer 

B. anthracis 5YCR NAD  Tetramer Tetramer 

B. anthracis 5YCS NAD-TCL Tetramer  Tetramer Tetramer 

S. aureus 3GNT Apo Tetramer  Dimer Dimer 

S. aureus 3GNS Apo Tetramer  Dimer Monomer 

S. aureus 3GR6 NAP-TCL Tetramer  Tetramer Tetramer 

A. baumannii 4ZJU NAD Tetramer  Tetramer Monomer 

The disordered loops, missing in the apo structure, are found to be stabilized by the interactions 

of many protein residues with the cofactor and inhibitor molecules in both the ternary complex 

structures. The protein residues Ala14-Ile19, which constitute the CBL, and the side chains of 

Ala95, Gly97, Leu149, Tyr151, Glu152, Ala194 and Arg209, the component residues of 
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ASL/SBL2/SBL, are showing significant positional rearrangements and shifts to accommodate 

the entering cofactor and inhibitor molecules into the binding pocket. We have observed that 

the Asn160 of ASL is playing a crucial role in the stabilization of the 3 disordered loops by 

making hydrogen bonding with Gly106 of SBL2 and Lys206 of SBL1, in the case of both 

ternary complex structures. It is making a 3.2 Å hydrogen bond with the peptidyl oxygen of 

Lys206 of SBL, in case of TCL complex which has the closed state conformation of SBL, 

while a 3.9 Å hydrogen bond with the side chain oxygen OG atom of Ser207 of SBL, in case of 

the EST complex which has the intermediary conformation. This residue is conserved among 

many bacterial species and play the similar role (Table 2.12). 

Table 2.12: Protein residues involving in the inter-loop interactions in FabI structures. SBL2: 

substrate binding loop2, CBL: cofactor binding loop, SBL: substrate binding loop. 

Structure Organism SBL2 

range 

ASL 

range 

SBL 

range 

Residues participating in 

inter-loop interactions* 

TCLcomp McFabI 95-115 150-165 195-210 106G, 160N, 206K 

1QSG EcFabI 91-111 145-160 190-205 102G, 155N, 201K 

5IFL BpFabI 91-111 145-160 190-205 102G, 155N, 201K 

4M89 NmFabI 91-111 146-161 191-206 102G, 156N, 202A 

3NRC FtFabI 90-110 145-160 190-205 99L, 155S, 201S 

5TF4 BhFabI 92-112 146-161 191-206 104L, 158N, 204G 

2PD3 HpFabI 91-110 144-159 189-204 100L, 154H, 201D 

3GR6 SaFabI 93-112 146-161 191-206 103R, 156N, 202G 

3OIF BsFabI 94-113 147-162 192-207 105G, 157N, 203S 

4NR0 PaFabI 93-113 148-163 193-208 104G, 158N, 205S 

4ZJU AbFabI 93-113 148-163 193-208 102L, 158N, 205S 

1CWU BnFabI 136-153 187-203 234-249  

The active site architectures of both the ternary complexes are showing significant differences 

with respect to the SBL conformation, NAD position and the interaction pattern of the protein 

residues with the ligand and the cofactor molecules. The SBL, CBL and NAD positions in the 

EST and TCL ternary complexes are differing at 6.8, 0.43 and 0.66 Å RMSD respectively 

(Table 2.4). The SBL conformation of TCL complex is evident and found in most of the FabI 

protein comolexes reported, while that observed in the EST complex is a rare conformation. 

These two conformations of the SBL in McFabI are proving that the enzyme is having an active 



 

 

site with flexible loops surrounding it and can obtain different active site pocket volumes that 

can accommodate ligands of different sizes and shapes. Although EST and TCL are sharing 

few structural similarities, they differ in their size, shape and electrochemical features, which 

might have affected the SBL conformations. 

Structural analysis, comparisons and sequence alignment of McFabI structures with that from 

other bacterial pathogens revealed the conservation of many structural elements including the 

cofactor binding motif and active site motif, that participate in stabilizing the cofactor and 

substrate binding, and many active site elements including the catalytic diad Tyr161 and 

Lys168. The active site architecture of McFabI is sharing considerable similarity with that of 

FabI structures from many pathogenic species. This will make the McFabI structural features to 

be highly helpful in designing novel structure-based antimicrobials with broad-spectrum 

activity. This comparison also revealed a 5-amino acid long insertion (83V-87K) in the 

sequence of McFabI, which make hydrogen bonds at the tetramer-tetramer interface to stabilize 

the protein in solution and helps in its crystal packing process.  

Structural comparisons also revealed the similarity of McFabI with the human hydroxy steroid 

dehydrogenases (HSDs), including 17β-hydroxysteroid dehydrogenase 14 (HSD17B14) and 

estradiol 17β-dehydrogenase 8 (HSD17B8). These oxidoreductases, which belong to the SDR 

superfamily, are sharing ≤24% similarity in their conserved sequence, structural and functional 

features, while differing in their substrate specificity and catalytic mechanism (188, figure 2.14, 

2.15 and 2.16). Substrate preferences vary among these enzymes based on the stereochemistry 

and size of the active site, chemical nature of the bonds they are acting upon and species 

distribution of the enzyme (176, 188, 193). Most of the HSDs are known to exhibit remarkably 

broad substrate specificity; 17β-HSDs type 4, 8, 10, 12 and 14 act on fatty acyl-CoA 

derivatives and type 6, 9 and 15 act on retinoic acid metabolites along with the steroidic 

substrates (915-919). Whereas, the bacterial, fungal and plant ENR enzymes exhibit narrow 

substrate specificity with fatty acyl-CoA derivatives being the only substrates. The human 17β-

HSDs, which belong to the EC 1.1 class oxidoreductases, catalyze the reduction of a keto group 

(C=O), whereas the ENR enzymes, belonging to the EC 1.3 class, do the reduction of a C=C 

double bond conjugated to a keto group. This difference in the chemistry of their reduction 

mechanisms resulted in two significant structural differences between ENRs and HSDs: (i) the 

relative positions of the catalytic residues (Tyr and Lys) are varying in these enzymes, YX6K in 

ENRs and McFabI and YX3K in HSDs and (ii) an approximately 2 Å shift is observed in the 

relative positions of the base tyrosine and cofactor NADH in ENRs and HSDs, as the distance 
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between phenolic oxygen of the base and C4N atom of the cofactor is around 6 Å and 4 Å 

respectively (176, 188). Although type 4, 8, 10, 12 and 14 17β-HSDs are acting on fatty acyl-

CoA derivatives as substrates, their dehydrogenase domains act with high specificity towards 

the β-hydroxy/β-keto groups to only catalyze the reversible conversion of β-ketoacyl-CoA 

derivatives and β-hydroxyacyl-CoA derivatives, i.e. the 2
nd

 and 3
rd

 steps of fatty acid 

elongation cycle and the β-oxidation of fatty aicds respectively (915-919). These differences 

between ENRs and HSDs are supporting the hypothesis that the steroids do not necessarily act 

as substrates for ENRs too, even if they are similar to certain extent (≤24%), and may bind in 

the active site of ENRs to act as inhibitors. 

The sequence and phylogenetic tree analyses are showing that HSDs are exhibiting higher 

sequence, structural and functional similarities with the FabG enzymes (BKRs) than the ENR 

enzymes of SDR family (figure 2.27). The evolutionary relationships of HSDs also showed that 

the 3-hydroxyacyl-CoA dehydrogenase and 3-ketoacyl-ACP reductase (BKR) enzymes, 

catalyzing the 3
rd

 and 2
nd

 steps of β-oxidation of fatty aicds and fatty acid elongation cycle 

respectively, are their deep ancestors (920-921). The ENRs, BKRs (FabG) and the 

dehydrogenase domains of HSDs which are acting on the fatty acyl derivatives as substrates, 

belong to the SDR family. And it‘s a well observed/understood fact that despite their highly 

diverse substrate specificities, the members of SDR family exhibit a close to identical structural 

architectures and a common catalytic mechanism (921-922) and that is how the ENRs and 

HSDs might be sharing few structural and mechanistic features, irrespective of their substrate 

and functional group specificity that they are acting upon. The bacterial HSDs, involving in the 

metabolism of host steroid hormones and steroid metabolites including the steroid antibiotics, 

also showing high similarity with 3-hydroxyacyl-CoA dehydrogenase and 3-ketoacyl-ACP 

reductase (BKR) enzymes of fatty acid degradation and synthesis pathways and mammalian 

HSDs than the ENR enzymes (920-923). While the mammalian HSDs exhibit broad substrate 

specificity towards compounds other than the steroids also, the bacterial HSDs are showing 

limited substrate specificity for steroids only (924-925). These all issues are hinting that 

mammalian and bacterial HSDs are more structural and functional homologues of BKRs than 

to ENRs; and the ENRs, being bacterial proteins, exhibit limited substrate specificity for fatty 

acyl derivatives only. 

The interactions made by 17β-estradiol with the cofactor and residues lining the active site of 

McFabI, are almost similar to that of triclosan (figure 2.7). The few differences between the 

position and binding pattern of EST and TCL within the active site are due to the differences in 



 

 

their size, shape and the electrochemical features which might have also affected the SBL 

conformation and position of the cofactor NAD. Estradiol and triclosan are also sharing 

similarities in binding to estrogen receptors (ER) (857-858, 860-862, 865-866) and HSDs (860, 

867-871), in addition to the bacterial ENR enzymes. 

 

 

 

Figure 2.27: The phylogenetic tree analysis of the protein sequences of FabI, FabK, FabL, 

FabV, FabG, all isoforms of the mammalian 17β-hydroxysteroid dehydrogenases and fungal 

OYE family oxidoreductase enzymes. The tree is generated by using the MEGA7 program.  



107 

 

 

The binding kinetics studies by SPR and ITC revealed that estradiol is exhibiting very high 

binding affinity (0.5-5 μM) towards McFabI. The enzyme activity studies are showing that 

McFabI is able to utilize the crotonyl CoA as substrate, as in the case of ENR enzymes from 

many other bacteria, and the activity is not affected significantly by the presence of N-terminal 

His6-tag. TCL is inhibiting the activity with a ki value of 31 nM, in an uncompetitive fashion, 

in the presence of NAD+, indicating that it is binding to the enzyme-cofactor complex rather 

than the free enzyme. E2 is inhibiting the McFabI activity in vitro with a ki value 38.1 µM. E2 

was reported to be exhibiting direct antimicrobial activities in vitro at concentrations higher 

than its in vivo levels (875), but not at its physiological levels (877). It was also reported that 

several endogenous antimicrobials in the human body are biologically active and exhibit in vivo 

antimicrobial activities, at their physiological concentrations, depending on their local 

environment; and there are several factors in the milieu which determine the biological 

activities of these antimicrobials (856, 874, 876). Hence more precise measurements would be 

required to determine whether E2 exhibits direct antimicrobial activities in vivo at its 

physiological concentrations. 

The direct interactions of human estrogens with the bacterial, yeast and fungal oxidoreductase 

enzymes; other than the HSDs; including the estrogen binding proteins (EBPs) and old yellow 

enzyme (OYE) family proteins, and other proteinaceous molecules were also reported in the 

past (872-874, 879-880, 926). The oxidoreductase activity of these estrogen binding proteins 

from yeasts, fungi and bacteria was also reported to be inhibited by the estrogens (874, 926). 

Inhibition of this oxidoreductase activity of EBPs and OYEs by 17β-estradiol, in case of yeasts 

and fungi, is shown to be possibly a part of the signalling pathway which leads the dimorphic 

conversion of yeast to hyphal/mycelial form or vice versa depending on the surrounding 

hormonal milieu of the host, and thereby modifying their growth, morphogenesis and 

pathogenecity (856, 874, 879, 926). In the case of prokaryotic bacteria also it‘s been shown that 

the direct interactions of host steroid hormones, especially the estrogens, with the bacterial 

enzymes or steroid-binding proteins may affect the growth development and modulate the 

virulence of those pathogenic bacteria (856, 879, 927-928). But the inhibition of FabI by 17β-

estradiol, shown in our current study, is possibly indicating a bacteriostatic mechanism of E2 to 

inhibit the growth of bacteria by inhibiting one of its essential enzymes and proposing a new 

mechanism for the direct antimicrobial actions of E2 in vitro. The comparison of sequences of 



 

 

EBPs from bacteria and yeasts with ENRs, BKRs and HSDs showed that they are sharing no 

similarity with any of the ENR/BKR/HSD enzymes (figure 2.27). 

The estrogen hormones were shown to exhibit concentration specific bi-functionality; they 

enhance the microbial growth and pathogenicity at one end and inhibit the microbial growth by 

direct or indirect mechanisms on the other end (879). In our current study also we observed the 

direct in vitro antimicrobial actions of E2 against M. Catarrhalis (table 2.8). The inhibition of 

the growth of several bacterial and fungal pathogens in vitro by estrogens was shown through 

several direct and indirect mechanisms, other than those involving direct inhibition of 

pathogen‘s essential enzymes (879-880, 867). E2 was proved to exhibit its in vivo antimicrobial 

and immune activities through an indirect mechanism by regulating the host mucosal and non-

mucosal immune responses (876-878), while there is no direct mechanism known. These 

antimicrobial roles of E2 are also known to majorly contributing to the well established fact 

that human females are immune-privileged and more resistant to the microbial infections than 

their male counterparts. The root causes, other than the differences in the sex hormonal levels 

and their regulation of the host immune responses and influence on the host responses to 

vaccination, for sex differences in the resistance to infectious diseases remain to be uncovered 

till date. Our current results are suggesting that the direct antimicrobial actions of 17β-estradiol 

in vitro by inhibiting certain metabolically essential enzymes in bacteria and fungi, maybe 

pointing to a new mechanism for the direct antimicrobial actions and microbial inhibition by E2 

in vivo which may also contribute to the sex differences in the resistance to microbial infections 

in humans.  

Estradiol was shown to down-regulate a significant portion of genes involved in the fatty acid 

biosynthesis and nucleotide metabolism, as part of pathogen‘s survival responses, through 

genomic pathways (879, 927). But in our current study, we are showing that estradiol is 

inhibiting the bacterial ENR enzyme as part of host defence mechanisms, in a non-genomic 

style. Till date 3 types of steroid-protein interactions were shown to occur in the biological 

systems and now we may observe a 4
th

 type of interaction in which the host steroids bind to 

bacterial or fungal essential enzymes to inhibit their catalytic activity followed by the inhibition 

of microbial growth. The interactions of host steroids with the bacterial ENR enzymes may be 

of 4
th

 type interactions. 

The biochemical studies, by DSC and CD spectroscopy, on McFabI protein revealed that the 

protein is structurally stable upto 55°C temperature, with a Tm value of 52°C which is 
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extended upto 65°C in presence of the inhibitors triclosan and estradiol. The CD and 

fluorescence spectroscopy studies also showed that the protein can withstand upto 2 M urea 

concentration and maintain its structural integrity. The crystal structures, and molecular 

docking and subsequent MD simulation studies also revealed that the complexes of McFabI and 

InhA with triclosan and estradiol are also conformationally stable with an RMSD of 0.35 – 0.4 

Å. The binding of CCA in the active site of McFabI is conformationally stable as shown by the 

docking and MD simulation studies. The native PAGE studies showed that the McFabI protein 

exists in 3 different oligomeric states, including monomer, dimer and tetramer, in its native 

state in the solution. It was also revealed by these studies that the binding of inhibitors triclosan 

and estradiol further promotes the tetramer formation and hence in presence of these inhibitors, 

maximum proportion of McFabI exists in tetrameric form. 
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CHAPTER 3 

Studies on OXA-58 from Acinetobacter baumannii to unfold the key structural elements 

essential for β-lactam substrate recognition and enzyme activity and helpful in the 

structure-based inhibitor design 

 

3.1. Introduction: 

 Acinetobacter baumannii is an opportunistic nosocomial pathogen in humans and causes 

several bloodstream and ventilator-associated infections in the health-care facilities. It‘s one of 

the major causes of the hospital-derived nosocomial infections in humans, especially the people 

with compromised immune systems. While other species of the genus Acinetobacter are often 

found in soil samples (leading to the common misconception that A. baumannii is a soil 

organism and ubiquitous organism, too), it is almost exclusively isolated from hospital 

environments. The potential of this organism to respond swiftly to changes in selective 

environmental pressure (selective antibiotic pressure, for example) contributes to the rapid 

global emergence of A. baumannii strains resistant to all β-lactams, including carbapenems. It 

also has a potential to upregulate its innate resistance mechanisms and potential of acquisition 

of foreign determinants. The genetic complexity, genetic agility and broad resistance 

armamentarium of A. baumannii and its wide array of drug resistance determinants and its 

ability to effectively regulate these according to selective environmental pressures clearly 

demand respect. Much of the success of A. baumannii to be multidrug-resistant can be directly 

attributed to its plastic genome, which rapidly mutates when faced with adversity and stress. 

The WHO has included carbapenem-resistant A. baumannii in the critical group in the list of 

bacteria that pose the greatest threat to human health, prioritizing research and development 

efforts for new antimicrobial treatments. The molecular features that promote environmental 

persistence, including desiccation resistance, biofilm formation and motility, and the most 

recently identified virulence factors, such as secretion systems, surface glycoconjugates and 

micronutrient acquisition systems collectively enable these pathogens to successfully infect 

their hosts. 

The most prevalent mechanism of β-lactam resistance in A. baumannii is enzymatic 

degradation by β-lactamases. However, in keeping with the complex nature of this organism, 

multiple mechanisms often work in concert to produce the same phenotype. The nonenzymatic 

mechanisms of β-Lactam resistance, including carbapenem resistance, include changes in outer 



 

 

membrane proteins (OMPs), multidrug efflux pumps, and alterations in the affinity or 

expression of penicillin-binding proteins (PBPs). The resistance mechanisms toward other 

classes of antibiotics such as aminoglycosides, quinolones, tetracyclines and glycylcyclines, 

polymyxins and other antibiotics, include the aminoglycoside-modifying enzymes, ribosomal 

(16S rRNA) methylation, tetracycline-specific efflux, modification to target binding sites, 

ribosomal protection and multidrug efflux. 

The emergence of MDR A. baumannii emphasizes the urgency of developing alternative 

treatment strategies. These anti-virulence strategies include phage-therapy, metabolic 

interference therapy, antimicrobial peptide therapy and vaccine strategies. Despite the absence 

of new therapeutic options for A. baumannii in clinical studies, the activity in the preclinical 

arena is notable. Such agents can be divided into those that inhibit a currently recognized 

mechanism of resistance or those that have a novel mechanism of action. With regard to the 

former, attention has been directed toward new β-lactamase inhibitors, especially those 

targeting the Ambler class D OXA type carbapenemases (serine oxacillinases) (CHDLs) and 

Ambler class B MBLs, as well as toward inhibitors of aminoglycoside-modifying enzymes and 

multidrug efflux pumps.  

Carbapenem-hydrolyzing class D β-lactamases (CHDLs) are a subgroup of class D β-

lactamases, which are the enzymes that hydrolyze carbapenem class of β-lactams. There are 

four gene clusters encoding the CHDLs reported, including the blaOXA-23 gene cluster, the 

blaOXA-24-like gene cluster and the blaOXA-58-like gene cluster, which are acquired or native to 

A. baumannii, and the blaOXA-51-like gene cluster which naturally occurs in A. baumannii. 

3.2. Materials and Methods: 

3.2.1. Materials 

Many of the chemicals used in this study were purchased either from Sigma, Merck-millipore, 

Fluka, Himedia, Bio-Rad or SRL. The bacterial growth media were purchased either from 

Merck-millipore or Himedia laboratories, while the platic ware and glass ware from Tarsons 

and Borosil respectively. The chromatography media and columns were procured from GE 

Healthcare or Bio-Rad. E. coli DH5α and BL21 (DE3) strains were purchased from Novagen 

(USA). The pre-optimized crystallization screens, including Crystal Screen, PEG/Ion, Index, 

Salt and Crystal Screen Cryo were purchased from Hampton Research, USA; while JCSG-plus, 

MIDASplus, Morpheus and PACT premier were from Molecular Dimensions, UK. The 

pET24d(+)::blaOXA-58SP expression vector containing blaOXA-58 gene from Acinetobacter 
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baumannii was provided by Dr. D. Golemi-Kotra, York University, Canada. We have been also 

provided with six different pET24d(+)::blaOXA-58SP expression vectors containing the 

blaOXA-58 genes with point mutations K86A, M225A, F113Y, F114A, F113A, M225T and 

F114I individually. She also provided the compounds 6α-hydroxymethyl penicillin (6αHMP) 

or 6α-hydroxyoctyl penicillin (6αHOP) for crystallization studies. 

3.2.2. Methods:  

3.2.2.1. Transformation of the pET24d(+)::blaOXA-58SP expression vectors: 

The recombinant pET24d(+)::blaOXA-58SP plasmid expression vector containing the coding 

region, with the truncated N-terminal signal peptide, of the wildtype blaOXA-58 gene from 

Acinetobacter baumannii was transformed into E. coli DH5α and BL21 DE3 cells, the cloning 

and expression hosts respectively. The transformation was carried out by CaCl2 chemical-heat 

shock transformation method, using the protocol explained in the previous chapter. The 

pET24d(+)::blaOXA-58SP expression vectors containing the blaOXA-58 genes with point 

mutations K86A, M225A, F113Y, F114A, F113A, M225T and F114I individually, were also 

transformed into E. coli DH5α and BL21 DE3 cells in the similar way. 

3.2.2.2. Protein over-expression: 

Single bacterial colony from each of the recombinant pET24d(+)::blaOXA-58SP plasmid-

transformed BL21 DE3 agar plates was inoculated separately into autoclaved LB broth tubes, 

and IPTG induction and protein over-expression checking were carried out using the same 

protocol explained in the previous chapter. 

3.2.2.3. Purification of OXA-58 wild-type and its point mutation variant proteins: 

The wild-type and all its point mutation variants were purified using the same protocol as 

follows. After confirming the protein over-expression from all the recombinant 

pET24d(+)::blaOXA-58SP plasmid-transformed BL21 DE3 cells, the primary cultures were 

used to inoculate large volumes of TB broth. 1 L of TB broth was added with 50 μg/mL 

kanamycin antibiotic and 10 mL of overnight grown primary inoculums, followed by 

incubation at 37°C and 200 rpm speed until its OD600 reaches to 0.6. The culture was induced 

for protein over-expression using 0.4 mM IPTG, followed by incubation at 18°C and 200 rpm 

for around 15-20 hrs. The cells from the incubated culture were harvested by centrifugation 

6000 rpm and 4°C for 10 mins.  



 

 

All the protein purification steps were carried out at 4°C, unless otherwise mentioned. The cell 

pellet was re-suspended in 30 ml of suspension buffer (10 mM potassium phosphate buffer, pH 

6.5) and cell disruption was carried out at 20 KPSI working pressure using Constant systems 

LTD made one shot cell disruptor, with 5-7 mL cell suspension in each shot. The cell lysate 

thus obtained was centrifuged 12000 rpm and 4°C for 60-70 mins and the supernatant was 

separated out from the pellet containing the cell debris. Meanwhile a 5 mL pre-packed SP 

Sepharose cation exchange column having 5 mL of matrix/bed was connected to an AKTA 

purifier 10, an FPLC system, and washed properly with binding buffer containing high salt 

concentration followed by 20-30 column volumes of water, and subsequently equilibrated with 

upto 10 column volumes of binding buffer (10 mM potassium phosphate buffer, pH 6.5 (buffer 

A)). During equilibration phase, the column flow rate was maintained at 1.0 mL/min. The 

supernatant was applied onto that buffer-equilibrated SP sepharose column at very low flow 

rates, 0.2 mL/min, for allowing the protein binding to the ion exchange matrix in the column at 

4°C, and the flow through was collected simultaneously from the outlet.  A linear gradient of 

0% to 100% of high-concentration 200 mM potassium phosphate buffer pH 6.5 (buffer B) was 

used to elute the matrix-bound protein. Elution from the column was monitored by the UV 

absorption at 280 nm and eluent conductivity, and the elution of desired protein was observed 

in the conductivity range of 8-12 milli-siemens/cm. The supernatant, flow through and elution 

fractions corresponding to the 280 nm UV absorption peaks, along with a protein ladder 

sample, were run on the SDS-PAGE electrophoresis using a 12% separating gel. 

3.2.2.4. Size exclusion chromatography purification: 

The presence and purity of the protein fractions collected in the ion exchange chromatography 

step were analyzed in the SDS-PAGE gel. The fractions containing partially purified OXA-58 

or its point mutation variant, appropriately, protein were pooled and concentrated using 10 kDa 

molecular weight cutoff (MWCO) amicon centrifugal filters. The protein was concentrated 

upto 10 mg/mL. Meanwhile, a 120 mL HiLoad 16/600 Superdex 200 pg gel filtration column, 

connected with the AKTA purifier 10 FPLC system, was equilibrated with 2 column volumes 

of gel filtration purification buffer (10 mM potassium phosphate buffer, pH 7.0 and 100mM 

NaCl). 500 μL of concentrated protein sample was loaded onto the equilibrated column and 

elution was collected into 2 mL fractions, from the point of void volume of the column. The 

elution from the column was monitored by UV absorption at 280 nm, along with conductivity, 

ionic strength and pH. The protein elution was observed by the 280 nm absorption peaks and 

all the elution fractions corresponding to all the UV absorption peaks were run on 12% SDS-
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PAGE gel to check for the presence and purity of the protein. The gel filtration fractions 

containing purified protein were pooled and concentrated upto 20 mg/mL, using the 10 kDa 

MWCO amicon centrifugal filters, and used for crystallization and other experimental studies. 

3.2.2.5. Co-crystallization of wild-type OXA-58 protein: 

The wild-type OXA-58 protein concentrated upto 20 mg/mL in 10 mM potassium phosphate 

buffer, pH 7.0 and 100mM NaCl was used for crystallization studies. Crystallization 

experiments were carried out by hanging drop and sitting drop vapor diffusion methods and at 

4°C and 20°C. 96-well sitting drop plates and 24-well hanging drop plates were used and for 

initial trials the pre-optimized crystal screens were employed. Crystallization experiments were 

set up manually. In case of apo crystals, 1μL of the concentrated protein solution was mixed 

homogeneously with 1μL of reservoir well solution containing 2.2 M Sodium chloride, 0.1 M 

Tris buffer pH 8.0 and 28% w/v polyethylene glycol 3,350. 

To obtain the co-crystals of wild-type OXA-58 protein with the carbapenem mimetic 

compounds 6αHMP and 6αHOP, the apo protein solution was added with 10-folds of these 

compounds independently and incubated for 2 hrs at 20°C and then set for crystallization using 

the same method explained for the apo protein. After long incubations also we haven‘t obtained 

any co-crystals for the wild-type OXA-58-6αHMP and OXA-58-6αHOP binary complexes and 

hence we followed the soaking experiments. We have grown the apo crystals and soaked them 

in a solution prepared by mixing the 10 mM 6αHMP or 6αHOP prepared in 0.1 M Tris-HCl 

(pH 8.0) buffer and 30% (wt/vol) PEG 3350 with the reservoir well solution corresponding to 

the apo crystal in 4:1 ratio and subsequently incubated for 15 min at room temperature. This 

solution also helped as cryo-protectant for the crystals and crystal soaking in the inhibitor 

solution was carried out before collecting the data. 

3.2.2.6. Crystallization of point mutation variants of OXA-58 protein: 

All the seven point mutation variants, including K86A, M225A, F113Y, F114A, F113A, 

M225T and F114I, of OXA-58 protein were purified to highest homogeneity and concentrated 

upto 20 mg/mL in 10 mM potassium phosphate buffer, pH 7.0 and 100mM NaCl was used for 

crystallization experiments. The mutant proteins were also given crystallization trials using the 

optimized crystallization condition of the wild-type apo protein and we have obtained crystals 

for few of the mutants but very much fragile and with poor structural strength, as they are 

collapsing at the moment they are coming in contact with the cryo-protectant solution. And the 

crystals are not diffracting well without cryo and sometimes diffracting but poorer with ice 



 

 

rings and other errors. Then we extended our trials using other polyethylene glycol precipitant 

solutions and buffers. We obtained better quality mutant crystals with the reservoir solution 

containing 2.2 M Sodium chloride, 0.1 M HEPES buffer pH 7.0 and 22% w/v Polyethylene 

glycol 4000. 

3.2.2.7. Data collection, processing and refinement: 

The diffraction data for well grown crystals of wild-type OXA-58 apo, OXA-58-6αHMP and 

OXA-58-6αHOP binary complexes, and all the mutant OXA-58 proteins were collected at 

home source X-ray diffraction facility, MCU lab, IIT Roorkee, India. The data were collected 

at 100K temperature on MAR345dtb IP detector using a Bruker Microstar-H Cu rotating anode 

X-ray generator (Cu Kα wavelength = 1.54 Å) operated at 45 kV and 60 mA. The crystals were 

collected from the wells using cryo-loops (Hampton Research, USA) of appropriate size and 

10% ethylene glycol in reservoir solution was used as cryo-protectant to improve the 

diffraction quality of the crystals. Prior to data collection, the apo crystals were soaked in the 

10 mM 6αHMP or 6αHOP solution prepared in the reservoir equivalent solvent and incubated 

for 15 min at room temperature, in order to obtain the diffraction data for wild-type OXA-58-

6αHMP and OXA-58-6αHOP binary complexes. The crystal to detector distance was kept 200 

mm and images were collected with an X-ray exposure time of 5 min per frame and an 

oscillation width of 1° per image. 

The data collected at the home source, from all the OXA-58 crystals were processed; indexed, 

integrated and scaled; using the HKL2000 suite (881) using the protocols explained in the 

previous chapter. The scalepack output files (.sca format) that were obtained from the 

HKL2000 program after data processing subsequently converted to .mtz file format for the 

processed data to be used for refinement by CCP4i (885-886) and PHENIX (888-889) suites. 

The crystal unit cell contents were assessed by calculating the crystal‘s Mathews coefficient 

and the best suitable space group of the crystal was analysed by pointless program of CCP4i. 

The initial phases for the wild-type OXA-58-6αHMP and OXA-58-6αHOP binary complex 

structures were obtained by molecular replacement with MOLREP (883) of the CCP4i suite 

(885-886) using the processed .mtz data file, OXA-58 protein primary sequence and the protein 

atomic coordinates of a single subunit of A. baumannii wild-type apo OXA-58 crystal structure, 

solved in our laboratory, as a search template. REFMAC5 (887) program of CCP4i suite was 

used for the initial rigid body refinement of the initial coordinates obtained from molecular 

replacement. It was followed by the restrained refinement in the subsequent cycles of 
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refinement, along with TLS and NCS refinement parameters. After each round of refinement of 

the protein atomic coordinates, the model building of the coordinates was carried out in the 

COOT with proper real space refinement (RSR). Iterative cycles of model building and 

refinement were performed by COOT (890) and REFMAC5, until the refinement quality 

obtained at maximum possible, which was monitored by refinement statistics including the 

values of Rwork and Rfree. Once the protein atomic coordinates were fit and refined properly, the 

water (solvent) molecules were added in the Fo-Fc difference map at 2.5σ and refined. Density 

for the 6αHMP or 6αHOP ligands was searched in the Fo-Fc difference map at 2.5σ and fit 

properly in the match density using other modeling tools of COOT, and subsequently refined 

by REFMAC and PHENIX. The ligand PDB coordinates were prepared in the PHENIX 

program using their SMILES strings and imported into COOT for searching their density. 

3.2.2.8. Validation of the refined PDB structures: 

It was carried out during manual model building in the COOT and also during refinement by 

REFMAC. The stereo-chemical attributes of refined models were validated by MOLPROBITY 

(891) and further validation of the completely refined models was carried out by the PDB 

validation tool of the wwPDB deposition suite. 

The data collection and refinement statics were calculated using the information contained in 

the log files (.log), that were written and obtained after every step of data processing and 

refinement, and are given in Table 3.1. 

3.2.2.9. Sequence and structure analysis: 

The AbOXA-58 protein sequence from A. baumannii was compared with other oxacillinases 

including CHDLs from A. baumannii itself and other pathogenic bacteria producing similar 

enzymes, and other classes of homologous β-lactamase proteins, by multiple sequence 

alignment (MSA) using the ClustalΩ tool (892-894). The amino acid sequences of OXA-58, 

OXA-23, OXA-24, OXA-48, OXA-10, OXA-51, OXA-143, OXA-160, OXA-239, OXA-257, 

OXA-274 and OXA-296 from A. baumannii, and OXA-48 from Klebsiella pneumoniae, OXA-

232 from Escherichia coli, OXA-45, 46 and 145 from Pseudomonas aeruginosa, OXA-163 

from Enterobacter cloacae, OXA-405 from Serratia marcescens, Ybxl from Bacillus subtilis, 

BPu1 from Bacillus pumilus and OXA-2 from Salmonella typhimurium, were collected from 

the NCBI protein database in the FASTA format. All these sequences were submitted to the 

ClustalΩ tool to obtain multiple sequence alignment in the clustal file with numbering and 

percent identity matrix (PIM). The multiple sequence alignment file was analysed manually for 



 

 

the homology and conserved amino acid sequence regions and the presence of insertions or 

deletions. 

The conserved secondary structural features of these aligned sequences were comparatively 

analysed by ESPript server (895), using the AbOXA-58 structure as template. The MSA file, 

obtained from the ClustalΩ tool, along with a single polymeric protein chain from the refined 

and validated final AbOXA-58-6αHMP protein model, as a template PDB structure, was 

submitted to the ESPript server for calculating the conserved and homology secondary 

structural features among the CHDLs and other β-lactamase proteins from various pathogenic 

bacteria. The secondary, tertiary and quaternary structural features of the final refined and 

validated structures of transiently and non-covalently bound AbOXA-58-6αHOP and covalently 

bound AbOXA-58-6αHMP binary complexes were initially analysed and compared manually 

using the 3-D visualization tools like PyMOL (896), Discovery Studio Visualizer (897), 

Chimera (898) and COOT. These initial analyses include the type and amount of secondary 

structural elements (α-helices, β-sheets and random loops), number and type of domains 

present in each protein polymeric chain, number of protein chains present in the entire protein 

model and their arrangement in 3-D space. The protein-ligand interactions were also analysed 

using the same tools.  

Subunit interface analysis was carried out by PDBe PISA server (901). The final refined binary 

structures of AbOXA-58-6αHOP and AbOXA-58-6αHMP complexes, containing the crystal 

symmetry operators, were submitted individually to the PISA server. Different aspects of the 

interfaces were analysed including total surface area (solvent exposed area), buried area and 

interface area. Subunit-subunit interface interactions were analysed for salt bridges, hydrogen 

bonds, covalent bonds and disulfide bonds. The subunit-ligand and ligand-ligand interface 

areas and interactions were also analysed in the similar way. 

The PDB structures of CHDL oxacillinases and β-lactamases of other classes from A. 

baumannii and other bacterial species, including OXA-24-doripenem (PDB code 3PAE), OXA-

24-avibactam (PDB code 4WM9), and OXA-23-meropenem (PDB code 4JF4) from A. 

baumannii itself, and TEM-1-6αHMP (PDB code 1TEM) from E. coli, OXA-48-avibactam 

(PDB code 4WMC) from K. pneumoniae and many other β-lactamases were downloaded from 

the RCSB PDB database and used for comparative analysis with the AbOXA-58 protein, which 

was carried out manually in the analysis and visualization tools for 3-D protein structures 

including PyMOL. 



119 

 

The structural figures for all the structural analyses, including quaternary structure poses, 

subunit arrangements, secondary structural arrangements, domain organization, 3-D structural 

comparisons and subunit-subunit and subunit-ligand interface interactions, were prepared using 

PyMOL. 

3.3. Results and discussion: 

3.3.1. Transformation and protein over-expression studies: 

The recombinant pET24d(+)::blaOXA-58SP plasmids containing the coding regions of the 

wild-type and the seven point mutation variants, including K86A, M225A, F113Y, F114A, 

F113A, M225T and F114I, of OXA-58 gene from A. baumannii were transformed successfully 

into E. coli DH5α and BL21 DE3 cells. The plasmids were isolated from the transformed 

DH5α cells and confirmed their integrity (figure 3.1) and subsequently stored for future usage. 

The transformed BL21 DE3 cells were confirmed to be over-expressing their respective soluble 

OXA-58 or its point mutation variant protein, that were observed by thick ~29 kDa bands in the 

SDS-PAGE gel (figure 3.2). 

 

 

 

 

 

 

 

 

Figure 3.1: Plasmids of the point mutation variants of OXA-58 from A. baumannii, 

transformed into E. coli DH5α cells. Lanes 1-7: K86A, F113A, F113Y, F114A, F114I, M225A 

and M225T plasmids respectively, and Lane 8: 1 Kb DNA ladder. 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.2: The protein over-expression studies for the AbOXA-58 point mutation variants. 

The supernatant and pellet samples collected from different over-expression plasmids were run 

on 12% SDS-PAGE gel. Lane 1-2: pellet and supernatant samples of the over-expressed F114A 

mutant protein respectively. Lanes 3-12: similar samples from the over-expressed M225T, 

F114I, K86A, F113A and M225A mutant proteins respectively, and lane 10: pre-stained 

protein ladder.  

3.3.2. Purification of OXA-58 wild-type and its point mutation variant proteins: 

The wild-type OXA-58 protein was purified by cation exchange chromatography using 5 mL 

pre-packed SP sepharose column connected to an AKTA purifier 10 FPLC system and the 

corresponding chromatogram showed two UV280 absorption peaks, the first peak during the 

sample injection indicating the loading of the crude protein extract onto the column and its flow 

through from the column and the second peak at ~40% concentration of buffer B indicating the 

elution of the desired OXA-58 protein (figure 3.3A). Protein bands at molecular weight of ~29 

kDa corresponding to OXA-58 protein were observed in the SDS-PAGE profile of the cation 

exchange chromatography purification shown in figure 3.3B. The elution fractions obtained 

from this purification step were further purified by size exclusion chromatography using a 

HiLoad 16/600 Superdex 200 pg column and the respective chromatogram showed a UV280 

absorption peak at an elution volume of 85 mL corresponding to molecular weight of ~30 kDa 

indicating the elution of the OXA-58 protein as a monomer (figure 3.4A). The SDS-PAGE 

profile of the SEC purification of OXA-58 protein is shown in figure 3.4B.  The purified 

protein from the ion exchange chromatography step was also loaded onto the HiLoad 16/600 

Superdex 75 pg column and the chromatogram exhibited an absorption peak at 65 mL of 
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elution volume which corresponds to the molecular weight of ~30 kDa indicating the elution of 

the OXA-58 protein as a monomer (figure 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: The ion exchange chromatography purification of wild type AbOXA-58 protein by 

using a 5 mL pre-packed SP sepharose column. (A). Ion exchange chromatogram showing the 

280 nm absorption peak (light blue color) of the desired protein at ~140 mL elution volume and 

35-40% buffer B (dark red color). In the chromatogram the X-axis corresponds to the elution 

volume (mL), and the primary and secondary Y-axes to the 280 nm absorption and buffer B % 

concentration respectively. The light blue color graph is the 280 nm absorption graph and the 

dark red color graph is the buffer B % concentration graph. (B). The SDS-PAGE profile of the 

protein elutions collected from the ion exchange chromatography step. Lane 1: supernatant 

from the cell disrupted sample, Lane 2: column flow through, Lane 3 and 4: buffer A washes, 

Lane 5: protein ladder, and Lane 6-15: elution fractions from the buffer B liner gradient wash. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: The size exclusion chromatography purification of wild type AbOXA-58 protein by 

using the HiLoad 16/600 superdex 200 prep grade column. (A). Chromatogram showing the 

280 nm absorption peak (light blue color) of the desired protein at ~85 mL elution volume. In 

the chromatogram the X-axis corresponds to the elution volume (mL) and the Y-axis to the 280 

nm absorption. The light blue color graph is the 280 nm absorption graph. (B). The SDS-PAGE 

profile of the protein elutions collected from the gel filtration chromatography step. Lanes 1-2 

and 4-15: protein elution fractions collected from different regions of the 280 nm absorption 

peak, and Lane 3: protein ladder.  
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The mutant proteins K86A, M225A, F113Y, F114A, F113A, M225T and F114I were also 

purified in the similar way and few of these purification profiles are shown in figure 3.5. 

 

Figure 3.5: The purification profile of point mutation variants of AbOXA-58 protein by using 

the similar protocol explained for the wild type protein. (A). Ion exchange chromatogram 

showing the 280 nm absorption peak (light blue color) of the desired protein at ~110 mL 

elution volume and 40-45% buffer B (dark red color). (B). The SDS-PAGE profile of the 

protein elutions collected from the ion exchange chromatography step. Lane 1: supernatant, 

Lane 2: column flow through, Lane 3 and 4: buffer A washes, and Lane 5-15: elution fractions 

from the buffer B liner gradient. (C). Size exclusion chromatogram showing the 280 nm 

absorption peak (light blue color) of the desired protein at ~85 mL elution volume. (D). The 

SDS-PAGE profile of the protein elutions collected from the gel filtration chromatography 

column. Lane 1: protein ladder and Lanes 2-15: protein elution fractions collected from 

different regions of the 280 nm absorption peak.  

 

 

 



 

 

3.3.3. Crystal structures of wild-type OXA-58 protein in complex with 6α-alkyl penicillin 

derivatives: 

We have soaked the native wild-type crystals of OXA-58 with the 6αHMP and 6αHOP 

compounds before mounting and collected the data at home source as explained in the methods 

section. The data were processed using HKL2000, CCP4i and PHENIX suits, and COOT tools 

and the corresponding procedures were detailed in the methods.  

The wild-type OXA-58 crystals soaked with the 6αHOP compound diffracted to 2.3Å 

resolution and belong to P21 space group with unit cell parameters a, b, c = 37.02, 65.10, 

191.96; and β = 91.28°. The data collected from these crystals were refined to final Rwork and 

Rfree of 19 and 24% respectively, with one tetramer in the asymmetric unit (figure 3.6), and we 

observed several conformational changes in the functionally significant loop elements and 

active site residues although didn‘t find any interpretable density for the ligand 6αHOP in any 

of the chains, and hence this structure hereafter will be considered as pseudoapo OXA-58 

structure.  

 

 

 

 

 

 

 

 

 

 

Figure 3.6: The crystallographic asymmetric unit and biological assembly states of the 

AbOXA-58 protein in its AbOXA-58-6αHOP and AbOXA-58-6αHMP binary complex forms. 

(A) and (C) are the asymmetric unit states of the 6αHOP and 6αHMP binary complex forms 

respectively, while (B) and (D) are their biological assembly states respectively. 
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The crystals soaked with the 6αHMP compound diffracted up to 2.6Å resolution and belong to 

P21 space group with unit cell parameters a, b, c = 36.94, 65.65, 191.59; and β = 91.7°. The 

data collected from these crystals were refined to final Rwork and Rfree of 21 and 26% 

respectively, with one tetramer in the asymmetric unit (figure 3.6), and we found interpretable 

density for the ligand 6αHMP in all the four chains along with conformational changes in the 

functionally significant loop elements and active site residues, and hence this structure will be 

regarded as the OXA-58–6αHMP binary complex structure. The data collection statistics are 

given in table 3.1. 

Table 3.1: Data collection and refinement statistics 

 
OXA-58-6αHMP 

Complex 

OXA-58 (pseudoapo 

structure) 

Wavelength (Å) 1.54 1.54 

Resolution range (Å) 36.93 - 2.60 (2.69 - 2.60)* 34.79 - 2.29 (2.37 - 2.29) 

Space group P 21 P 21 

Unit cell a, b, c (Å); 

β (°) 

36.94, 65.65, 191.59;  

91.7  

37.02, 65.10, 191.96; 

91.28  

Total reflections 70515 (4578) 100971 (7493)  

Unique reflections 21116 (1637) 37470 (2741) 

Multiplicity 3.3 (2.8) 2.8 (2.7) 

Completeness (%) 87.3 (69.3) 91.23 (74.8) 

Mean I/sigma(I) 8.45 (2.30) 9.15 (2.65) 

Wilson B-factor 39.21 33.11 

R-merge 0.15 (0.43) 0.12 (0.42) 

R-meas 0.15 0.14 

CC1/2 0.97 (0.68) 0.99 (0.78) 

CC* 0.99 (0.90) 0.99 (0.94) 

R-work 0.21(0.31) 0.19 (0.30) 

R-free 0.26 (0.36) 0.24 (0.36) 

Number of non-      

hydrogen atoms 
8126 8146 

macromolecules 7784 7758 

ligands 60 - 



 

 

water 282 388 

Protein residues 975 968 

RMS(bonds) 0.019  0.016 

RMS(angles) 1.80 1.65 

Ramachandran 

favored (%) 
96 99 

Ramachandran 

outliers (%) 
0.41 0 

Clashscore 0.38 1.29 

Average B-factor A2 54.2 44.5 

macromolecules 54.1 44.7 

ligands 56.2 - 

solvent 55.7 44.5 

      Statistics for the highest-resolution shell are shown in parentheses. 

The overall structural organization of the monomers from pseudoapo OXA-58 and OXA-58–

6αHMP binary complex structures is almost identical to the apo OXA-58 structure elucidated 

in our laboratory, except for few conformational changes observed in the active site elements 

and catalytically significant loops, and domain movements. The pseudoapo and OXA-58–

6αHMP complex structures have two extra short β-strands β3 and β4, located on the α3/α5-loop 

and on either side of the α4 helix, which are not observed in the both apo structures (figure 3.7 

and 3.9). The monomers from the pseudoapo OXA-58 and OXA-58–6αHMP structures are 

exhibiting typical α/β fold where the β-sheet core is surrounded by the solvent exposed α 

helices and the overall monomer structure consists of nine α-helices, eight β-strands and fifteen 

loops, and can be divided into two non-contiguous structural domains that can be distinguished 

by the distinct arrangement of secondary structure elements. The first domain showed a mixed 

α/β arrangement with six stranded central anti-parallel β-sheet (consisting of β1, β2 and β5 

through β8) and two terminal helices (α1 and α9) located on one side of the central β sheet, 

while the second domain contained seven α helices (α2 through α8) and two short β-strands (β3 

and β4), located on the α3/α5-loop, and arranged at the other side of the central β-sheet (Figure 

3.7). The active site is situated at the junction of these two domains in the form of an extended 

cleft and formed predominantly by positive charged residues. The substrate binding and 

catalysis pocket was formed together by the NH2 terminal end of helix α3, strand β4 and 

connecting loop in between helix α4 and α5. 
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Figure 3.7: The monomers of OXA-58 from apo from our laboratory (4Y0O) (cyan), apo by 

Smith et al (4OH0) (yellow), pseudoapo (4Y0T) (magenta) and chain A (green) and chain B 

(blue) from the AbOXA-58-6αHMP binary complex (4Y0U) structures are shown 

superimposed. The α3/α5-loop and β6/β7-loop are indicated by thick black colored arrows. 

 

Analysis of the apo, pseudoapo and OXA-58–6αHMP complex structures by the DynDom 

server revealed that each monomer from these structures consists of two rigid domains that are 

connected through flexible hinge regions (figure 3.8). Domain-1 consists of 215 residues, in 

overall, located in regions from Gln42 to Glu103 and Gly124 to Val276 that are separated by 

the hinge regions and the domain-2; while the domain-2 containing 20 residues from Ile104 to 

Leu123. The hinge-1 is formed by the flexible residues Glu103 and Ile104, while the hinge-2 

by Thr122 and Leu123. Domain-1 is containing the β6/β7-loop which is harboring the Met225 

residue while domain-2 is containing the α3/α5-loop which is harboring the Phe113 and 

Phe114 residues, on its α4 helix, that are known to participate in the hydrophobic bridge 

formation over the active site-bound ligand. 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.8: The structural domains revealed by the DynDom server. Domain 1 is shown with 

same color legend of the monomers from apo from our laboratory (4Y0O) (cyan), apo by Smith 

et al (4OH0) (yellow), pseudoapo (4Y0T) (magenta) and chain A (green) and chain B (blue) 

from the AbOXA-58-6αHMP binary complex (4Y0U) structures as shown in figure 3.7, while 

the domain 2 from all the structures is highlighted in orange color. The hinge regions are shown 

in red color and pointed with the black colored arrows. 

3.3.4. Ligand-induced changes in the overall OXA-58 structure: 

It was observed that soaking of apo OXA-58 crystals with the 6αHOP compound led to its 

transient and non-covalent binding in the crystal which triggered few structural changes and the 

crystal space group symmetry reduction from P212121 (observed for the apo crystals) to P21, but 

no interpretable density for the bound compound. In case of soaking with the 6αHMP 

compound, its covalent binding in the crystal induced formation of stable acyl-enzyme species 

with proper density for the bound compound, along with other structural changes and the 

crystal space group symmetry reduction to P21. The backbone of pseudoapo OXA-58 structure 

is superimposing with our apo, chain A and chain B of OXA-58–6αHMP binary complex 

structures, and the apo structure solved by Smith et al. (470) at RMSD values of 0.47, 0.30, 

0.31 and 0.55 Å respectively, while the chains A of OXA-58–6αHMP structure is 

superimposing with our apo and of Smith et al. with RMSD values of 0.46 and 0.55 Å 

respectively, while its B chain with 0.48 and 0.58 respectively. The chain A and chain B of 

OXA-58–6αHMP structure are superimposing with each other at an RMSD of 0.12 Å.  

The transient non-covalent binding of 6αHOP and covalent binding of 6αHMP induced the 

formation of two extra short β-strands β3 (Ile104-Phe105) and β4 (Phe121-Thr122), located on 
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the α3/α5-loop and on either side of the α4 helix, which are not observed in the both apo 

structures. These two β-strands β3 and β4 are arranged in antiparallel fashion, where β3 is 

observed to be entering the α4 helix and β4 is exiting it, and constituting a structural part of 

domain 2 of pseudoapo OXA-58 and OXA-58–6αHMP structures (figure 3.9). Because of this, 

we can observe secondary structural content differences among apo structures and the ligand-

bound structures. According to the DynDom server domain analysis, the newly formed β3 and 

β4 strands, in pseudoapo and OXA-58–6αHMP structures, are forming parts of the hinge-1 and 

hinge-2 flexible regions that are connecting the two rigid domains 1 and 2 of the monomeric 

structures.  

 

 

 

 

 

 

 

 

 

Figure 3.9: The α3/α5-loop and β6/β7-loop are shown in close up view. The colore legend for 

all the 5 different monomer structures is same as in figure 7. (A). The α3/α5-loop showing all 

its structural components including α3, β3, α4, β4 and α5, and the main chain deviations among 

the 5 different OXA-58 structures shown. (B). The α3/α5-loop harboring the hydrophobic 

residues F113 and F114 and depicting their structural poses with differences in their propensity 

for forming the hydrophobic bridge. (B). The β6/β7-loop showing the deviations of the main 

chain among the 5 structures and the differences among the M225 residue being harbored it. 

 

The binding of 6αHOP or 6αHMP compound triggered major structural conformations in the 

α3/α4-loop and β6/β7-loop which are harboring the key catalytic residues including Phe113 and 

Phe114 and Met225 respectively. In fact, the clear positional shifts are observed in the Ile104-

Thr122 amino acid range of α3/α5-loop, constituting the α4 helix, β3 and β4 strands and L6 and 



 

 

L7 loops, as well as the Met225-Gln230 amino acid range of the β6/β7-loop. We observed ~1.5 

Å shift of the α3/α5-loop towards the active site-bound ligand and this is an inward movement 

in both the pseudoapo and OXA-58–6αHMP complex structures in comparison to the apo 

structure. This α3/α5-loop movement brought significant shifts in the side chains of Phe113 and 

Phe114 at 1.23 and 0.8 Å respectively in the OXA-58–6αHMP complex in comparison to the 

apo structures, while at 0.86 and 0.89 Å respectively in the pseudoapo OXA-58 structure 

(figure 3.9 and 3.10) (table 3.2). The β6/β7-loop also showed an inward movement of 0.85 and 

0.32 Å respectively in the OXA-58–6αHMP complex and pseudoapo structures respectively in 

comparison to the apo structures. Of note, the β6/β7-loop movement was observed to facilitate 

the reorientation of the side chain of Met225 towards the active site side, in the OXA-58–

6αHMP complex structure, with an overall RMSD of 1.5 Å in comparison to the apo structures; 

while, only 0.26 Å shift of the side chain of Met225 is brought by the β6/β7-loop movement in 

case of the pseudo apo structure (figure 3.10). 

 

 

 

 

 

 

 

 

 

Figure 3.10: The major ligand-induced changes, by 6αHMP, in the backbone and side chain 

conformations of the OXA-58 protein. The five amino acid residues exhibiting major 

conformational changes are shown superimposed from the 4 different monomer structures with 

the same color legend as in figure 7, except for the chain B from the OXA-58–6αHMP complex 

which is in grey color. (A), (B), (C), (D), (E) and (F) are showing the Phe113, Phe114, 

Met225, Ser130, Trp117 and Trp223 respectively. Phe113, Phe114 and Met225 are exhibiting 

changes in their side chains as well as backbone conformations, while Ser130, Trp117 and 

Trp223 are showing changes mainly in their side chain conformations.  
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Table 3.2: Comparison of the differences in the α3/α5- and β6/β7-loops and their component 

residues among the apo, pseudoapo and OXA-58–6αHMP binary complex structures. 

Structure1 Structure2 Alignment 

range 

                    RMSD (Å
2
) 

Cα atoms Backbone Whole 

residue 

α3/α5 loop 

4Y0O 4Y0T 106-122 1.358 1.398 1.499 

4Y0O 4Y0U 106-122 1.264 1.294 1.357 

4Y0O 4OH0 106-122 0.316 0.338 0.612 

4Y0T 4Y0U 106-122 0.716 0.717 0.940 

4Y0U (A) 4Y0U (B) 106-122 0.090 0.096 0.484 

Β6/β7 loop 

4Y0O 4Y0T 225-230 0.238  0.320 

4Y0O 4Y0U 225-230 0.549  0.838 

4Y0O 4OH0 225-230 0.224  0.315 

4Y0T 4Y0U 225-230 0.562  0.842 

4Y0U (A) 4Y0U (B) 225-230 0.151  0.185 

4Y0O 4Y0U Phe113 1.035 0.903 1.228 

4Y0O 4Y0U Phe114 0.662 0.798 0.703 

4Y0O 4Y0U Met225 0.566 0.706 1.510 

4Y0O 4Y0T Phe113 0.850 0.848 0.856 

4Y0O 4Y0T Phe114 0.798 0.894 0.683 

4Y0O 4Y0T Met225 0.207 0.260 0.260 



 

 

The above conformational changes in the α3/α5- and β6/β7-loops led to an overall 1.5 Å 

decrease in the distance between the Cα atoms of the Phe113/Met225 and Phe114/Met225, 

from 13.6 and 14.9 Å respectively in the apo structures, to 12.1 and 13.7 Å respectively in the 

OXA-58–6αHMP complex structure (table 3.3). Whereas, only an overall 0.5 Å decrease is 

observed in the distance between the respective atoms from 13.6 and 14.9 Å respectively in the 

apo structures to 13.1 and 14.5 Å respectively in the pseudoapo structure. Overall, the extent of 

inward movements of the α3/α5- and β6/β7-loops are higher in case of the OXA-58–6αHMP 

complex than that of the pseudoapo structure in comparison to the apo structures. Of note, the 

side chains of Phe113 and Met225 are reoriented at overall RMSD of 1.23 and 1.5 Å towards 

each other in the OXA-58–6αHMP complex, which is significantly higher than the 

rearrangement of side chains of other residues of these loops including Phe114/Met225, and 

also very much higher in comparison to the pseudoapo and apo structures. The 12.1 and 13.7 Å 

distances between the Cα atoms of Phe113/Met225 and Phe114/Met225 can facilitate the 

hydrophobic interactions between the α3/α5- and β6/β7-loops, while the side chains of these 

residues can facilitate the van der Waals interactions between the same loops as these side 

chains are coming within the limits of van der Waals interactions with distances of 4.09 Å for 

Phe-113/Met-225 and 5.30 Å for Phe-114/Met-225 that are measured between the C-ζ of the 

phenyl ring and the sulfur atom of methionine (figure 3.9 and 3.10). 

Table 3.3: Comparison of the Cα-Cα distances of the residues involving in hydrophobic bridge 

formation, among the apo, pseudoapo and OXA-58–6αHMP binary complex structures. 

Structure Residue 1 Residue 2 Cα-Cα distance (A˚) 

4Y0O Phe113 Met225 13.6 

 Phe114 Met225 14.9 

4Y0T Phe113 Met225 13.1 

 Phe114 Met225 14.6 

4Y0U Phe113 Met225 12.1 

 Phe114 Met225 13.7 
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Analysis of the OXA-58–6αHMP complex structure by the DynDom server also revealed that 

the binding of 6αHMP compound induced an inter-domain closure movement of 8.3° around a 

rotation axis close to the flexible residues of both the hinge regions connecting the two rigid 

domains (figure 3.11). The inter-domain movement can be directly correlated with the fact that 

the inward movements of the α3/α5- and β6/β7-loops that are being harbored by the domain-2 

and domain-1 respectively resulted from the binding of 6αHMP in the active site. In an overall 

view, the binding of 6αHMP compound in the active site of OXA-58 induced the inter-domain 

movement which triggered the inward movements of the α3/α5- and β6/β7-loops which further 

facilitated the inward movements of the Cα atoms and rearrangements of the side chains of 

Phe113/Phe114 and Met225 which resulted in the hydrophobic interactions as well as van der 

Waals interactions between the side chains and whole of these residues/loops/domains that 

finally led to the formation of hydrophobic bridge over the ligand-bound active site connecting 

the above mentioned residues from the corresponding loops harbored by the respective rigid 

domains. All these facts are exemplifying the plasticity of the OXA-58 active site and drawing 

the researchers‘ attention to the domain closure phenomenon that occurs upon covalent binding 

of the β-lactam in the active site. 

 

 

 

 

 

 

 

 

 

Figure 3.11: The interdomain movement in the monomer from OXA-58–6αHMP complex 

shown in comparison with the apo OXA-58 structure by the DynDom server, that are 

represented by brown and blue colors respectively. Movement of the domain 2 towards the 

rigid domain 1 is shown by the arrow and the rotational axis comprising the hinge region is 

shown by the black colored circle.  



 

 

3.3.5. Active site of OXA-58 in its ligand-bound state: 

The active site of ligand-bound OXA-58 is predominantly formed by the polar residues from all 

the conserved structural motifs including Ser83 and Lys86 (in its carboxylated state, i.e. 

KCX86) from the STFK motif, Ser130 from the STV motif and Lys220 and Ser221 from the 

KSG motif, that interact among each other through a strong hydrogen-bonding network in order 

to structurally stabilize each other and to facilitate the enzyme catalysis (figure 3.12). In the 

pseudoapo structure the carboxyl group of the caroxylysine86 (KCX86) is stabilized by its 

interactions with the Ser83, Trp169 and one water molecule. Here, OQ1 atom of KCX is 

forming 2.9 and 3.0 Å hydrogen bonds with the NE1 of Trp169 and HOH352 (referred to as 

W3 according to the naming assigned in the apo structure) respectively; and the OQ2 atom is 

forming 3.5 and 2.5 Å H-bonds with the NE1 of Trp169 and OG of Ser83 respectively; while 

the NZ atom is making 3.4 and 3.5 Å H-bonds with the OG of Ser83 and O (backbone oxygen 

atom) of Ser130 respectively. The OG atom of Ser83 is also making 3.2 and 2.7 Å H-bonds 

with the OG of Ser130 and HOH323 (which is positioned in the oxyanion hole and referred to 

as W1) respectively, while its backbone amide nitrogen is also forming a 2.8 Å H-bond with 

W1. The OG atom of Ser130 is further making 2.9 Å H-bond with the NZ of Lys220, which in 

turn making 3.0 and 3.3 Å H-bonds with the backbone carbonyl oxygen of Ser221 and 

HOH311 (referred to as W4) respectively.  
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Figure 3.12: The active site architecture of OXA-58 protein from OXA-58–6αHMP complex 

in comparison with that from apo, pseudoapo and its own chain A monomers. The color legend 

of the residues is same as in figure 10. The active site water molecules are also shown in sphere 

with the corresponding colors of their protein chains. The bound 6αHMP ligand from chains A 

and B of OXA-58–6αHMP complex is shown in stick representation with the corresponding 

chain colors. The conformational difference of the hydroxyl moiety of the side chain 

hydroxymethyl group of 6αHMP is shown by its rotation of 60° which is denoted by arrow. 

 

In the OXA-58–6αHMP complex also the active site residues are making an intricate hydrogen-

bonding network with few differences from that of the apo and psudoapo structures, including 

the additional interactions made by KCX86, Ser83 and Ser 130 residues with the covalently 

bound 6αHMP compound (figure 3.12). The OQ1, OQ2 and NZ atoms of KCX86 are 

interacting with the OG of Ser83, NE1 of Trp169 and W3 water in the similar way explained 

for the pseudoapo structure. The OQ2 atom of KCX86 is making 3.5 Å H-bond with the O22 

atom of the 6αHMP in the B chain, while these two atoms are at 4.8 Å distance in the rest A, C 

and D chains. The OG of Ser83 is interacting with the OQ2 and NZ atoms of KCX86 in the 

similar way, but it couldn‘t make hydrogen bond with the OG atom of Ser130 as the later 

moved away by 76° (in comparison to its position in the apo and pseudoapo structures) towards 



 

 

the N7 atom of 6αHMP making the distance increased to 4.3 Å. The OG of Ser83 is interacting 

covalently with the C1 atom of 6αHMP with a covalent bond distance of 1.3 Å and its 

backbone amide nitrogen is also interacting with the O1 atom of 6αHMP with an H-bond 

distance of 2.7 Å. After making a rotation of 76°, the OG of Ser130 is interacting with the NZ 

of Lys220 at H-bond distance of 2.6 Å which is stronger in comparison to the 3.0 Å distance in 

the apo and pseudopao structures. It is also making 3.1 Å H-bond with the O82 atom of 

6αHMP in the B chain, while it is interacting with O81 at 3.7 Å in the rest of the chains. The 

NZ atom of Lys220 is interacting with the backbone carbonyl oxygen of Ser221 and W4 water 

in the similar way explained for the apo and pseudoapo structures. 

In overall, the W1 and W3 water molecules were observed in the active site of pseudoapo 

structure, while only W3 is found in the OXA-58–6αHMP complex. The transient binding of 

6αHOP led to the displacement of the W2 which was reported to be bridging the KCX86 and 

Ser83 in the apo structure, while the covalent binding of 6αHMP displaced W1 (which is 

positioned in the oxyanion hole in the apo and pseudoapo structures) and W2 molecules as 

well. As a result, only W3 water molecule is found in all the three structures of OXA-58 

reported from A. baumannii.  

3.3.6. 6αHMP interactions and binding conformations in the OXA-58 active site: 

The 6αHMP compound is thoroughly making several types of interactions with the protein 

residues lining the active site and binding pocket, and binding covalently within the active sites 

of all the four chains of OXA-58, but with two different conformations including conformation 

1 in A, C and D chains and conformation 2 in B chain (figure 3.12 and 3.13A). These two 

different conformations are due to variations in the orientation of the hydroxyl group of the 

hydroxymethyl side chain of 6αHMP, which resulted in differences in its hydrogen bonding 

pattern with the surrounding active site residues. The C1 atom of the β-lactam ring of 6αHMP 

is forming a 1.3-Å covalent bond with the OG atom of Ser83 in all the four chains of OXA-58. 

The O1 atom of the carbonyl group of 6αHMP β-lactam ring, which is forming and persistently 

occupying the oxyanion hole, is making 2.7, 2.8 and 3.3 Å H-bonds with the backbone amide 

nitrogens of Ser83 and Trp223 and backbone carbonyl oxygen of Trp223 respectively. The 

hydroxyl group of the hydroxymethyl side chain at C2 position of β-lactam ring is observed to 

be rotated at 60° in the conformation 2 of 6αHMP in the chain B, in comparison to its 

positional orientation in its conformation 1 in the rest chains and due to these different 

orientations of the O22 atom, its bonding pattern varies in the different chains. The O22 of 

6αHMP in its conformation 1 is making 3.4 Å H-bonds with the backbone carbonyl oxygen and 
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the central oxygen of Trp223 and HOH460 respectively, in chains A, C and D; while in its 

conformation 2, it is making a 3.5 Å H-bond with the OQ2 atom of KCX86 in chain B (figure 

3.14). The O81 atom of the side chain carboxyl group at C6 position of thiazolidine ring of 

6αHMP is making 2.7, 3.4 and 3.7 Å H-bonds with the OG and backbone oxygen of Ser221 

and OG of Ser130 respectively in its conformation 1, while it is forming 2.7, 3.7 and 3.1 Å H-

bonds with the corresponding atoms in its conformation 2 in chain B. The O82 atom of the 

same carboxyl group of 6αHMP is making 3.1 and 2.7 Å H-bonds with the NH1 and NH2 

atoms of the side chain guanidine group of Arg263 in its conformation 1, while it is forming 

2.8 and 2.9 Å H-bonds with the corresponding atoms in its conformation 2 in chain B.  

 

 

 

 

 

 

 

 

 

Figure 3.13: The conformations of the side chain hydroxyalkyl groups observed in different 

chains of OXA-58 structure. (A). The two different conformations of the hydroxyl moiety of 

the side chain hydroxymethyl group of 6αHMP is shown by its rotation of 60° which is denoted 

by arrow. The 6αHMP from chains A and B are represented with the same colors used for their 

chains as shown in figure 10. (B). The conformations of the hydroxyl moiety of the side chain 

hydroxyethyl groups of meropenem (magenta) and doripenem (cyan) from OXA-23 (4JF4) and 

OXA-24 (3PAE) are shown by ~65° of rotation, which is denoted by arrow, from the similar 

group in the OXA-58 chain A.  

 

The formation of a stable covalent bond between OG atom of the catalytic serine Ser83 and C1 

atom of the β-lactam ring resulted in the stable deacylation-deficient acyl-enzyme species of 

OXA58 enzyme. The H-bond network made by the carbonyl O1 atom, which is persistently 



 

 

locked in the oxyanion hole, and its interacting protein residues in the OXA58-6αHMP 

complex are similar to the hydrogen bonding pattern made by the W1 water molecule in the 

apo and pseudoapo OXA-58 structures and hence it can be concluded that the O1 atom 

displaced W1 in the OXA58-6αHMP complex structure. Overall, the main differences between 

the two conformations of the bound 6αHMP in the OXA-58 active site include (i) the 60° 

counterclockwise rotation of the hydroxyl group of the side chain hydroxymethyl group at C2 

position of the β-lactam ring (figure 3.13B) towards the back of the active site in its 

conformation 2 in chain B made it to interact with the carboxyl moiety of the catalytic KCX86 

residue, and (ii) the small rotation of the side chain carboxyl moiety at the C6 position of the 

thiazolidine ring altered its bonding pattern with the Ser130 and Ser221 residues.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: The interactions of 6αHMP within the active site of OXA-58 and are shown for 

the chain B. The W3 water molecule conserved in the active site of OXA-58–6αHMP complex 

is also shown in spheres representation. The 3.5 Å hydrogen bond made by the side chain 

hydroxyl group of 6αHMP in the chain B is labeled. All the hydrogen bonds that the 6αHMP 

ligand making with the protein residues are shown by yellow color dashed lines. 

 

The methylene carbon of the side chain hydroxymethyl group of 6αHMP is also making 

hydrophobic interactions with the side chains of Val132 and Leu170 whose CG2 and CD2 
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atoms are at 3.4 and 3.8 Å distances from the C21 methylene carbon respectively (figure 3.14). 

The S4 atom of the thiazolidine ring is making Π-sulfur interactions at 5.4 Å distances with the 

Π-electron clouds of the side chain benzene rings of Phe114 and Trp117. The C51 methyl 

carbon connected at the C5 ring atom of the thiazolidine ring is also making Π-alkyl 

interactions at 5.2 Å distance with the side chain benzene ring of Phe114. The C52 methyl 

carbon is making Π-alkyl interactions with the side chain benzene ring of Trp223, and alkyl 

interaction with the alkyl side chains of Ile260 and Met225 at 5.1, 5.4 and 5.2 Å distances 

respectively. The C51 and C52 methyl groups and the thiazolidine ring plane are also making 

van der Waals contacts with the side chains of Ile260 and Trp117 at 3.9 and 4.1 distances 

respectively. The inward movements of the α3/α5- and β6/β7-loops facilitated the interactions 

of the thiazolidine ring with Phe114 and Trp117, and Met225 respectively. 

3.3.7. Insights into the stability of the deacylation-deficient OXA58-6αHMP complex: 

We have compared the deacylation-deficient OXA58-6αHMP complex, which is the stable 

acyl-enzyme species of OXA58 enzyme, with the similar deacylation-deficient species of other 

CHDLs including the structures of the OXA-24 variant (Lys84Asp) bound to doripenem (PDB 

code 3PAE) and the wild-type OXA-23 bound to meropenem (PDB code 4JF4), and ESBLs 

including the TEM-1 bound to 6αHMP (PDB code 1TEM), to gain insights into the factors 

stabilizing this deacylation-deficient acyl-enzyme species of OXA58 enzyme. Superposition of 

the two conformations of 6αHMP, conformation 1 and conformation 2, and meropenem and 

doripenem bound in the active sites of the chains A and B of OXA58 and OXA23 and OXA24 

respectively revealed that the hydroxyl moiety of hydroxymethyl group of the meropenem and 

doripenem rotated clockwise at ~65° from the position of the hydroxymethyl group of 6αHMP 

in the chain A, while the hydroxyl moiety of hydroxymethyl group of 6αHMP in the chain B 

rotated counterclockwise at 60°. It is a noteworthy observation that the hydroxyl moiety of 

hydroxymethyl group of 6αHMP in the chain B of OXA58 is located away at 60°, 120° and 

130° from the positions of the same group of 6αHMP, meropenem and doripenem in the chain 

A of OXA58, OXA23 and OXA24 respectively, and is positioned towards the back of the 

active site (figure 3.13B and 3.15A). This positional orientation of the hydroxyl moiety of 

hydroxymethyl group of 6αHMP in the chain B of OXA58 allows its O22 atom to make a 3.5 

Å H-bond with the OQ1 atom of the side chain carboxyl moiety of KCX86, which may dampen 

the basicity of that catalytic carboxylated Lys86 towards the deacylating water molecule that is 

essential to accomplish the carbapenem hydrolysis by OXA58 enzyme; and this conformation 

of hydroxymethyl group of 6αHMP may also be acting as a physical barrier for the approach of 



 

 

the deacylating water molecule. These experimental observations are concluding that the 

positional orientation of the hydroxyl moiety of hydroxymethyl group of 6αHMP may be 

responsible for the stability of the deacylation-deficient OXA58-6αHMP complex and the acyl-

enzyme species of 6αHMP.  

Further supporting the above said fact that the orientation/conformation of the hydroxymethyl 

group of 6αHMP may be responsible for the stability of the deacylation-deficient OXA58-

6αHMP, it is also observed that the conformation of the hydroxyl moiety of hydroxymethyl 

group of 6αHMP in the chain A of OXA58 is similar to that observed in the TEM-1–6αHMP 

complex (figure 3.15A) which was also reported to be displacing the structurally conserved 

deacylating water molecule.   

 

 

 

 

 

 

 

 

 

Figure 3.15: The conformations of the side chain hydroxyalkyl groups observed in the active 

sites of different classes of β-lactamases, including several CHDLs. (A). The different 

conformations of the hydroxyl moiety of the side chain hydroxymethyl group of 6αHMP in the 

active sites of OXA-58 (4Y0U) chain A (green) and chain B (grey) and TEM1 (1TEM) 

(yellow), and the conformations of the hydroxyl moiety of the side chain hydroxyethyl group of 

meropenem (magenta) and doripenem (cyan) from OXA-23 (4JF4) and OXA-24 (3PAE) 

respectively are comparatively shown by superimposition. (B). The conformation of the similar 

hydroxyl moiety of the side chain group of avibactam (light blue) from OXA-48 (4WM9) is 

also shown. 
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All the hydrophobic and van der Waals interactions made by the thiazolidine ring and its 

component atoms including S4, and side chain C51 and C52 methyl carbons with the side 

chains of Phe114, Trp117, Trp223, Met225 and Ile260 are collectively creating a sandwich 

effect with respect to 6αHMP and this, together with the hydrophobic bridge formed over the 

active site, may help preferentially stabilizing the ∆
2
-tautomer of the β-lactam ring-opened 

6αHMP (and similar carbapenems) within the active site of OXA-58. Stabilization of the ∆
2
-

tautomer keeps the side chain C51 and C52 methyl carbons at the C5 ring atom of 6αHMP (or 

any other side chains at the similar position in other carbapenems/β-lactams) away from the 

side chains of Phe113 and Phe114 of α3/α5-loop, which supposed to participate in the 

formation of hydrophobic bridge, in order to avoid steric hindrance/clashes among themselves 

which finally lead to a more stable acyl-enzyme species of 6αHMP and the deacylation-

deficient OXA-58-6αHMP complex. 

3.3.8. Comparison of OXA-58-6αHMP overall structure and its active site architecture 

with other CHDLs: 

First of all, the amino acid sequence of OXA-58 from A. baumannii was compared with the 

sequences of other CHDL enzymes from A. baumannii itself and other pathogenic bacteria. It 

was found that the four functional motifs, including the STFK motif, the STV motif, the YGN 

motif and the KSG motif harboring the active site residues Ser83 and Lys86, Ser130 and 

Val132, and Lys220 and Ser221 respectively, are conserved among all these CHDLs (figure 

3.16). The residues participating in forming the hydrophobic bridge are varying among these 

sequences and are observed to be not conserved among different classes of CHDLs. The 

residues with high propensity of involving in making the hydrophobic bridge are Phe110 and 

Met221 and Tyr112 and Met223 from OXA-23 and OXA-24 respectively, whose homologous 

residues are Phe114 and Met225 in AbOXA-58. But after analyzing the crystal structures of the 

AbOXA-58 acyl-enzyme species elucidated in our current study, it became evident that Phe113, 

rather than Phe114, is involving in making hydrophobic bridge with Met225 (figure 3.17). 

From the sequence and structure analysis its found that Phe113 of OXA-58 has no homologue 

in OXA-23, OXA-24 and OXA-48, and instead they are containing Ser109, Thr111 and 

Asp101 polar residues respectively (figure 3.16). It is also observed that the homologous 

residues including Asp101, Ile102 and Thr244 from OXA-48 are not forming any hydrophobic 

bridge. The Met225 residue in the apo and pseudoapo structures of OXA-58 is oriented toward 

the Phe114 residues as in the case of OXA-23 and OXA-24, and is repositioned towards 

Phe113 upon 6αHMP binding. 



 

 

The superimposition of OXA-58 (4Y0U), OXA-23 (4JF4), OXA-24 (3PAE) and OXA-48 

(4WM9) from A. baumannii showed that OXA-58 is superimposing at 1.03, 1.08 and 1.13 Å
2
 

RMSD with OXA-23, OXA-24 and OXA-48 structures respectively (figure 3.18). The active 

sites from the different CHDL enzymes were superimposed and their component residues were 

compared. The homologous residues of the OXA-58 active site residues in OXA-23, OXA-24 

and OXA-48 (4WMC) are labeled and compared for their interactions (figure 3.19).  
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Figure 3.16: Comparison of the AbOXA-58 amino acid sequence with CHDLs from other 

pathogenic bacteria, by multiple sequence alignment. Completely conserved residues are shown 

in red boxes with white characters, while the residues in the white boxes with red characters are 

relatively conserved. The conserved sequence motifs including STFK, STV, YGN and KSG are 

highlighted by the green colored boxes. The catalytic residues are pointed by blue coloured 

solid triangles, while the residues involving in forming the hydrophobic bridge are shown by 

the purple coloured solid triangles. Secondary structural elements of these aligned sequences 

are labeled above the sequences. The amino acid sequences of CHDLs from different bacterial 

species were collected as explained in the methods section. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: Snapshots of the active-site closure in OXA-58 induced by 6αHMP. The side 

chains of Phe113, Phe114, and Met225 implicated in the formation of the hydrophobic bridge 

over the active-site cleft are coloured orange, cyan, and magenta, respectively. (A), (B), and (C) 

are the surface diagrams depicting the active-site pocket of the apo, pseudoapo and the OXA-

58–6αHMP binary complex respectively. (D) Side-by-side comparison of the overall structures 

of apo structure (left) and OXA-58–6αHMP complex (right), depicted in molecular surface 

diagrams. 

 

 

 

 

 

 

 



 

 

 

 

Figure 3.18: Superimposition of the CHDL enzymes including chain A (green) and chain B 

(grey) from OXA-58–6αHMP complex (4Y0U), OXA-23–meropenem (4JF4) (magenta), 

OXA-24–doripenem (3PAE) (cyan) and OXA-48–avibactam (4WMC) (white). The α3/α5- and 

β6/β7-loops corresponding to OXA-58 structure are labeled. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Comparison of the active site architecture and the component residues from the 

acyl-enzyme species of different CHDL enzymes with bound β-lactams including chain A 

(green) and chain B (grey) from OXA-58–6αHMP complex (4Y0U), OXA-23–meropenem 

(4JF4) (magenta), OXA-24–doripenem (3PAE) (cyan) and OXA-48–avibactam (4WMC) 

(white). The active site residues are shown in stick representation with colors corresponding to 

their polypeptide chains and are labeled with residue names and identifiers. The ligands bound 

covalently to the OG atoms of the respective catalytic serine residues of their corresponding 

protein chains are also shown in stick representation with lesser stick_radius and the 

corresponding chain color. 

3.3.9. Crystal structures of the point mutation variants of OXA-58 protein from A. 

baumannii: 
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The structures of K86A, F113A, F114I, M225A and M225T were obtained and all were solved 

in the P212121 space group. The data collection and refinement corresponding to all these 

mutant proteins are given in the table 3.4. All these were refined and validated in the similar 

way for the wild-type apo, paseudoapo and OXA-58–6αHMP complex structures. The refined 

structures were analysed for all the structural features and active site elements and compared 

among each other and also with the three OXA-58 wild-type structures obtained in our 

laboratory. We have observed all the structural elements in the five mutant structures except for 

the F114I structure in which we haven‘t obtained density for the α3/α5-loop region from 

Glu102 to Ser130.  

Table 3.4: Data collection and refinement statistics for the crystal structures of the point 

mutation variants of AbOXA-58. 

 K86A M225T M225A F113A F114I 

Wavelength 

(A°) 

1.54 1.54 1.54 1.54 1.54 

Resolution 

range 

35.70 - 2.22 31.2- 2.20 44.6 – 2.6 47.77- 2.25 49.29- 2.24 

Space group P212121 P212121 P212121 P212121 P212121 

Unit cell 38.81 55.99 

90.96 

90 90 90 

37.6 55.9 

90.3 

90 90 90 

36.6 58.7 

89.3 

90 90 90 

36.54 56.48 

89.53 

90 90 90 

36.72 58.55 

91.33 

90 90 90 

Total reflections 10254 10157 6321 9217 10012 

Completeness 

(%) 

93.0 (35.70-

2.22) 

92.0 (31.23-

2.20) 

86 (44.6 – 

2.6) 

71.5 

(47.77-

2.25) 

84.3 

(49.29-

2.24) 

Mean I/sigma(I) 1.75 (at 

2.22Å) 

2.14 (at 

2.20Å) 

1.68 (at 

2.61Å) 

1.26 (at 

2.24Å) 

1.43 (at 

2.25Å) 

Wilson B-factor 36.2 31.5 43.0 47.9 41.0 



 

 

Reflections used 

in refinement 

9070 8869 4839 6255 8004 

R-work 0.217 0.253  0.216 0.222 0.228 

R-free 0.275 0.328 0.314 0.343 0.303 

Macromolecules 1911 1885 1877 1917 1925 

Ligands 0 0 0 0 0 

Solvent  0.34 0.34 0.33 0.33 0.34 

Protein residues 239 236 236 240 241 

Ramachandran 

favored (%) 

97 95 95 93 96 

Ramachandran 

allowed (%) 

2 

 

5 5 6 4 

Ramachandran 

outliers (%) 

1 0 0 1 0 

Average B-

factor 

39.0 35.0 60 60 50 

 

The comparative details of the conformational changes in the residues involving in 

hydrophobic bridge from K86A mutant with the wild-type apo protein are listed in the table 

3.5. The distances between the Cα atoms of Phe113/Phe114 and Met225, harbored by the 

α3/α5- and β6/β7-loops respectively, in all the mutants are listed in the table 3.6. These results 

are showing that the hydrophobic bridge is formed in all the 4 mutant structures, including 

K86A, F113A, M225A and M225T (figure 3.20), except for the F114I in which the α3/α5-loop 

is missing. In F113A, the bridge is formed between Phe114 and Met225, while in case of K86A 

it is formed between Phe113 and Met225 from the α3/α5- and β6/β7-loops respectively. Of 

note, the hydrophobic bridge is formed in the M225A mutant also and in this case Ile260 is 

involved in bridge formation with the Phe114 residue; while, in case of M225T mutant, the 
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bridge is observed between the Phe113/Phe114 and Thr225/Ile260. In the structure of M225T, 

the Ile260 residue is partially involving in the bridge formation by making contacts with the 

Phe114 residue.  

 

 

Table 3.5: Comparison of the differences in the α3/α5- and β6/β7-loops and their component 

residues among the wild-type and mutant OXA-58 structures. 

Structure1 Structure2 Alignment 

range 

                    RMSD (Å
2
) 

Cα atoms Backbone Whole 

residue 

4Y0O K86A Met225 0.119 0.295 1.67 

4Y0O K86A Phe113 1.8 1.7 1.8 

4Y0O K86A Phe114 1.849 1.925 1.859 

4Y0O K86A 106-122 1.8 1.7 2 

4Y0O K86A 225-230 0.517 0.548 0.931 

      

4Y0O M225A Met225   0.4 

4Y0O M225A 113   2.086 

4Y0O M225A 114   1.57 

4Y0O M225A 106-122   1.659 

4Y0O M225A 225-230   0.589 

 

 

 



 

 

 

 

 

 

Table 3.6: Comparison of the Cα-Cα distances of the residues involving in hydrophobic bridge 

formation, among the mutant OXA-58 structures. 

Structure Residue 1 Residue 2 Cα-Cα distance (Å) 

K86 Met225 Phe113 11.9 

 Met225 Phe114 13.1 

M225T Met225 Phe113 12.3 

 Met225 Phe114 13.9 

M225A Met225 Phe113 12.6 

 Met225 Phe114 13.7 

F113A Met225 Phe113 11.1 

 Met225 Phe114 13.0 
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Figure 3.20: The pattern of hydrophobic bridge formation among the different mutant proteins 

of OXA-58 from A. baumannii. (A), (B), (C), (D) and (E), and (F) are representing the F113A, 

K86A, M225A, M225T and F114I respectively, and showing the hydrophobic bridges formed 

in these mutant structures. The mutants‘ polypeptide chains are color coded differently with 

green (F113A), magenta (K86A), yellow (M225A), orange (M225T) and grey (F114I). The 

residues involving in the hydrophobic bridge formation Phe113, Phe114, Met225, Thr225 and 

Ile260 are colored with red, cyan, blue, blue and magenta respectively. Two different views of 

the hydrophobic bridge are shown for M225T in (D) and (E) panels. 

 

3.4. Conclusions: 



 

 

We have observed the inward movements of α3/α5- and β6/β7-loops harboring the 

Phe113/Phe114 and Met225 residues, respectively, involving in the formation of a hydrophobic 

bridge over the active site upon binding of the carbapenem mimetic 6α-HMP. The loop 

movements trigger the realignment of the side chains of those residues and forms the 

hydrophobic bridge which plays roles in substrate recognition and subsequent catalysis. These 

features of the OXA-58-6α-HMP acyl-enzyme complex, are indicating that the plasticity of the 

active site elements is essential for the β-lactam recognition and its catalysis by the OXA-58 β-

lactamase enzyme. The three different conformations observed for the side chain hydroxyl 

group of the hydroxyalkyl side chain of the carbapenem β-lactams and their structural mimetics 

play crucial roles in the substrate recognition by the β-lactamase enzymes. These three 

conformations (two rotamers of 6α-HMP and the virtually identical rotamers of meropenem 

and doripenem) are indicating the conformational sampling of the side chain hydroxyl group of 

the hydroxyalkyl moiety and also showing a sequence of key events that may take place during 

the carbapenem catalysis that is going to happen subsequently. The first rotamer (chain B of 

OXA-58-6α-HMP complex) may correspond to the acyl-enzyme complex formed from the 

Michaelis-Menten complex, while the second rotamer (chain A) may represent an intermediate 

conformation obtained while the hydroxyethyl sidechain samples the conformational space for 

optimal orientation for catalysis in the active site of CHDLs. The third rotamer (observed in 

OXA-23–meropenem and OXA-24–doripenem complexes) may show the optimal location of 

the hydroxyethyl side chain for the last step of catalysis, deacylation. A deacylation step in β-

lactam catalysis by OXA β-lactamases requires that a water molecule be in hydrogen bond 

distance from the carboxylysine active-site residue (Lys-86) and the carbonyl moiety of the 

acyl-enzyme species. The proposed flow of catalytic events suggests that class D β-lactamases 

may have acquired carbapenemase activity by selecting a rotamer conformation that allows not 

simply retention of the deacylating water molecule but its retention in the position between the 

carboxylysine and the carbonyl of the acyl-enzyme complex, as required for catalytic 

deacylation.  

The crystal structures obtained for the K86A, F113A, F114I, M225A and M225T point 

mutations of AbOXA-58 are showing that the hydrophobic bridge is formed even in the 

absence of one of the phenyl alanine residues or the mutated methionine residues. And the 

hydrophobic bridge formation over the active sites of mutant proteins is supporting the results 

showing the catalytic activity of these proteins and concluding that these point mutant proteins 

of AbOXA-58 are catalytically activity but with decreased catalytic efficiencies. 
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CHAPTER 4 

Purification, crystallization and characterization of deoxyhypusine hydroxylase (DOHH) 

from Leishmania donovani 

 

4.1. Introduction: 

Parasitic diseases have an enormous health, social and economic impact and are a particular 

problem in tropical regions of the world. Major human parasitic protozoan diseases are such as 

malaria, trypanosomiasis, toxoplasmosis, cryptosporidiosis and leishmaniasis. Leishmania 

donovani is an intracellular parasitic protozon, belongs to the genus Leishmania, which causes 

the disease leishmaniasis. According to the recent reports on Leishmaniasis, it is being 

informed that over more than 90% cases of visceral leishmaniasis (VL) ensue in 5 countries: 

India, Bangladesh, Nepal, Sudan and Brazil. The global burden of these diseases is exacerbated 

by the lack of vaccines, making safe and effective drugs vital to their prevention and treatment. 

Currently the treatment of visceral leishmaniasis is achieving by the use of single-dose 

liposomal amphotericin B (AmBisome; Gilead Sciences), which is adopted by the Indian 

subcontinent as a first-line drug few years back. Even though good progress is there in 

decreasing the disease incidence frequency after adopting this drug, amphotericin B, which is 

mainly an antifungal drug and targets by binding to sterols, is not a targeted drug against the 

Leishmania protozoan parasites. In addition to this, amphotericin B drug has several highly 

risky side-effects. And also the prevention of leishmaniasis transmission by using the 

insecticides to kill the sandflies, the vectors responsible for transmitting the disease and its 

widespread, is helping to some extent in controlling the epidemics of leishmaniasis. But there 

are many sand fly species are reported in recent times which are showing resistance to the 

currently using insecticides. Treatment of leishmaniasis by using amphotericin B is able to 

prevent the first appearance of visceral leishmaniasis, but recurrence of the disease is recorded 

at most cases and it‘s because of the post-treament survival of the Leishmania parasites. Also 

PKDL (Post-kala-azar dermal leishmaniasis), in addition to sand flies and few other animals, is 

acting as a main reservoir between the occurrence of successive leishmaniasis epidemics. 

Occurrence of leishmaniasis in HIV infected individuals is also main concern in the spread of 

this disease. Even though leishmaniasis is endemic to the Bihar state and its surrounding 

regions, leishmaniasis cases are being reported from many other parts of India also, including 

Rajasthan and Kerala, very recently. Leishmania parasites are showing resistance to the many 



 

 

other available drugs and antibiotics; and also there are no efficient vaccines available till date. 

It menas that even though we are treating the disease by using currently available drugs like 

amphotericin, there is recurrence of disease in the drug-treated patients, and leishmaniasis 

epidemics and spread to new parts of the country is quite evident. Hence it came into the clear 

knowledge that there is a need for a parasite-specific targeted drug(s) or vaccine(s) to kill the 

parasite completely and to achieve the prevention of disease recurrence and its complete 

eradication/elimination from all the disease susceptible communities/societies worldwide. 

Unfortunately, where drugs are available, their usefulness is being increasingly threatened by 

parasite drug resistance. The need for new drugs drives antiparasitic drug discovery research 

globally. As proteins are the driving horses of the cellular life of any living organism, it is a 

good idea to target the protein components of the pathogen(s) (causative agent(s)) of any 

disease/infection. There are different metabolic pathways essential for the survival of 

Leishmania pathogen. One of them is hypusine pathway which is essential for the post 

translational modification of the eukaryotic initiation factor 5A (eIF5A), which helps in 

initiation process of protein synthesis. To understand the hypusine biosynthetic pathway of L. 

donovani, we have chosen the enzyme deoxyhypusine hydroxylase (DOHH), which completes 

the synthesis of hypusine and maturation of eIF5A. An Inhibitor of DOHH has been shown to 

inhibit the protein synthesis in the pathogen (836). DOHH can be used as a potential drug target 

against L. donovani. Therefore, it is necessary to understand the structure-function relationship 

of this enzyme. The structural differences between the L. donovani DOHH and the human 

homolog may be exploited for structure-based design of selective inhibitors against the 

parasite. 

4.2. Materials and Methods:  

4.2.1. Materials: 

The chemicals used in this study were purchased either from Sigma, Merck-millipore, Fluka, 

Himedia, Bio-Rad or SRL. The bacterial growth media were purchased either from Merck-

millipore or Himedia laboratories. The enzymes required for gene cloning including Taq DNA 

polymerase, restriction endonucleases and T4 DNA ligase were procured from NEB, while the 

mini plasmid preparation kit, PCR purification kit and gel extraction kit from Qiagen. The 

DNA oligonucleotide primers, used for PCR amplification of all gene truncates made in this 

study, were synthesized by IDT technologies. E. coli DH5α and BL21 (DE3) strains were 

purchased from Novagen (USA). The chromatography media and columns were procured from 
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GE Healthcare or Bio-Rad; and the dialysis membranes from Thermo Fisher scientific. The 

pre-optimized crystallization screens, including Crystal Screen, PEG/Ion, Index, Salt and 

Crystal Screen Cryo were purchased from Hampton Research, USA; while JCSG-plus, 

MIDASplus, Morpheus and PACT premier were from Molecular Dimensions, UK. The 

genomic DNA from Leishmania donovani was provided by Prof. R. Madhubala, Jawaharlal 

Nehru University, New Delhi, India. 

4.2.2. Methods: 

4.2.2.1. LdDOHH cloning: 

The full length ORF of the 981-bp long wild-type dohh gene (hereafter designated as lddohh) 

from L. donovani was cloned into pET28c vector using the forward and reverse primers, 

containing NdeI and SalI restriction sites respectively. The N-terminal 6xHis-affinity tag was 

used along with the TEV protease digestion site, inserted in between the gene and the affinity 

tag.  

4.2.2.2. Transformation of the lddohh gene-carrying plasmid vector: 

The recombinant pET28C-6xHis-TEVP-dohh plasmid expression vector containing the coding 

region of the wild-type dohh gene from L. donovani was transformed into E. coli DH5α and 

BL21 DE3 cells, the cloning and expression hosts respectively. The transformation was carried 

out by CaCl2 chemical-heat shock transformation method, using the protocol explained in the 

previous chapter.  

4.2.2.3. Over-expression and purification of recombinant LdDOHH: 

Single bacterial colony from the agar plates of the recombinant pET28C-6xHis-TEVP-dohh 

plasmid-transformed BL21 DE3 cells was inoculated into autoclaved LB broth tubes, and IPTG 

induction and protein over-expression and solubility confirmation were carried out using the 

same protocol explained in the previous chapter. After confirming the LdDOHH protein over-

expression from the recombinant LdDOHH-6xHis-TEV-pET28C plasmid-transformed BL21 

DE3 cells, 1 L of LB broth was added with 50 μg/mL kanamycin antibiotic and 10 mL of 

overnight grown primary inoculum, followed by incubation at 37°C and 200 rpm speed until its 

OD600 reaches to 0.6. The culture was induced for protein over-expression using 0.4 mM IPTG, 

followed by incubation at 20°C and 200 rpm for around 18 hrs. The cells from the incubated 

culture were harvested by centrifugation 6000 rpm and 4°C for 10 mins.  



 

 

All the purification steps were carried out at 4°C. The cell pellet was re-suspended in 20 mL of 

suspension buffer (25 mM Tris pH 7.4, 100 mM NaCl and 2% glycerol) and ell disruption was 

carried out at 20 KPSI working pressure. The cell lysate was centrifuged 12000 rpm and 4°C 

for 60-70 mins and the supernatant was separated out from the pellet containing the cell debris. 

Meanwhile a manually packed Ni2+-NTA agarose affinity column having 5 mL of matrix/bed 

was washed properly with imidazole followed by 20-30 column volumes of water, and 

subsequently equilibrated with 10 column volumes of binding buffer. The supernatant was 

applied onto that buffer-equilibrated Ni
2+

-NTA agarose column and incubated at 4°C for 40-50 

mins for allowing the His6-affinity tagged LdDOHH protein binding to the affinity matrix in 

the column. Now the flow through is collected from the incubated protein-affinity matrix 

mixture, followed by the matrix wash with low concentration imidazole step gradient to remove 

the loosely bound unwanted impure proteins. 5 mL of each 10 mM, 20 mM, 50 mM and 100 

mM imidazole concentrations, that were dissolved in the binding buffer, were used to wash the 

column and corresponding flow through were collected in separate tubes. The tightly bound 

over-expressed His6-affinity tagged LdDOHH protein was eluted using 30 mL of the highest 

250 mM imidazole concentration and the corresponding flow through was collected into 

multiple collection tubes with 5-10 mL in each. The supernatant, flow through and elution 

fractions collected at each purification step, along with a protein ladder sample, were run on the 

SDS-PAGE electrophoresis using a 12% separating gel. 

The fractions, collected in the affinity chromatography step, containing partially purified 

LdDOHH protein were pooled and concentrated using 10 kDa MWCO amicon centrifugal 

filters, upto 5 mg/mL concentration. Meanwhile, a 120 mL HiLoad 16/600 Superdex 200 pg 

gel filtration column, connected with the AKTA purifier 10 FPLC system,  was equilibrated 

with 2 column volumes of gel filtration purification buffer (25 mM Tris pH 7.4 and 100 mM 

NaCl). After completion of equilibration, 500 μL of concentrated protein sample was loaded 

and eluted protein fractions, 2 mL of each, were collected from the point of void volume of the 

column. The elution from the column was monitored by UV absorption at 280 nm, along with 

conductivity, ionic strength and pH. The protein elution was observed by the 280 nm 

absorption peaks and all the elution fractions corresponding to all the peaks were run on 12% 

SDS-PAGE gel to check for the presence and purity of the protein. The gel filtration fractions 

containing purified LdDOHH protein were pooled and concentrated upto 20 mg/mL or the 

needful concentration and used for crystallization and other experimental studies. 
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4.2.2.4. TEV protease protein purification: 

The E. coli Rosetta cells harboring the recombinant plasmid carrying the wild-type TEV 

protease gene were grown in LB broth by adding ampicillin and chloramphenicol antibiotics. 

The protein over-expression induction was achieved by adding 0.5 mM IPTG to the appropriate 

bacterial culture and incubating at 30°C and 200 rpm for 6-7 hrs. TEV protease protein over-

expression was confirmed using the same protocol explained in the previous sections. The 

over-expressed 6xHis-tagged TEV protease was purified by Ni-NTA agarose affinity 

chromatography using the similar protocol, with minor alterations, explained for LdDOHH and 

McFabI proteins. Purification buffer composed of 20 mM Tris pH 8.0, 3% glycerol and 100 

mM NaCl, and 20-250 mM imidazole (prepared in purification buffer) step gradient were used 

for this purification. The elution fractions containing purified TEV protein were pooled and 

kept for dialysis against the purification buffer, in order to remove the imidazole from the 

elutions. The reducing agents BME (during protein elution) and dithiothreitol (DTT) (during 

protein storage) were also used here in this case. 1 mg/mL of protein aliquots were made, flash-

frozen in liquid nitrogen (LN2) and stored at -80°C for future usage. 

4.2.2.5. Purification of non-tagged LdDOHH protein after 6xHis-affinity-tag removal: 

The 6xHis-affinity-tag removal was achieved by optimizing the digestion of purified 6xHis-

tagged LdDOHH protein by purified TEV protease protein, which included several variables (i) 

quantitative ratio of 6xHis-tagged LdDOHH protein to TEV protease in the digestion mixture 

[1:5, 1:10 and 1:20] (ii) incubation temperature [4°C and 20°C] (iii) incubation duration [5 hrs, 

10 hrs and 15 hrs] and (iv) stirring speed [0 rpm and 100 rpm]. 

After incubation of the 6xHis-tagged LdDOHH protein with TEV protease to facilitate the 

affinity tag digestion and removal from the desired LdDOHH protein, the digestion mixture 

was kept for dialysis in order to remove imidazole, reducing agents and many other unwanted 

solutes. Dialysis was carried out in prior-cold 2 L purification buffer at 4°C and 100 rpm for 

overnight.  

The non-tagged LdDOHH protein from the thoroughly dialysed 6xHis-tagged LdDOHH - TEV 

protease protein digestion mixture was purified by Ni-NTA agarose affinity chromatography 

using the similar protocol explained for the 6xHis-tagged LdDOHH protein purification, with 

little modifications including (i) the digestion mixture was not incubated with the equilibrated 

beads and (ii) less number of imidazole washes. All the flow through and elution fractions, 

along with the undigested 6xHis-tagged LdDOHH and pure TEV protease protein control 



 

 

samples, were run on 12% SDS-PAGE which was run for comparatively longer duration to 

achieve proper resolution of band separation to distinguish the non-tagged protein from the 

tagged one. The flow through samples containing the purified non-affinity-tagged LdDOHH 

were pooled and concentrated using 10 kDa MWCO amicon centrifugal filters, upto 5 mg/mL, 

and subsequently loaded onto a buffer-equilibrated 120 mL HiLoad 16/600 Superdex 200 pg 

gel filtration column. The gel filtration fractions containing pure non-tagged LdDOHH protein 

were concentrated upto 20 mg/mL and used for crystallization and other experimental studies. 

4.2.2.6. Native-PAGE analysis of LdDOHH protein conformational and oligomeric states: 

Native-PAGE analysis was carried out to check the LdDOHH protein‘s oligomeric state in its 

apo form. The 12% native PAGE gel was prepared and run by using the same protocol 

explained in the previous chapters. 27 μM (1 mg/mL) of wild-type apo LdDOHH protein was 

used for native PAGE analysis and 15 μM (1 mg/mL) BSA was also loaded into native PAGE 

along with our test samples, as a protein marker/reference. After run, the gel was stained and 

destained in the same way as done for the SDS-PAGE gel. 

4.2.2.7. Crystallization of wild-type LdDOHH: 

The wild-type 6xHis-tagged LdDOHH protein that was purified to highest homogeneity and 

concentrated upto 20 mg/mL in 25 mM Tris pH 7.4 and 100 mM NaCl was used for 

crystallization studies at the start. The initial crystallization experiments were carried out by 

sitting drop vapor diffusion methods and incubation at 4°C, and the pre-optimized 

crystallization screens purchased from Hampton Research were used. Crystallization 

experiments were set up manually using 96-well sitting drop plates. The crystallization trials 

were carried out using the several combinations of different variables of crystallization 

parameters including (a) protein nature [apoenzyme and holoenzyme] (b) protein type [6xHis-

affinity-tagged and non-affinity-tagged] (c) protein concentration [1 mg/mL to 80 mg/mL] (d) 

method of crystallization [hanging drop and sitting drop] (e) crystallization incubation 

temperature [4°C - 37°C] (f) type of pre-optimized commercial screen [Crystal Screen, 

PEG/Ion, Index, Salt and Crystal Screen Cryo from Hampton Research, and JCSG-plus, 

MIDASplus, Morpheus and PACT premier from Molecular dimensions]. Few crystals observed 

which turned out to be salt. Many of these crystallization trials also repeated by using Mosquito 

(TTP Labtech) and MICROLAB STARLET (Hamilton Robotics) at XRD Protein 

Crystallization Laboratory, AIRF Facility, JNU, New Delhi. Hanging drop crystallization was 

carried out in 96-well format using the crystallization robotics.  
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The subsequent crystallization trials included manually prepared crystal screens in different 

combinations with other variables of crystallization parameters. The manually prepared 

crystallization screens include the variable crystallization parameters (i) buffer type, its pH and 

its concentration (ii) salt type and its concentration (iii) precipitant type and its strength and (iv) 

additives. We have also carried out co-crystallization studies using protein‘s known inhibitor 

molecules and by adding external source of iron.  

4.2.2.8. Protein disorder and crystallizability prediction and analysis: 

The intrinsic structural disorderedness of LdDOHH protein was assessed and analysed by 

different computational web servers including Protein DisOrder prediction System (PrDOS) 

(930), DisEMBL Intrinsic Protein Disorder Prediction 1.5 (931) and GlobPlot 2.3 predictor of 

intrinsic protein disorder and globularity (932). The amino acid sequence of the LdDOHH 

protein was submitted to these servers individually and the analysis parameters were chosen 

respectively. The crystallizability of LdDOHH protein was computed and analysed by the 

XtalPred web server. 

4.2.2.9. Constructing the LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates: 

Based on the computational predictions of intrinsic disorder regions of LdDOHH protein, 3 

random truncations of the disordered regions from the C-terminus of the protein were made. 

These include LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates that were 

constructed by truncation/removal of 3, 6 and 9 consecutive amino acid residues respectively 

from the C-terminus of the protein. The dohh∆3, dohh∆6 and dohh∆9 gene truncations were 

made from the LdDOHH-6xHis-TEV-pET28C vector plasmid template using a common 

forward primer 5‘-CAGCCATATGATGTCTGCTTTGAACAGCCGCAC-3‘ containing the 

NdeI restriction endonuclease site, while individual reverse primers 5‘-

CATAGTCGACTCACTGCTGCTGATGAGCGAGG-3‘, 5‘-

CATAGTCGACTCAATGAGCGAGGCCGTTGAAGTTC-3‘ and 5‘-

CATAGTCGACTCAGCCGTTGAAGTTCGCCCAGTAC-3‘ respectively having the SalI 

restriction site. PCR amplification for all the 3 constructs was carried out using the lddohh-

6xHis-TEV-pET28C vector plasmid template containing the wild-type dohh gene from L. 

donovani, respective forward and reverse primers, dNTPs, Taq DNA polymerase and 

Thermocycler (Eppendorf make). Amplification of the required construct band was confirmed 

by agarose gel electrophoresis (AGE) and the respective amplicons were purified from the PCR 

reaction mixtures using the PCR purification kit. Blank pET28C vector plasmid was isolated 



 

 

and purified from pET28C-harboring E. coli DH5α-cells, using mini plasmid isolation kit. The 

amplicons of all the three dohh∆3, dohh∆6 and dohh∆9 gene truncates and blank pET28C 

vector plasmid were subjected individually to double restriction endonuclease digestion using 

NdeI and SalI enzymes at 37°C for 2-3 hrs. The endonuclease digested amplicons and pET28C 

vector plasmid were run on 0.8% low melting agarose and subsequently purified from the gel 

by using gel extraction kit. The double-digested and gel purified dohh∆3, dohh∆6 and dohh∆9 

gene amplicons and pET28C vector plasmid were ligated using T4 DNA ligase enzyme at 16°C 

overnight.  

The ligated lddohh∆3-6xHis-TEV-pET28C, lddohh∆6-6xHis-TEV-pET28C and lddohh∆9-

6xHis-TEV-pET28C constructs were transformed into E. coli DH5α-cells, cloning host, using 

the CaCl2 chemical-heat shock transformation method as explained in the previous chapters. 

The colonies from the transformation plates were inoculated into LB broth tubes and 

subsequently plasmids corresponding to all the three dohh∆3, dohh∆6 and dohh∆9 gene 

truncation constructs were isolated and purified and the presence of the corresponding dohh 

gene truncation was confirmed by subjecting the respective plasmid construct to restriction 

endonuclease digestion. After confirming the truncation of corresponding nucleotide 

sequences, the lddohh∆3-6xHis-TEV-pET28C, lddohh∆6-6xHis-TEV-pET28C and lddohh∆9-

6xHis-TEV-pET28C plasmid constructs were individually transformed into E. coli BL21 DE3 

cells in the similar way.  

4.2.2.10. Agarose gel electrophoresis (AGE) to confirm DNA presence and quality: 

The presence and quality/purity of the genes, plasmid vectors, recombinant plasmids and DNA 

oligonucleotides were known to be confirmed by the agarose gel electrophoresis (AGE) run. 

0.8% agarose gel was made by boiling (at 90°C) the agarose added in 30 mL running buffer, 

followed by adding ethidium bromide (EtBr) dye after cooling (to 50°C) and just before 

pouring into the gel caster. DNA samples were mixed well with the gel loading dye before 

loading into the agarose gel along with a 1-kB DNA ladder. The Tris/Acetate/EDTA (TAE) 

buffer was used for gel preparation as well as an electrophoresis running buffer. The AGE was 

run at 60 V for 40 mins, in case plasmid samples, in a horizontal electrophoresis apparatus 

connected to a power supply. After completion of AGE run, the gel was observed under UV 

illumination to visualize the separated plasmid/amplicon DNA samples that in-gel stained by 

EtBr.  
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4.2.2.11. Over-expression and purification of the DOHH protein truncates: 

Single bacterial colony from each of the BL21 DE3 agar plates transformed with the 

recombinant lddohh∆3-6xHis-TEV-pET28C, lddohh∆6-6xHis-TEV-pET28C and lddohh∆9-

6xHis-TEV-pET28C plasmid constructs was inoculated separately into autoclaved LB broth 

tubes, and IPTG induction and protein over-expression confirmation were carried out using the 

same protocol explained in the previous chapters. 

Purification of the 6xHis-affinity-tagged LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein 

truncates was carried out by Ni-NTA affinity chromatography followed by size exclusion 

chromatography using the similar protocol explained for the wild-type LdDOHH protein. The 

purified LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates were concentrated upto 

20 mg/mL and used for crystallization and other experimental studies. 

The non-affinity-tagged LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates were 

also using the similar protocol explained for the wild-type non-affinity-tagged LdDOHH 

protein and used for crystallization and other experiments. 

4.2.2.12. Crystallization of truncated proteins: 

The 6xHis-affinity-tagged and non-affinity-tagged LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 

protein truncates were also used for crystallization experiments in the similar way explained for 

the affinity-tagged and non-tagged wild-type LdDOHH protein. 

4.2.2.13. CD spectroscopy studies: 

Various biochemical properties of the wild-type LdDOHH protein were analysed by circular 

dichroism spectroscopy, including (i) protein‘s thermal stability [25°C - 100°C], (ii) resistance 

to protein denaturants [0.1 M – 8 M concentration range of urea and GnHcl], (iii) pH stability 

[pH 4.0 – pH 9.0] and (iv) ionic strength sustainability [0.1 M - 1 M salt strength]. 10 μM 

LdDOHH protein in 20mM sodium phosphate buffer was used for spectroscopy analysis and 

the experiment was carried out using 200μL sample in 0.1 mm quartz cuvette. The far UV 

spectral scan was recorded from 260-190nm, at 1nm band width. The buffer was used to take 

the blank readings in the same scan range, before the start of sample analysis.  

4.2.2.14. LdDOHH sequence analysis: 



 

 

The amino acid sequence of LdDOHH protein was compared with homologous proteins from 

other trypanosomatids, protozoans, several members of animalia and plants by multiple 

sequence alignment using the ClustalΩ tool (892-894). The amino acid sequences of DOHH 

proteins from Leishamani donovani (LdoDOH), Homo sapiens (HsaDOH), Trypanosoma cruzi 

(TcrDOH), Mus musculus (MmuDOH), Bos taurus (BtaDOH), Python bivittatus (PbiDOH), 

Pteropus Alecto (PalDOH), Xenopus laevis (XlaDOH), Drosophila obscura (DobDOH), 

Trichinella pseudospiralis (TpsDOH), Brassica napus (BnaDOH), Zea mays (ZmaDOH), 

Saccharomyces cerevisiae (SceDOH), and Chlamydomonas reinhardtii (CreDOH) were 

collected from the NCBI protein database in the FASTA format. All these sequences were 

submitted together to the ClustalΩ tool with the output options chosen to be clustal file with 

numbering and percent identity matrix (PIM). The multiple sequence alignment file was 

analysed manually for the homology and conserved amino acid sequence regions and the 

presence of insertions or deletions. The LdDOHH protein sequence was also analysed for 

several of its molecular properties using computational tools including ExPASy ProtParam 

(933). 

4.2.2.15. LdDOHH molecular modeling: 

The wild-type LdDOHH protein sequence was queried in the NCBI protein BLAST (892-894) 

against the PDB database and searched for the best homolog, having highest sequence identity 

with good query coverage, for which structure is elucidated and deposited in the database. After 

obtaining the 4D4Z structure as the best template, the LdDOHH protein sequence was modeled 

using the MODELLER 9.19 program (934). The homology models obtained from the 

MODELLER were validated using PROCHECK (935), ERRAT (936), PROVE (937), 

VERIFY3D (938) programs of the SAVES server. The best model was selected after validation 

and used for further structural analysis and experiments.  

4.2.2.16. LdDOHH structure analysis: 

The secondary structural features of the aligned DOHH protein sequences were comparatively 

analysed by ESPript (895), using the LdDOHH protein modeled structure as template. The 

multiple sequence alignment file, obtained from the ClustalΩ tool, along with a single 

polymeric protein chain from the modeled and validated final PBD format LdDOHH protein 

model, as a template PDB structure, was submitted to the ESPript server for calculating the 

conserved and homology secondary structural features among the DOHH structures from 

various pathogenic bacteria. 
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The secondary, tertiary and quaternary structural features of the final validated wild-type apo 

LdDOHH were initially analysed by using the 3-D visualization tools like PyMOL (896), 

Discovery Studio Visualizer (897) and Chimera (898). These initial analyses include the type 

and amount of secondary structural elements (α-helices, β-sheets and random loops), number 

and type of domains present in each protein polymeric chain, number of protein chains present 

in the entire protein model and their arrangement in 3-D space.  

The PDB structures of DOHH from other organisms were downloaded from the RCSB PDB 

database, if any available, and used for comparative analysis with the LdDOHH protein, which 

was carried out manually in the 3-D visualization tools like PyMOL, Discovery Studio 

Visualizer and Chimera. The distant structural homologues of LdDOHH protein were searched 

by the DaliLite server. The final structural model of LdDOHH protein was submitted to the 

DaliLite server and the output structures were analysed and inspected for homology by 

monitoring the Z-score and RMSD values.  

4.2.2.17. Pharmacophore modelling and virtual screening: 

To construct pharmacophore models that are both sensitive and selective, all combinations of 

three to six features pharmacophores are enumerated and ranked by decreasing selectivity. 

Only the top 10 models are selected. Firstly, the RLPG protocol (904-906) identifies 

pharmacophore features of the ligand. Six standard pharmacophore features (HBA, hydrogen 

bond acceptor; HBD, hydrogen bond donor; HYD, hydrophobic; NI, negatively ionizable; PI, 

positively ionizable; RA, ring aromatic) are considered. ChEBI_lite_3star library of EBI 

databased with 46,125 molecules was screened through the first pharmacophore model because 

of its high selectivity score. 1125 molecule were able to cross the pharmacophore filter. Out of 

them, 523 molecules cross the Lipinski filter. And 16 molecule shows the docking score 

comparable to deoxyhypusine. The input site sphere values used for docking molecules in 

CDOCKER include -0.459209, 56.9617, 12.1817, 8.04679. 

4.2.2.18. Molecular docking:  

The top hit compounds obtained from the virtual screening were docked into the template 

LdDOHH protein using AutoDock (902) and Autodock Vina (903) in order to calculate the 

binding energies of those compounds at the active site of LdDOHH. Protein and ligand files 

were prepared by using AutoDock tools (902-903) according to the standard protocol. Protein 

file was prepared by removing any bound ligand molecules except for iron and water; and 

adding Kollman charges and hydrogen atoms. Final hits were docked in the active site using the 



 

 

Lamarckian genetic algorithm (LGA) and the Grid centred at (29.58, 11.972, 17.167) 

24×22×36 dimension with the default spacing (0.375 Å). The lowest energy conformation of 

the docked ligand was interpreted as the best pose. Results were analysed using PyMol and 

Discovery studio visualizer 

4.2.2.19. MD simulations: 

The LdDOHH protein model and its docked complexes were subjected to molecular dynamics 

simulations to check their conformational stability. The topology for the protein polypeptide 

chains was prepared by the GROMOS43a1ff (Gromos43a1 force field) of GROMACS 

software (912), while the topology files for the inhibitor compounds were prepared by 

PRODRG server (939-940). Simple point charge (Spc) water model was used to solvate the 

protein in a cubic box. The ―protein in water‖ system was neutralized by adding Na
+
 and Cl

-
 

ions and also the system was added with 150 μM extra amount of salt to mimic the biological 

buffering system. The xyz 3-D periodic boundary condition (pbc) was used to eliminate the 

surface effects and to maintain minimum image convention. A solute-box distance of 1.0 nm 

was used to maintain at least 2.0 nm between any two periodic images of a protein. The 

solvated, electro-neutral system was energy minimized to ensure that the system has no steric 

clashes or inappropriate geometry and it is relaxed properly. Vacuum minimization was done 

by steepest descent minimization algorithm and 50000 number of minimization steps. During 

the energy minimization step, the Verlet cutoff-scheme was used for neighbor searching, the 

simple grid method was used to determine the neighbor list, treatment of long range 

electrostatic interactions was done by particle mesh Ewald (PME) electrostatics algorithm, 

maximum force to be achieved was set to < 1000.0 kJ/mol/nm and both short-range 

electrostatic and van der Waals cut-off were set to 1.0. Standard cut-off of 1.0 nm was used for 

both the neighbour list generation and the coulomb and Lennard–Jones interactions. 

The position restrained parameters prepared for the protein, cofactor and inhibitors were used 

to apply a position restraining force on the heavy atoms of the protein (anything that is not a 

hydrogen), to avoid unnecessary distortion of the protein–ligand complex. The energy 

minimized system was equilibrated in 2 methods for 50 ns each: (i) NVT (constant Number of 

particles, Volume and Temperature) equilibration, which is also referred to as "isothermal-

isochoric" or "canonical" ensemble, at 300 K reference temperature and (ii) NPT (constant 

Number of particles, Pressure and Temperature) equilibration, which is also referred to as 

"isothermal-isobaric" ensemble, at 1.0 bar reference pressure. Both the equilibration steps 

include two temperature coupling groups (tc_groups) comprising (i) the protein group and (ii) 
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non-protein group: water_ions, in case of all the four simulations. During NVT equilibration, 

only temperature coupling (V-rescale modified Berendsen thermostat algorithm) was on, while 

both temperature coupling (V-rescale modified Berendsen thermostat) and pressure coupling 

(Parrinello-Rahman barostat) were on during the NPT equilibration. 

The system that was well-equilibrated at the desired 300 K temperature and 1.0 bar pressure, 

was used for production MD run. 50-ns MD run was executed with 25000000 steps and data 

were collected with 2 fs step size. During production MD run both the temperature and pressure 

coupling were on and the elctro-statistics were using PME algorithm. The production MD data 

were analysed for the stability of the polypeptide structure and complex stability by calculating 

the root-mean-square displacement (RMSD) of all the protein heavy atoms, i.e. non-hydrogen 

atoms, with respect to the starting structures. The time-dependent potential energy of the 

system and the root mean square fluctuation (RMSF) of all the protein residues were 

calculated, and the hydrogen bond pattern analysis between protein and the ligands was also 

carried out. 

 

4.3. Results and discussion: 

4.3.1. LdDOHH cloning, transformation and protein over-expression: 

The wild-type dohh gene from L. donovani was successfully cloned into pET28c vector with an 

N-terminal 6xHis-tag and TEV protease digestion site (figure 4.1). The recombinant pET28C-

6xHis-TEVP-dohh plasmid vector containing the coding region of the wild-type lddohh gene 

was transformed successfully into E. coli DH5α. The clone was confirmed by double restriction 

endonuclease digestion using both NdeI and SalI enzymes, and also by PCR amplification, 

where we have observed a DNA band of ~1Kb corresponding to the size of the lddohh gene 

(981-bp) (figure 4.2). And subsequently the nucleotide sequence of the cloned gene was also 

confirmed by gene sequencing.  

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 4.1: PCR amplification and subsequent restriction digestion of the lddohh gene 

amplicon and pET28C plasmid. Lane 1: lddohh gene amplicon after restriction endonuclease 

digestion, lane 1: pET28C plasmid after restriction endonuclease digestion, and lane 3: DNA 

ladder. 

 

 

 

 

    

          

 

Figure 4.2: confirmation of the lddohh gene cloning by double restriction endonuclease 

digestion of the plasmid isolated from the pET28C-6xHis-TEVP-dohh plasmid vector 

transformed E. coli DH5α cells. Lane 1: DNA ladder, lane 2 and 3: the recombinant pET28C-

6xHis-TEVP-dohh plasmids, isolated from different batch cultures, after restriction digestion. 

 

The recombinant pET28C-6xHis-TEVP-dohh plasmid vector was then transformed 

successfully into E. coli BL21 DE3 cells, and the transformed E. coli BL21 DE3 cells were 

confirmed to be over-expressing a soluble wild-type 6xHis-tagged LdDOHH protein, which 

was observed by a thick ~37 kDa band in the SDS-PAGE gel (figure 4.3).  
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Figure 4.3: The wild-type 6xHis-tagged LdDOHH protein over-expression studies. The 

supernatant and pellet samples collected under different over-expression conditions. Lane 1: 

control supernatant at 37°C, lanes 2 and 3: IPTG induced pellet and supernatant respectively at 

37°C, lanes 4 and 5: IPTG induced pellet and supernatant respectively at 25°C, lanes 6 and 7: 

IPTG induced pellet and supernatant respectively at 20°C, lanes 8 and 9: IPTG induced pellet 

and supernatant respectively at 18°C, and lane 10: pre-stained protein ladder. 

4.3.2. Purification of recombinant wild-type LdDOHH protein: 

The wild-type 6xHis-tagged LdDOHH protein was purified by Ni-NTA agarose affinity 

chromatography and found over-expressed bands in almost all fractions corresponding to all the 

purification steps. The elutions corresponding to the 10 mM, 20 mM, 50 mM and 100 mM 

imidazole concentrations contained gradually decreasing amounts of impurities, with the 

increasing imidazole concentration, and we obtained pure form of LdDOHH protein, with the 

250 mM imidazole elution (figure 4.4). The elution fractions obtained from the 250 mM 

imidazole wash contained protein corresponding to a single band of 37 kDa size on the SDS-

PAGE gel.  

The purified wild-type 6xHis-tagged LdDOHH protein was subjected to TEV protease 

digestion, followed by dialysis against purification buffer. From the 6xHis-tagged LdDOHH-

TEV protease protein digestion reaction mixture, the wild-type non-tagged LdDOHH protein 

was purified by using the same Ni-NTA column as explained in the methods section. We have 

observed a protein band migrated little faster than the 6xHis-tagged protein, indicating the 

removal of 6xHis-tag from the protein and resulting in the recombinant wild-type non-tagged 

LdDOHH protein (figure 4.5). 

 



 

 

 

 

 

 

 

 

 

Figure 4.4: The SDS-PAGE profile of the wild-type 6xHis-tagged LdDOHH protein 

purification carried out by Ni-NTA affinity chromatography. Lanes 1-7: elutions with 

imidazole concentrations, lane 8: lysis buffer wash, lane 9: crude flow through and lane 10: 

crude extract. 

 

 

 

 

 

Figure 4.5: The SDS-PAGE profile of the wild-type non-tagged LdDOHH protein purification 

carried out by Ni-NTA affinity chromatography after 6xHis-affinity tag cleavage from the 

affinity-tagged protein by the TEV protease. Lanes 1 and 2: undigested 6xHis-tagged LdDOHH 

protein, lane 3: flow through sample containing the digested 6xHis-tag free LdDOHH, lane 4: 

protein ladder, lane 5: wash with purification buffer, lanes 6-8: elution fractions collected from 

low imidazole concentration washes, and lanes 9-10: elution fractions collected from high-

concentration imidazole washes. 

 

The purified protein fractions from the affinity chromatography step, were concentrated and 

loaded onto 120 mL HiLoad 16/600 Superdex 200 pg gel filtration column, and we have 

observed a single major peak at ~82 mL elution volume (corresponding to a molecular weight 

of ~40 kDa) with a leading edge shoulder at ~75 mL column elution volume and expected to be 

the position for LdDOHH monomer of 37-kDa molecular weight (figure 4.6). The elution 

fractions collected from the column contained purified protein bands of ~37 kDa size, without 
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any impurities, when checked by SDS-PAGE, while they displayed a different band separation 

profile when analysed by native gel electrophoresis (native PAGE).  

 

 

 

 

 

 

 

 

Figure 4.6: The size exclusion chromatography profile of the wild-type non-tagged LdDOHH 

protein purification carried out by using Superdex 200 pg gel filtration column.  

 

4.3.3. Separation of apoenzyme and holoenzyme forms of wild-type LdDOHH protein: 

When the purified protein fractions from the affinity chromatography step were analysed by the 

native PAGE, we have observed two major/predominant protein species/bands corresponding 

to two different conformations/states of the wild-type LdDOHH protein. The more diffusive 

and slow-migrating band (hereafter it will be named as band 1) corresponding to the 

apoenzyme species, while the fast moving and sharp band (hereafter it will be named as band 

2) belongs to the holoenzyme form/species of the protein (figure 4.7A). The apoenzyme form is 

the LdDOHH protein without bound iron, while the holoenzyme form contains bound iron 

which confers a molecular conformation different from that of the apoenzyme. These two 

different conformational states of LdDOHH protein were separated from each other by gel 

filtration purification. When the gel filtration elution fractions corresponding to the major peak 

were run on native PAGE we have observed band 2 in dominant form in most of the center 

fractions with negligible size band 1, while the elution fractions corresponding to the early 

shoulder exhibited band 1 in dominant size with negligible amounts of band 1 (figure 4.7B). 

The shoulder fractions were pooled and concentrated in order to obtain pure apoenzyme form, 



 

 

while the centre fractions of the major peak were concentrated together to obtain pure form of 

holoenzyme.  

 

 

Figure 4.7: The native PAGE profile of the wild-type non-tagged LdDOHH protein. (A). 

Protein samples from the Ni-NTA affinity chromatography. (B). The native PAGE profile of 

the LdDOHH protein elution fractions obtained from the Superdex 200 pg gel filtration column.  

 

4.3.4. Crystallization of wild-type LdDOHH: 

The LdDOHH protein crystallization experiments were carried out by hanging and sitting drop 

vapor diffusion methods as explained in the methods section. We obtained very much irregular 

shaped tiny crystals (figure 4.8), in one of the manually prepared crystallization condition 

containing 50 mM tris buffer pH 7.4, 0.1 M calcium chloride, and PEG4000 precipitant. But 

these crystals were of very poor quality that diffracted only to 15 Α˚ with very less number of 

reflection spots. Several cryo-protectants were used to improve the diffraction quality from 

those crystals, but no positive results gained. Many crystallization conditions and methods were 

also employed to improve the crystals‘ quality and size, and ended up with similar quality 

crystals. 
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Figure 4.8: The tiny crystals of poor quality obtained for wild-type non-tagged LdDOHH 

protein. 

 

4.3.5. Protein disorder and crystallizability prediction and analysis: 

We have observed certain intrinsically disordered regions in the wild-type LdDOHH protein, 

which were analysed by using different software tools as explained in the methods section. 

These regions mainly include the N-terminal and C-terminal regions of the protein, Met1 – 

Glu11 and Phe315 – Ala326 respectively, which are not participating in the stable secondary 

structural elements (α-helices or β-sheets), and forming only the flexible loops, while another 

major disordered region, Lys146 – Glu177, identified in the LdDOHH protein includes the 

parts of inter-domain loop connecting the two structural domains of this protein (figure 4.9). 

These disordered regions forming loops at the both termini of the protein and inter-domain 

regions are found to be flexible and hence need to be truncated in order for the protein to be 

structurally stabilized and subsequently crystallized.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: PrDOS prediction of disorder regions in the wild-type LdDOHH protein. (A) the 

disorder probabilities plot of LdDOHH predicted by PrDOS web server. (B) the LdDOHH 

protein sequence with the disordered protein regions highlighted by color coding.  

 

The crystallizability of the wild-type LdDOHH protein was also predicted by XtalPred web 

server and this protein was classified to be Expert pool (EP) crystallizability class 4 and 

Random forest (RF) crystallizability class 11 (figure 4.10). These crystallizability class 

analyses are indicating that the LdDOHH protein belongs to a least promising crystallizable 

class with overall combined class score of 5. 
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Figure 4.10: Crystallizability prediction for the wild-type LdDOHH protein by Xtalpred web 

server. (A) the relative crystallizability of LdDOHH protein by EP class prediction (B) the 

relative crystallizability of LdDOHH protein by RF class prediction. 

4.3.6. Constructing the LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates: 

The DNA oligo primers were designed for LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein 

truncates and PCR amplied using the wild-type full length lddohh gene carrying pET28C-

6xHis-TEVP-dohh plasmid as template. The PCR amplicons were ligated with the empty 

pET28C vector, after double restriction endonuclease digestion, keeping the N-terminal 6xHis-

affinity tag with the TEV protease digestion site. The ligated products were successfully 

transformed into E. coli DH5α cells, followed by confirmation of the clones by restriction 

digestion using the respective endonuclease enzymes, and also by PCR amplification, where we 

have observed a DNA band of ~1Kb corresponding to the size of the truncated gene amplicons 

(figure 4.11). The nucleotide sequences of the truncated genes were also confirmed by gene 

sequencing. 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 4.11: PCR amplification of the truncated lddohh genes. Lanes 1-4: the gene amplicons 

of lddohh∆3, lddohh∆6, lddohh∆9 and wild-type lddohh genes respectively. Lane 5: 1 kb DNA 

ladder. 

4.3.7. Over-expression and purification of the DOHH protein truncates: 

The recombinant lddohh∆3-6xHis-TEV-pET28C, lddohh∆6-6xHis-TEV-pET28C and 

lddohh∆9-6xHis-TEV-pET28C plasmid constructs containing the dohh∆3, dohh∆6 and dohh∆9 

gene truncations respectively were transformed successfully into E. coli BL21 DE3 cells, and 

the transformed E. coli BL21 DE3 cells were confirmed to be over-expressing a soluble 6xHis-

affinity-tagged LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 protein truncates respectively, 

which was observed by the ~37 kDa bands in the SDS-PAGE gel. 

The recombinant 6xHis-affinity-tagged LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 proteins 

were purified by Ni-NTA agarose affinity chromatography followed by the size exclusion 

chromatography and obtained homogeneous proteins that were concentrated and used for 

crystallization studies. The non-tagged truncated proteins were also purified in the similar way 

explained for the wild-type full length protein and separated from each other by same method. 

4.3.8. Crystallization of truncated proteins: 

All the three truncated LdDOHH∆3, LdDOHH∆6 and LdDOHH∆9 proteins were used for 

crystallization by the different protocols explained in the methods section. The crystallization 

trials are still underway and I haven‘t obtained any hit condition for the growth of LdDOHH 

crystals. 
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4.3.9. CD spectroscopy studies: 

The wild-type LdDOHH protein was analysed for its biochemical attributes, including thermal 

stability, resistance towards the protein denaturants, and buffer and ionic strength sustainability, 

by the circular dicroism spectroscopy. The CD spectrogram of the wild-type protein was 

showing that the protein is exclusively containing α-helices and loops only, and it doesn‘t 

contain β-sheets or any other protein secondary structural elements. The thermal analysis 

results are showing that the protein is structurally stable upto 45°C temperature and above 

which it is losing its structural integrity, and the Tm value of the protein was calculated to be 

43°C (figure 4.12).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Thermal analysis studies of the wild-type LdDOHH protein by CD spectroscopy. 

The analysis was carried in the temperature range of 25°C till 120°C, at an interval of 5°C. The 

spectrographs corresponding to each temperature are color labeled and indicated at the bottom 

of the graphs.  

 



 

 

The results from the spectroscopic analysis of the protein‘s stability to denaturants are showing 

that the protein can withstand up to 1 M urea and 1 M guanidinium hydrochloride (GnHCl) 

concentrations, and its losing its secondary and tertiary structural features upon increasing their 

concentrations further (figure 4.13A and 4.13B). The affect of pH on the protein structural 

stability was also assessed in the range of 4.0 to 9.0 and the corresponding results are showing 

that the pH 4.0 is harmful for the protein as its getting denatured and losing structural features 

(figure 4.13C). The protein is structurally stable in the pH range of 5.0 to 9.0. The sustainability 

of the protein to ionic strength was also analysed by using the increasing concentrations of the 

sodium phosphate buffer pH 7.4 from 0.02 M to 1.0 M. Results from these studies are showing 

that the protein is structurally behaving well in the ionic strength range of 0.02 M to 0.5 M, but 

becoming unstable at the buffer concentration of 1.0 M (figure 4.13D). 

 

Figure 4.13: The CD spectroscopic analysis of the different biochemical attributes of 

LdDOHH protein. (A). and (B). are showing the denaturant stability of the protein in presence 

of the increasing concentrations of urea and GnHCl respectively. (C). and (D).  are showing the 

pH stability analysis and the ionic strength sustainability of the protein respectively.  
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4.3.10. LdDOHH sequence analysis: 

The sequences from different protozoans (including few trypanosomatids), human, fungal, 

plant and animal species were compared and analysed for their characteristic features. It was 

found that LdDOHH protein sequence has few insertions when compared to human 

counterpart, which were found in few other protozoans also, especially other trypanosomatids 

(figure 4.14). One of these insertions, which is 9-amino acid long from Tyr172 to Pro180, was 

found to be playing functional roles in the enzyme activity of the protein, proved by earlier 

research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: multiple sequence alignment of the LdDOHH protein. Completely conserved 

residues are shown in red boxes with white characters, while the residues in the white boxes 

with red characters are relatively conserved. The amino acid sequence corresponding to the 

major insertion is highlighted by the green colored box. The His-Glu motifs (HE motifs) and 

the catalytic residues are pointed by blue coloured solid triangles. Secondary structural 
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elements of DOHH protein are labeled above the sequences. The amino acid sequences of 

DOHH protein from different protozoan, human, plant and animal species were collected as 

explained in the methods section. 

 

4.3.11. LdDOHH molecular modeling: 

The amino acid sequence of wild-type LdDOHH protein was modeled using the crystal 

structure of human DOHH protein (PDB ID: 4D4Z) as template and by using the autodock 

tools and autodock vina as explained in the methods section. We have obtained 10 models and 

validated all of them by SAVES server to choose the best model. The overall structure of the 

LdDOHH protein is depicted in figure 15 and its validation reports are in figure 16.  The 

LdDOHH protein model chosen for structural analyses has more than 91% of residues in the 

most favored regions, according to the Ramachandran plot statistics obtained from the 

PROCHECK program and has an overall quality factor of 71 which was assessed by the 

ERRAT2 program. These validation parameters are indicating that the model is of enough 

quality that can be used for further structural studies. I have also modeled the LdDOHH 

sequence using other molecular modeling tools including Phyre2, but models of poor quality 

were obtained from these programs. 

 

 

 

 

 

 

 

 

 

Figure 4.15: The 3-D structural model of wild-type LdDOHH protein. The polypeptide chain is 

colored in cyan, and the iron atoms and active site oxygen are labeled orange and red 

respectively.  



 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Validation of the 3-D structural model of wild-type LdDOHH protein by the 

SAVES server tools. (A). and (B). are showing the Ramachandran plot analysis and the 

ERRAT plot analysis of the protein model. 

4.3.12. LdDOHH structure analysis: 

The LdDOHH protein structure was analysed for all its structural elements and their 

arrangement in the 3-D space. The structure was found to contain majorly the α-helical 

secondary structural elements that are arranged in hairpins, which in turn arranged into two 

identical structural domains connected by a flexible long loop. Each domain is having 4 pairs of 

α-helices, i.e four α-helical hairpins, and hence the overall structure has eight α-helical hairpins 

(eight α-helical pairs) (figure 4.17) (table 4.1). This structural arrangement of the α-helical pairs 

in the LdDOHH protein resembles the α-helical tandem repeats of the HEAT-repeat protein and 

hence was classified as a member of this protein family.  
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Figure 4.17: The secondary structural elements of LdDOHH protein model. The helices and 

loops are color labeled by cyan and grey respectively. The bound iron and oxygen atoms are 

also shown in the diagram in the spheres. 

 

Table 4.1: The list of secondary structural elements of LdDOHH protein. The loop and helices 

are labeled with the Ln and Hn identifiers respectively. 

Loops Helices 

Loop Identifier Residue Range Helix Identifier Residue Range 

L1 Met1 - Ser6 H1 Arg7 – Leu20 

L2 Asp21 – Phe25 H2 Leu26 – Glu38 

L3 Asp39 – Thr43 H3 Ala44 – Asp55 

L4 Thr56 – Ser59 H4 Val60 – Ser73 

L5 Gly74 – Arg75 H5 Glu76 – Arg87 

L6 Thr88 – Asp92 H6 Val93 – Ile106 

L7 Gly107 – Ser108 H7 Phe109 – His118 

L8 Ser119 – Glu126 H8 Ala127 – Lys146 



 

 

L9 Gly147 – Thr182 H9 Val183 – Leu191 

L10 Asp192 – Arg198 H10 Leu199 – Leu212 

L11 Ala213 – Thr214 H11 Glu215 – Arg226 

L12 Glu227 – Ser231 H12 Ala232 – Leu245 

L13 Glu246 – Arg247 H13 Phe248 – Lys259 

L14 Asp260 – Ala264 H14 Phe265 – Ile278 

L15 Ala279 – Asp280 H15 Phe281 – Ala291 

L16 Thr292 – Glu295 H16 Phe296  - Lys310 

L17 Tyr311 – Ala326   

 

The LdDOHH protein is compared with the human counterpart, HsDOHH, and analysed for the 

active site architecture and catalytic residues. The His-Glu motifs are structurally aligned along 

with the other active site residues (figure 4.18). The differences in the length of the inter-

domain loop, which is also called as connecting loop, are highleted in these structures. 
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Figure 4.18: Comparison of the active site architecture of LdDOHH and HsDOHH. (A). 

Superposition of LdDOHH model (Green) and HsDOHH crystal (4D4Z: chainA) (Magenta) 

structures. The two insertion loops, D148-V151 and L171-P180, present in the connecting loop, 

are color coded (Red). (B). Structural superposition of His-Glu motifs and other key residues 

from LdDOHH model (Green) and HsDOHH crystal (4D4Z: chainA) (Magenta) structures. 

Residues are color coded: Cyan – LdDOHH and yellow – HsDOHH. 

 

The coordination of the iron atoms within the active site of the protein was analysed and found 

that each iron atom is making three coordination bonds with the NE2 nitrogen atoms of the two 

histidine residues from two HE motifs and OE1 oxygen atom of one glutamate residue of one 

of the HE motifs at 2.4 Å distances (figure 4.19A). The deoxyhypusine binding within the 

active site and its interactions were analysed and depicted in the figure 4.19B. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Iron coordination and the substrate deoxyhypusine interactions in the active site 

pocket of LdDOHH. (A). Iron coordination by the HE motifs and other residues of LdDOHH 

protein. The iron atoms are orange color labeled in sphere representation. (B). Substrate 

deoxyhypusine interactions in the active site pocket with the catalytic residues, diiron center, 

oxygen molecule, HE motifs, residues of inter-domain loop and insertion loop.  
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4.3.13. Pharmacophore modeling, virtual screening and molecular docking:  

RLPG protocol generated 9 pharmacophore models by using the defined strategies and features 

of all these models are listed in the Table 4.2. ChEBI_lite_3star library of EBI databased with 

46,125 molecules was screened through the first pharmacophore model because of it‘s high 

selectivity score. 1125 molecule were able to cross the pharmacophore filter. Out of them, 523 

molecules cross the Lipinski filter. And 16 molecule shows the docking score comparable to 

hypusine. The list of molecules and their details are given in the table 4.3. 

Table 4.2: The pharmacophore models, with their selectivity score, that were generated during 

pharmacophore modeling. 

Phamacophore No. of features Feature set Selectivity score 

Pharmacophore_01 4 DPPP 10.912 

Pharmacophore_02 4 APPP 9.9987 

Pharmacophore_03 3 PPP 8.4839 

Pharmacophore_04 3 DPP 8.0040 

Pharmacophore_05 3 DPP 8.0040 

Pharmacophore_06 3 DPP 8.0040 

Pharmacophore_07 3 APP 7.0904 

Pharmacophore_08 3 APP 7.0904 

Pharmacophore_09 3 APP 7.0904 

 

 

 

 

 



 

 

Table 4.3: The details of the compounds obtained with best docking scores from the virtual 

screening. 

1 Compound 

43 

(CHEBI: 

59621) 

L-lysyl-D-alanine 

 

 

 

2 Compound 

470 

(CHEBI: 

64339) 

N(1)-

aminoaminopropylagmatine 

 

3 Compound 

68 

(CHEBI 

:61869) 

N(6)-L-homocysteinyl-L-

lysine 

 

4 Compound 

Chebi 

(CHEBI: 

17312) 

N(1)-acetylspermine 

 

5 Compound 

1071 

(CHEBI: 

63333) 

L-arginyl-L-glutamic acid 

monoacetate 
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6 Compound 

1157 

(CHEBI: 

57825) 

L-lombricine dizwitterion 

 

 

7 Compound 

1366 

(CHEBI: 

58074) 

D-nopalinate(1-) 

 

8 Compound 

1827 

(CHEBI: 

47819) 

N(5)-

[amino(hydroxyimino)methyl]-

L-ornithine 

 

9 Compound 

1911 

(CHEBI: 

48005) 

gamma-L-glutamylputrescine 

 



 

 

10 Compound 

751 

(CHEBI: 

15949) 

diphthamide 

 

11 Compound 

937 

(CHEBI: 

137738) 

Val-Ala-Lys 

 

12 Compound 

515 

(CHEBI: 

38153) 

(R,R,R)-avenic acid A 

 

13 Compound 

712 

(CHEBI: 

57304) 

N(2)-(2-carboxyethyl)-L-

arginine dizwitterion 

 

14 Compound 

601 

(CHEBI: 

15746) 

spermine 
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The molecules obtained from the virtual screening were subsequently docked in the active site 

of LdDOHH model and analysed for their interactions. The interactions of these compunds are 

depicted in the following panels of figure 4.20. Maximum of the inhibitor interactions are 

observed with the active site histidine and glutamate (from the HE motifs), and tyrosine 

residues. 

 

 



 

 

 

 

 

Figure 4.20: The protein-inhibitor interactions in the docked complexes. The panels of the 

LdDOHH-inhibitor complexes are labeled by the inhibitor compound ID, on top of the panel. 

The inhibitor and protein residues are shown in stick representations with cyan and green 

colored respectively. The iron molecules are colored orange and shown with stick 

representation. 

4.3.14. MD simulations: 

The apo LdDOHH, holo LdDOHH and the complexes of the LdDOHH protein model with the 

substrate deoxyhypusine and the inhibitor hit compounds, obtained from the virtual screening, 

were also analysed by molecular dynamics simulations for their binding and conformational 

stability. The results obtained from these studies are showing that iron atoms are stabilizing the 

structure of the holo LdDOHH and without which the apo LdDOHH protein is very much 
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unstable (figure 4.21). Simulations of the holo LdDOHH are showing that the binding of iron 

atoms is stabilizing the structure with an RMSD of 0.45 Å2
. 

 

 

Figure 4.21: The MD simulations of the apo, holo, substrate-bound and inhibitor docked 

LdDOHH complexes. (A), (B), (C) and (D) are showing the RMSD graphs of the simulations 

of the apo LdDOHH protein, holo LdDOHH, LdDOHH-deoxyhypusine and LdDOHH-43 

complexes respectively. 

 

The molecular docking analyses and MD simulation studies are showing that the binding of the 

inhibitor compounds 43 (figure 4.21D), 712 (figure 4.22C) and 1366 (figure 4.23A) within the 

active site of holo LdDOHH protein are conformationally and structurally stabilizing the 

protein (figure 4.20). These compounds are also making extensive hydrogen bonding network 

in the active site of the protein. 



 

 

 

Figure 4.22: The MD simulations of the LdDOHH-inhibitor docked complexes. (A) and (D) 

are showing the simulation of the complexes of the inhibitors labeled below the graphs. (B) and 

(C) are the MD graphs of the compounds 712 and 751 respectively. 

 

 

Figure 4.23: The MD simulations of the LdDOHH-inhibitor docked complexes, part2. (A) 

showing the RMSD graph for the simulation of the LdDOHH complex with the compound 

1366. (B) showing the simulations of the LdDOHH complexes with the compounds labeled at 

the bottom of the graph. 
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4.4. Conclusions: 

The LdDOHH protein was purified to highest homogeneity in His6-tagged and non-tagged 

forms, and used for crystallization experiments. We obtained poor quality crystals and 

subsequently the three different C-terminal truncations were made in order to increase the 

crystallization probabilities. The LdDOHH protein was characterized biochemically for its 

oligomeric forms in solution and secondary structural contents. The protein was modeled and 

analysed by comparing with its human counterpart, and found certain loop insertions which are 

structurally differing at the active site regions. The protein model was also used for 

pharmacophore based virtual screening and obtained 16 hit compounds among which 

compounds 43, 712 and 1366 are stabilizing the structure by making intricate hydrogen 

bonding networks within the active site. Hence these molecules maybe further investigated for 

their anti-leishmanial activities. 
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CHAPTER 5 

Conclusions and Future Prospectives 

 

The FabI, the isoform I of ENR, from Moraxella catarrhalis (McFabI) was characterized for its 

biochemical and structural molecular features using X-ray crystallography and other 

biochemical & biophysical tools. The crystal structures of McFabI protein in its apo and ternary 

complex forms, McFabI-NAD-TCL and McFabI-NAD-EST, were obtained and analysed for 

the active site elements in comparison with homologous proteins from other pathogenic 

bacteria and assessed for their usefulness in the understanding of designing broad-spectrum 

antimicrobials. The biochemical attributes of McFabI were also analysed and compared with 

the homologous proteins. By using the virtual screening tools, we obtained few inhibitor lead 

molecules and observed that the female sex hormone 17-β estradiol (E2) also binding with high 

energies in the active site of McFabI and hence their interactions were analysed biochemically 

and structurally. These analyses revealed that E2 is binding with a kD value of 5 µM to the 

enzyme and inhibiting its catalytic activity with a ki value of 38 µM. It is also observed that E2 

is inhibiting 60% of the M. catarrhalis microbial growth at a concentration of 100 µM. These 

results are indicating that the direct antimicrobial actions of estradiol may be contributing to the 

sex differences in the resistance to infections in many species and supporting the well-

established fact that females are more resistant to infections than their male counterparts.  

Further studies have to be carried out to determine the in vivo antimicrobial actions of estradiol, 

within the physiological hormonal milieu, at its physiological concentrations. The studies have 

to be extended to other sex hormones also to confirm their antimicrobials roles and any similar 

contribution to sex differences in order to understand the roots of sex differences in resistance 

to infections. The antimicrobial roles of estradiol also have to be checked against other 

pathogenic bacteria. The structural features of the McFabI may be exploited in designing 

structure based broad-spectrum antimicrobials. 

The OXA-58 structure was obtained in complex with the carbapenem mimetic 6α-HMP in a 

stable acyl-enzyme species form. We analysed the structural features and observed the inward 

movements of α3/α5- and β6/β7-loops harboring the Phe113/Phe114 and Met225 residues, 

respectively, involving in the formation of a hydrophobic bridge over the active site upon 

binding of the carbapenem mimetic 6α-HMP. The loop movements trigger the realignment of 

the side chains of those residues and forms the hydrophobic bridge which plays roles in 



 

 

substrate recognition and subsequent catalysis. These features of the OXA-58-6α-HMP acyl-

enzyme complex, are indicating that the plasticity of the active site elements is essential for the 

β-lactam recognition and its catalysis by the OXA-58 β-lactamase enzyme. The three different 

conformations observed for the side chain hydroxyl group of the hydroxyalkyl side chain of the 

carbapenem β-lactams and their structural mimetics play crucial roles in the substrate 

recognition by the β-lactamase enzymes. These three conformations (two rotamers of 6α-HMP 

and the virtually identical rotamers of meropenem and doripenem) are indicating the 

conformational sampling of the side chain hydroxyl group of the hydroxyalkyl moiety and also 

showing a sequence of key events that may take place during the carbapenem catalysis that is 

going to happen subsequently. A deacylation step in β-lactam catalysis by OXA β-lactamases 

requires that a water molecule be in hydrogen bond distance from the carboxylysine active-site 

residue (Lys-86) and the carbonyl moiety of the acyl-enzyme species. The proposed flow of 

catalytic events suggests that class D β-lactamases may have acquired carbapenemase activity 

by selecting a rotamer conformation that allows not simply retention of the deacylating water 

molecule but its retention in the position between the carboxylysine and the carbonyl of the 

acyl-enzyme complex, as required for catalytic deacylation.  

The crystal structures obtained for the K86A, F113A, F114I, M225A and M225T point 

mutations of AbOXA-58 are showing that the hydrophobic bridge is formed even in the 

absence of one of the phenyl alanine residues or the mutated methionine residues. And the 

hydrophobic bridge formation over the active sites of mutant proteins is supporting the results 

showing the catalytic activity of these proteins and concluding that these point mutant proteins 

of AbOXA-58 are catalytically activity but with decreased catalytic efficiencies. Further studies 

are needed to confirm the active site plasticity and catalytic activity (β-lactam hydrolysis) 

retention in the presence of other point mutation variants including Ile260 mutations and 

double mutants including the simultaneous mutation of the residues from both the α3/α5- and 

β6/β7-loops. The understanding of these catalytic features of OXA-58 also helps in making 

strategies in designing structure based novel inhibitors against the carbapenemases. 

The DOHH protein from Leishmania donovani (LdDOHH) protein was purified to highest 

homogeneity in His6-tagged and non-tagged forms, and characterized biochemically for its 

oligomeric forms in solution and secondary structural contents. We obtained poor quality 

crystals and subsequently the three different C-terminal truncations were made in order to 

increase the crystallization probabilities, but haven‘t got the crystals and protein diffraction yet. 

The protein was modelled and analysed by comparing with its human counterpart, and found 
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certain loop insertions which are structurally differing at the active site regions. The protein 

model was also used for pharmacophore based virtual screening and obtained 16 hit 

compounds among which compounds 43, 712 and 1366 are stabilizing the structure by making 

intricate hydrogen bonding networks within the active site. Hence these molecules maybe 

further investigated for their anti-leishmanial activities. Further crystallization optimization 

experiments have to be carried out to obtain the crystal structure of LdDOHH which may 

further help us in discovering structure based anti-leishmanial drugs. 
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