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SUMMARY 

 

Antibiotics, the most important and extensively used medicinal drugs in modern medical 

fields, due to emergence of multi-drug resistance, there is still strong requirement of new 

antibiotics, even in the presence of a number of bio active chemical compounds and their 

derivatives. The aim of this study was to isolate, identify, produce and characterize the 

antibacterial compound from thermophilic bacterial strains. Five thermophilic bacterial 

strains (SAT1 to SAT5) were isolated from the Thar Dessert, Sindh Province Pakistan. 

Antibacterial activity of these purified isolates was checked against indicator strains 

including Micrococcus luteus, Staphylococcus aureus, Pseudomonas aeruginosa and 

Escherichia coli. The isolate SAT4 showed activity against all the indicator strains except 

Escherichia coli. When identified using morphological, biochemical and 16S rRNA 

techniques the isolate was identified as Aeribacillus pallidus. The antibacterial metabolite 

production by Aeribacillus pallidus  SAT4 was optimized best at 48 hours the time of 

incubation, 5 pH, 55°C temperature, 100 rpm agitation speed, 1.5% nitrogen, and 2% 

carbon concentrations. The Taguchi method, a statistical approach based on orthogonal 

arrays (OAs) was used for the optimizing the process parameters with the finding of the 

most important factors including the time of incubation and nitrogen concentration (at 

their individual levels) interaction showed best severity index while other interactions 

such as carbon and nitrogen concentration showed least (56.67 %) severity index. 

Purification of protein antibacterial compound was carried out by using ammonium 

sulphate precipitation and then through Sephadex G-75 gel permeation chromatography. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gave active 

protein band approximately at 37KDa. The structure elucidation of the purified product 

was performed by Fourier transforms infrared (FTIR),
1
H and 

13
C NMR and High 

Performance Liquid Chromatography. Crystals of the lyophilized sample were grown and 

developed using the various solvents. The X-ray diffractions study showed that the 

crystals belonged to the primitive orthorhombic lattice with the cell parameters a = 

12.137, b = 13.421, c = 14.097 Å and 3D structure of the polypeptide antibacterial 

molecule from Aeribacillus pallidus SAT4 was determined.  



 
 

xiv 
 

To identify and prioritize the antibacterial drug targets, a computational systems biology 

framework was developed to investigate the feasibility of a targeted approach to 

Clostridium botulinum (Clb) drug development.  First, the entire 2628 annotated genes 

from Clb genome were categorized into essential, non-essential and virulence genes. 

From those, essential proteins were identified that functionally interact with virulence 

proteins. Second, comprehensive comparative sequence analysis of these proteins and 

host proteins was performed to minimize the risks of side effects. Third, orthology 

analyses were executed with other infectious bacteria to assess broad-spectrum effects. 

Fourth, drug targets that may also affect human gut flora were filtered out by performing 

a comparative sequence analysis with human microbiota. This reduced the list of 

candidate proteins down to 166. Finally, the role and subcellular localization of these 

candidate proteins in bacterial cellular system was investigated.  

In silico evaluation of bacterial produced SAT4-compound against prioritized Clostridial 

protein targets was completed through docking studies. The docking simulations between 

these targets (CLB_3408 and CLB_0846) and SAT4 as our ligand molecule were 

performed using the "Run AutoDock" option by using the PyRx virtual screening engine. 

The functional groups or elements that lie within 25 Angstrom unit area of ligand that 

interacts with it through their side chain were considered as “active binding site 

residues”. ABC membrane protein is essential protein that has direct interaction with 

transcriptional regulator (CLB_0846) which is involved in the transcription of botulinum 

neurotoxin. Inhibition of this essential protein or transcriptional regulator will lead to 

inhibit the secretion of neurotoxin.  This study may serve as a general computational 

strategy for future drug target and identification and drug development in the treatment of 

various infectious diseases. 

 



 
 

 
 

INTRODUCTION 



Introduction 

 

1 
 

Microorganisms make up an everlasting reservoir of chemical compounds with 

pharmacological, physiological, medical or agricultural uses (Smith et al., 1997). Recent 

march ons in the depiction of microbial populations clearly bespeak that bacteria in 

nature occur in communities as mixtures of 1000s of different phenotypes that interact 

with each other. Many bio active small molecules are synthesized by these naturally 

populated microbes (Fischbach, 2009). It has been premeditated that a gram of soil 

sample contains some 104 operational consortia and taxonomic units of bacteria and 

accordingly there must be at least this number of bio active natural merchandises to be 

found in any environment (Curtis et al., 2006; Gans et al., 2005). There is no scarce of 

natural products using micro and macro organisms including bacteria, fungi and plant 

respectively as these could become the new sources for valuable and useful metabolites 

(Ji et al., 2009; Newman and Cragg, 2007). Microorganisms, plants and animals have 

been known to produce nearly 10,000 antibiotics and similar bioactive metabolites. 

Additions to it, there are more than 10,000 semisynthetic or synthetic derivatives have 

been synthesized on large scale using these smaller antibiotics groups including β-lactam, 

macrolide, aminoglycoside, tetracycline, chloramphenicol and anthracycline. So far, 

22,500 bioactive compounds had been discovered from microorganisms including 20,000 

antibiotics (Berdy, 2005). 

There is still strong requirement of new antibiotics, even in the presence of a number of 

bioactive chemical compounds and their derivatives, particularly against nosocomial 

multi-drug resistant bacterial strains. There is also emergent need for new drugs against 

community acquired pathogens, including the agents of tuberculosis (T.B.), gonorrhea 

and urinary tract infections. There is a serious lay on the line that a growing proportion of 

infections, especially in hospitals, will become effectively untreatable, unless 

antibacterial development is reenergized (Livermore, 2004). Many experts have 

accentuated to develop new antibiotics, during the last decade (Nathan, 2004; Bradley et 

al., 2007). This supplication was stimulated by two trends, on one side the decline in new 

anti-infective drugs arrive ating the market due to several hindrances the pharmaceutical 

industry is facing, for example expensive drug development, and on the other side, the 

ongoing go up in infections caused by multi resistant microorganisms throughout the 

human beings (Tsiodras et al., 2000). From a public health perspective, however, qualms 
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remain about the best scheme to armed combat, foreclose and do by multi resistant 

pathogens in the future (Harbarth and Samore, 2005). Fortunately, small biotechnological 

organizations, academic research laboratories and a few pharmaceutical industries are 

still involved in the investigation of novel and potent antibiotics (Demain, 2009). 

Therefore the importance and significance of antibiotics to medicine has led to much 

research into their discovery and production (Spellberg et al., 2008). Antibiotics, 

therapeutics and life style drugs have been resultantly obtained from microorganisms 

after more than half an epoch of screening for bio active metabolites. The production 

progress dynamics of antibiotics sorts from the interdisciplinary scientific development 

from the genetic science of product producers to the research of basic active chemical 

compounds interaction with the animate cells (Unger, 1987). A large scale production of 

antibiotics is being run today on a breed capacity scale of up to 300 cubic meter, 

relatively with more than 40 gm/liter, for example with penicillin (Lam, 2007).   

The number of bioactive chemical compounds produced by: prokaryotes mainly Bacilli 

and Pseudomonas are 17 %; by filamentous bacteria mainly Actinomycetes is 45 %; and 

by fungi 38 %. Over 9,000 biologically active chemical molecules have been isolated 

from Actinomycetes useful in medical specialty, agribusiness, and or research (Kieser et 

al., 2000). Although the progress and speed of new antibiotic discovery has indeed 

slowed down, 17 natural bioactive chemical compounds were introduced between 2001 

and 2005 (Lam, 2007). 

The study about the use of these natural and biological active molecules especially 

amphipathic peptides, acting on the membranes of microorganisms, have yielded 

promising results. Currently, more than 800 such peptide antibiotics have been described 

(Mak et al., 2000). Of this total, 66 various peptide antibiotics are particularized by 

strains of Bacillus subtilis and 23 are active metabolites of Bacillus brevis. The 

polypeptide antibiotics mainly colistin and polymyxin B discovered in 1940s, were 

among the first antibiotics with significant clinical activities against bacterial infections 

(Fiedler-Weiss, 1987; Falagas and Kasiakou, 2005; Li et al., 2001). Some of these 

antibiotics including the polypeptide are being used against the common bacterial targets 

and thus having the broad spectrum activity.  
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On lab scale levels, shake flask incubators are being used for antimicrobial secondary 

metabolites production. Mostly antibiotics are produced as a result of some 

environmental stress that activates a metabolic reaction. It has been investigated that 

cellular production of antibiotics is exaggerated by not only the environmental factors 

including nutritional elements, aeration rate, temperature etc., but also the indigenous 

biomass density of their own species (Kleerebezem and Quadri, 2001). Consequently, the 

functional and physiological conditions of the cell and the extracellular signals are 

involved to the regulation of antibacterial compounds synthesis (Stein et al., 2002). The 

purification of microbial bioactive molecules from the complex fermentation and cultural 

nutrient broth requires the integrated techniques of various separation steps like solvent 

extraction, chemical precipitation, and preparative HPLC protocols (Smaoui et al., 2011). 

The purification of these metabolites from the respective microbial species can also be 

performed through column and size exclusion chromatographic techniques 

(Mageshwaran et al., 2011). The structure of relevant antimicrobial molecules can be 

characterized using instrumental analysis including LCMS, FTIR, and NMR (Smaoui et 

al., 2011; Mageshwaran et al., 2011). Then 3-dimensionl structures of purified crystal of 

antimicrobial compounds can be identified using x-ray crystallographic techniques at 

various resolutions and unit cell dimensions of these compounds can be defined (Singh et 

al., 2011). These structurally characterized compounds can be used against the essential 

targets to ensure antibacterial therapy and number of approaches and identification 

techniques can be adopted to explore the common and unique antibiotic targets in various 

pathogenic microbial species. 

For discovery of antibiotics against new microbial targets by using the systems biology 

approach have opened up new era for drug development phases. Since finding of drug 

target is the initial step in the drug discovery procedure (Chan et al., 2010) therefore 

these natural bioactive molecules and polypeptide antibiotics can be screened against 

newly discovered microbial targets. Now the structural physiology and pathological 

states from the level of molecular pathways, regulatory networks, cells, tissues, organs 

and eventually the entire organism can be studied and understood by using the modern 

systems biology approaches. There is a need to assimilate large amounts of reductionist 

data and for this much of the academic focus is on developing ultimate computational and 
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informatics tools including global gene expression profiling, proteomic and metabolomic 

data into models of regulatory networks and cell activities (Ideker and Lauffenburger, 

2003; Hunter and Borg, 2003). 

Conventionally, the functional knowledge of individual protein molecules is helpful in 

targets identification, where their function has been characterized. Computational and in 

silico techniques have the advantages of economical, speed and, even more importantly, 

providing a systems sight of the whole microbe. This enables researchers to ask questions 

that are otherwise difficult to address experimentally. New prospects for virtual target 

identification have been opened up by establishing systems biology concepts and insight 

the microbe as a whole (Mdluli and Spigelman, 2006).        

It has been projected that an integrated systems-level studies of the genomics, 

proteomics, and interactomics is the key to gaining insights into system paths required for 

drug targets and drug resistance. The presence of comprehensive protein-protein 

interaction data of the relevant pathogenic microbial species is useful for such targets 

analysis (Raman and Chandra, 2008). The impetus of drug discovery and vaccine target 

identification has been increased due to completion of pathogenic bacterial genome 

sequences (Dutta et al., 2006; Sarangi et al., 2009). Both pathogenic species and human 

host genetic sequences have made it easier to find drug targets at the genomic level for 

any given pathogen (Marton et al., 1998). In recent years, the drug discovery strategies 

are shifting progressively to genomic, proteomic and metabolomic approaches (Lin and 

Qian, 2007) to identify novel drug targets for the design of new defenses against 

antibiotic-resistant pathogens (Fischbach and Walsh, 2009). Presently, genomics and, 

more precisely computational comparative as well as functional genomics, are being 

extensively used to find new drug and vaccine targets to establish effective antibacterial 

molecules and vaccines against microbial pathogenic species that are either resistant to 

current antibacterial therapeutic regimens or for which an appropriate vaccination is not 

available in the market (Ji, 2002; Pucci, 2006). This approach can be useful in the 

determining the key essential proteins (the probable drug targets) of the microorganisms 

that can be blocked by using suitable ligand molecule(s) recognized by virtual screening. 

Additionally, in silico comparative genomics-based subtraction investigation using 
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human host and pathogenic microbial genomic/proteomic sequences is a significant 

method for finding of species particular genes, or group of genes that are essential for 

typical phenotypic features as well as the pathogenic signals of the pathogen (Huynen et 

al., 1997, 1998). It is therefore crucial to define whether these genes are essential and 

indispensable genes of the pathogenic species and whether there are non-human 

homologues. Once the indispensable and essential non-human homologue survival genes 

of a pathogenic microbial species are recognized, they need to be assigned to known 

systems pathways. If an essential non-human homologue significant gene is found critical 

in any of the pathogen’s systems metabolic pathways, it is considered a probable drug 

target. The procedure of drug target determination comprises a number of stages; 

therefore there is a need to establish bioinformatics software and tools that can execute 

the complete process on a single platform.  In recent years numerous drug-targets have 

been described from various pathogenic bacterial species (Barh et al., 2009). 

As, virtual protocols and techniques have become a critical component of many drug 

discovery and development programmes, therefore approaches such as ligand (Bajorath, 

2002) or targeted based computational drug screening (Gohlke & Klebe, 2002) methods 

are widely used in these discovery efforts. Structural or targeted based computational 

drug designing is now recognized as an important first step in the long process of 

developing new drugs molecules (Amzel, 1998). One key aspect of this computational 

drug discovery program is docking of small ligand molecules to macromolecules binding 

cavities, was established in 1980 (Kuntz et al., 1982), and still have importance in this 

research (Gohlke & Klebe, 2002). The completion of computational docking includes the 

estimation of drug confirmation and posing within the protein binding points. It is 

considered as a multi step technique with one or more degrees of complexity and having 

two basic objectives including accurate structural molecular modeling and precise 

assessment of binding activity (Brooijmans & Kuntz, 2003). The steps begins by the 

docking algorithms to pose the ligand molecule into the target active sites, next is the 

identification of the ligand conformation that best dock the protein molecule by sampling 

degrees of freedom with enough exactness (Kitchen, 2004). Hence, in silico drug 

designing for available or virtual chemical data libraries have importance and therefore 

continue to grow (Rosenfeld, 1995; Shoichet et al., 2002).  
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This technique is being used in pharmaceutical research and development area for almost 

two epochs (Brooijmans & Kuntz, 2003). There is continuous need of novel and 

improved drug molecules for pharmaceutical industry. In vitro high throughput screening 

technologies became a basis for pharma and medicinal research during the 1980’s era 

(Bajorath, 2002), but this technique for the assortment of possible active chemical 

compounds and ligand molecules not certainly led to attractive drug candidates (Kassel, 

2004). Even so, such progress on investigational approaches was of key influence since 

the biotic and biological screening and preclinical analysis stand for nearly 14 % of total 

expenses on medicines research and growth (Bajorath, 2002). Therefore, in silico 

methodologies complementary to high throughput screening were established, and the 

computational screening became one of the most widely held.  

As the studies indicated system level analysis, virtual screenings and docking approach 

has made it possible to explore the targets for bacterial pathogens responsible for 

infectious diseases and effective drug development. Previously these infections were not 

treatable, as Pinner and colleagues in 1996 reported that there is an increase of 58 % in 

the mortality rate due to such infectious diseases from 1980 to 1992 in the United States 

(Pinner et al., 1996). One of these infectious diseases, botulism caused by Clostridium 

botulinum (Clb), is a lethal infection, whose death rate is high if cure is not instant and 

suitable. Therefore 5-10 % cases of infection mortality have been reported and it has been 

studied that nearly 110 cases of botulism infection occur annually in the United States. 

Although several antibiotics are currently available, the emergence of drug-resistant 

pathogenic strains has made Clb difficult to control (Arias and Murray, 2009).  The 

available treatment for botulism is botulinum anti-toxin, which can halt the development 

of paralysis and reduce its spell. However, anti-toxin against the botulism neurotoxins 

can only target the toxins outside of the cell and cannot converse the paralysis. 

Furthermore, this antibody against the botulism neurotoxins can cause severe 

hypersensitivity and allergic reactions and therefor it is limited to prophylaxis use (Long 

et al., 2008). Therefore there is a need to explore the alternative drug targets in this 

bacterial specie for effective treatment and so computational as well as systems biology 

approaches can be confidently applied. 
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AIMS AND OBJECTIVES 

 

The basic aim of the present research work was production of antimicrobial from 

bacterial isolate and their in silico study to identify targets for drug development. This 

aim was established using integrated approach and covering following objectives: 

1. The isolation, screening and identification of thermophilic bacterial species 

2. The production optimization of antibacterial agent from thermophilic bacterial 

specie 

3. Purification and identification of antibacterial agent 

4. To use exclusive computational framework to confidently find and prioritize 

Clostridial drug targets by applying a systems-level approach that is based on 

protein- and ortholog-network analyses, sequence analyses and evolutionary 

studies.  

5. Accession of 3D models from databases 

6. To determine the active binding sites of Clostridial targets 

7. To dock the bioactive molecule against the prioritized Clostridial targets  
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History of Antibiotics 

Antibiotics are of the hoariest discovered natural bioactive drugs molecules that are 

active against specific microbes including bacteria and fungi. It is produced by a 

microorganism and in diluted form having the ability to prevent the growth of or kill 

some other microbial species (Madigan et al., 1997). Most of the antibiotics available in 

the market today have been originated from microbial natural products (Pelaez, 2006).  

Technically, these are bacterial or fungal bio active metabolites, but we are capable to 

ferment the microbial culture and produce these natural compounds in bulk in the 

laboratory to consume against environmental pathogenic microorganisms. Actually the 

words “antibiotics” and “natural products” are closely related terms. The “antibiotic” was 

firstly devised for those natural compounds with antibacterial properties (Strohl et al., 

2005; Overbye and Barrett, 2005) versus antibacterial, to entitle the synthetic molecules 

with similar activity. Though, there is a difference between natural and synthetic 

antibiotics, but in practice most medicines used against bacterial and fungal virulence are 

categorized under the common heading "antibiotics" (Harley et al., 1993).  

The story of antibiotics discovery is one of the utmost trials in the history of medicinal 

compounds which has an insightful influence on humanoid life, thus in society as a whole 

(Demain, 2000). Its development was one of the great successes in human medication in 

the 20
th

 era (Berdy, 1974). The impact of this discovery has been felt in different ways. 

There is no fear of devastating disease like plague or surgery which is no longer a 

desperate gamble with human life. The death due to meningitis, tuberculosis, malaria, 

leprosy, septicaemia once a common incident, is now in rarity. Antibiotics have saved 

millions of lives and eased suffering in countless patients (Demain, 2000).  Antibiotics 

certainly transformed the approach that medication is practiced and therefore, earlier 

cohorts of infectious patients, physicians and clinicians have trusted on them greatly. The 

antibiotics new applications have been opened in non-therapeutic aspects including 

animal cultures and plant protection. These applications have also covered the synthesis 

and production of the pharmacological and therapeutic active compounds including 

immune-suppressors or cholesterol level reducing agents, anti-hypertensive etc. Other 

application of antibiotics includes the key role as a biochemical tool in the molecular 
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biology and cellular function study (Berdy, 1974). These drugs have played an important 

part in the pharmaceutical and research laboratories. The pharmaceutical manufacturing 

industry was a small enterprise in the chemical industry before the World War-II. Over 

the accomplished 2-decades, pharma industries de-emphasized microbial screening 

programs for abounding reasons, although they often cited crumbling abundance and 

abbreviating discoveries of new molecules (von Nussbaum et al., 2006). Work by two 

study groups (Baltz, 2005, 2006) permits at least a semi quantitative investigation of the 

probabilities for connected progress from microbial sources. We currently see the 

pharmaceutical industries, medicinal companies and research laboratories started to 

nurture quickly and immediately into the great businesses, after the penicillin compounds 

were first discovered. The serendipitous finding of penicillin compound in the 1940s and 

its practice in treatment was shortly followed by the production of a vast number of 

antibiotics using microbes, in accurate from associates of the actinomycetes and fungi 

(Strohl et al., 2005). Soon after few years, the antibacterial characteristics of 

sulfonamides compounds were recorded, and in the 1930s, the antibacterial molecules to 

treat pathogenesis in humans were established. After that, the next three decades were 

thriving periods for antibiotic development and 14-various “classes” of antibiotics 

molecules-showing new modes of action (Figure 2.1). These bioactive molecules became 

accessible for human usage (www.extendingthecure.com, 2008). 
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Figure 2.1: 14-different classes of antibiotics were announced for human use between 1935 and 

1968; since then, 5 have been introduced (www.extendingthecure.com, Policy responses to the 

growing threat of antibiotic resistance, Policy Brief, May 2008). 
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Need for New Antibiotic  

The need for new antibiotics is undisputed (Taubes, 2008) and is an eminent concern of 

medical specialists and health care experts. It has been studied that the methicillin 

resistant Staphylococcus aureus (MRSA) is responsible for more death than from HIV in 

the United States of America (Klevens et al., 2007), and it has been reported by the 

Centers for Disease Control and Prevention (CDC) that over 90,000 people die from 

nosocomial infections in the US annually. The escalating bacterial resistance to 

antibiotics reported by numerous studies has been exemplified as the “perfect storm” and 

pharmaceutical industry pipeline is ill equipped to focus the need for new antibiotics 

(Spellberg et al., 2008). There is a persistent and recurring requirement for new 

antimicrobial agents as the use of an antibiotic inevitably chooses for resistant microbial 

species. The emergence of drug‐resistant bacterial pathogens is a significant problem, 

particularly in high‐risk patient populations (Rolston, 2009). The timer starts to count 

down on an antimicrobial agents utility before medical momentous resistance develops 

(Walsh, 2003), urging the need for new antibiotics against the recent reproduction of 

resistant pathogenic microbial strains. Remarkably, existing antibiotic treatment is still 

dependent on antibacterial types studied and discovered nearly 20 years ago. For several 

years of research, it was focused on synthesizing the new chemical moieties of these 

proven classes of antibacterial molecules, but already existed antimicrobial resistance 

mechanisms are compromising their further progress (Spellberg et al., 2008). 

In the 20
th

 century, two equivalent steps of discovery produced achievements in the 

antibiotic arena including separation of natural compounds with antimicrobial activity 

and laboratory prepared antibiotics (Raju, 2000). The progress of novel antibiotic drugs, 

the judicious use of antimicrobial agents through antibiotic stewardship, and adherence to 

infection control procedures will limit the emergence and spread of resistant organisms, 

improve patient outcomes, and preserve our therapeutic armamentarium for more 

prolonged usage (Rolston, 2009). New classes of antibiotics used against new microbial 

protein targets are immediately needed, therefore the growth pipeline for systemic 

antimicrobial agents contains nearly substituted new sorts of decades old types of 

antibacterial drugs including β-lactams, quinolones, macrolides, and glycopeptides 
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(Payne et al., 2007). For the last 5-decades, the requirement for new antibiotic agents is 

being fulfilled largely by semisynthetic modification of natural bio active compounds 

discovered in the mid of the 20
th

 century. In recent times, advances in technology have 

glowed revival in the discovery of antimicrobial agents from bacterial sources in our 

environment. Particularly, efforts are being refocused on tracing new drugs from old 

sources for example Streptomycetes and new sources for instance other actinomycetes, 

cyanobacteria and un-cultured bacteria. This approach has discovered several new 

antibacterial agents with distinctive scaffolds with novel mode of action, addressing 

microbial protein targets that are presently underexploited (Clardy et al., 2006). The 

golden and excellent age of antibiotic progress spanned only 1940-1950s. According to, 

Sir James Black’s well-known remarks “the utmost productive basis for the finding of a 

new drug is to start with an old drug molecule” (Raju, 2000). Novel and more potent 

antimicrobial agents have been successfully generated from structural modification of the 

natural scaffolds for example, erythromycin to clarithromycin and to telithromycin (von 

Nussbaum et al., 2006).  

Antibiotic research and progress, for the last 10-15 years, has been concentrated on the 

validated methodology of designing small drug molecules that are bacteriostatic in action, 

for example affecting pathogenic molecules as reported by Rasko et al. (2008) may 

generate more active drugs with a lesser tendency to select for microbial resistance. Other 

important methodologies to restore intact types of antimicrobial molecules against multi 

drug resistant pathogenic microbial species include studying and developing the 

inhibitors of microbial drug resistance modes or microbial medicine efflux pumps for 

combination with specific antibiotics. Moreover, exploiting protein targets that are 

particular for definite pathogens, as reported by Hiratsuka et al., 2008 may be a more 

useful strategy instead of using the conventional approach of pursuing antibiotics that 

cover a broad set of pathogens. This approach would also have the positive edges of 

producing antimicrobial molecules that will allow target directed treatment and eliminate 

the significant drug discovery problems of having to recognize a single drug molecule 

that enters the cell, and is also equipotent against a variety of bacterial species. However, 

this method will be successful only with the presence of diagnostics that can very quickly 

and precisely find the particular infectious agents, and it may be some time before such 
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tools are accessible for a range of communal virulent species. Thus, the need for new 

antimicrobial drugs merits venture across a spectrum of conventional and advanced risk 

methods to improve the chances of producing likely new antibiotics (Payne et al., 2007).  

Antibiotic Screening 

More than bisected an aeon of screening for bio active molecules from microbial species 

has delivered vital antibacterial molecules, medicines and life-style drugs. The 

biologically active low molecular mass organic compounds ‘parvome’, has during the 

history given humanity a source of medicinal molecules for cure of septicity and disease 

in man, animals and plants. However, a catastrophe bearings has arisen in the practice of 

antibiotic resistant communicable diseases and new cures are badly bare now (Spellberg 

et al., 2008).  The remarkable number of bio active compounds produced from 

actinomycetes reflects their chronological significance in antibacterial discovery; 

however, as associates of an individual adjustment in the high GC contents Gram positive 

bacteria, actinomycetes involve a slight numbers of the microbial antibacterial producers. 

In 2005, Baltz have assessed the frequency of antibacterial metabolites production from 

actinomycetes. By giving the significance of small antibacterial molecule to the bacterial 

regime, it is awesomely expected that other microbial species could also add new 

antibiotic compounds in the chemical research phase of drug discovery program.  

Several approaches can be adopted for the variety of bacteria that can be selected for 

antibiotic investigation. These approaches include the expanded orthodox fermentation 

and culturing schemes, new culture techniques, heterologous DNA based protocols and 

metagenomics. Combichem, 3-dimensional structural studies including x-ray 

crystallography, NMR analysis and comparative genomic studies of ligands bound to 

bacterial macromolecular targets are also assisting the discovery of new, and 

modification of existing, natural compounds (Clardy et al., 2006). Today, microbial 

metabolites are the basis of most of the antimicrobial drugs on the market. However, 

during the last decade, as a result of various aspects of research in antibiotics and natural 

compounds has dropped significantly, among which the most important aspects includes 

the lack of concern of pharmaceutical industry in this field and the robust competition of 

the availability of lead molecules. Therefore, there is an alarming shortage of new 
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antibacterial classes in the pipelines of the pharma companies. However, still the 

microbial metabolites are the most important basis of novel antibiotics, though new 

techniques are needed to improve the productivity of the drug discovery phases. The 

important factors leading to success in the efforts of antibiotic progress from microbial 

products  includes the impact of bacterial cultural diversity, the effect of growth factors 

on the synthesis of secondary metabolites, the selection of the screening steps and the 

problems faced during the isolation and characterization of the bio active metabolites 

(Pelaez, 2006).  Many antibiotics reported and prepared till the early 1970s reached the 

market, and later on, chemical derivatives of different generations were synthesized after 

their structural modification and were used for clinical manifestation.  

Production of Antibiotics 

Bacteria set several tactics to deal with severe ecological conditions. One of the defensive 

mechanisms used by bacterial specie is the release of toxins or antibacterial molecule to 

eradicate the contending indicator microbial species available in the same ecology 

(Msadek, 1999). It has been investigated that cellular production of antibiotics is 

exaggerated by not only the environmental factors including nutritional elements, 

aeration rate, temperature etc., but also the indigenous biomass density of their own 

species (Kleerebezem and Quadri, 2001). Consequently, the functional and physiological 

conditions of the cell and the extracellular signals are involved to the regulation of 

antibacterial compounds synthesis.  

Two independent factors are involved to regulate the production of antibiotics, in a first 

case when the nutrients are in excess, the bacterial culture replicates and the cells produce 

very little amount of antibacterial metabolites and secondly,  when the nutrients become 

rare, the antibiotic production raises (Stein et al., 2002). The operational theory is that 

there is an unlimited amount of low molecular mass bio active molecules in the bio-

sphere (Ji et al., 2009; Newman and Cragg, 2007; Donadio et al., 2010; Clardy et al., 

2006). The general scheme (Figure 2.2) outlines some main recent and potential 

techniques to bio active secondary metabolites discovery and antibiotic production from 

microbial species.  
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Microbial isolation: The beginning of conventional microbiology is the capability to 

cultivate microorganisms on communal substrates and study the microbial colonies under 

microscope. This has assisted microbiologists well, and a number of physical, 

biochemical, biological and analytical tests has been used to study and differentiate 

between different microbial species. Particularly, pharmaceutical companies for more 

than 50 years investigating for microbial active metabolites apparently have massive 

collections of microorganisms that have been isolated, categorized and screened for 

biological active molecules mostly with antibacterial activity. It has been recognized that 

most of the microorganisms from their ecology are not cultivable using conventional 

procedures (Curtis et al., 2006; Gans et al., 2005) and therefore new techniques and 

attempts are being adopted. Most of the research laboratories have taken daring steps to 

the identification of earlier un-cultured microbial species, and some natural bio active 

compounds have been attained. In spite of these achievements, growth of the number of 

the ecological microbial species under research laboratory conditions is questionable to 

be succeeded in the proximate future; the typical procedures must be complemented with 

direct techniques to acquire natural active metabolites and their biological pathways. 

Screening of Bioactive Compounds: Screening for particular and desirable natural bio 

active secondary metabolites synthesized by pure culture of bacterial species is an 

important step in drug discovery phases. The spectrum of compounds means the 

biological and functional abilities of the microorganisms under certain measures related 

with laboratory or industrial yield, using varied substrates and cultural conditions; under 

such environments, what was not apparent was not neglected. In the exploration for 

molecules that might be industrialized as antibiotics, the conventional screening and 

extraction measures usually included not only bactericidal activity of the indicator 

microorganisms, but also a need for antibiotic production at an optimum level, which 

could then be upgraded to an bioreactor scale (Davies, 2011). 

Production and Optimization of Antibiotics: After screening of antibiotic producing 

microbial strain, the need of large scale antibiotic production is another important step to 

complete. Production of antibacterial metabolites by the communal microbes varies 

qualitatively and quantitatively reliant on the strains and species of microorganism and 
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their fermentation conditions. The physical parameters, for example temperature and 

aeration rate of the microbial culture, impact microbial growth and, subsequently, affect 

antibiotic synthesis (Akhurst, 1982; Chen et al., 1996). Similarly production of the 

antibiotics by the microbial specie can be improved by optimizing both the nutrition 

medium formulation and operating conditions. The use of carbohydrates and amino acids 

for carbon (C) and nitrogen (N) sources respectively can lead to the better microbial 

growth and antibiotics production (Tripathi et al., 2004). It is a precondition to plan 

suitable microbial culture conditions in an effective fermentation procedure to attain high 

antibiotic yields.  

Normally the biosynthesis of antimicrobial metabolites is interlinked with cultural 

conditions (Chen et al., 1996; Li et al., 1997; Yang et al., 2001, 2006).  It is an eminent 

fact that secondary metabolites production by microbial cultures is significantly affected 

by nutrient elements, particularly carbon and nitrogen (Hanlon et al., 1982; Kaur et al., 

2001; Kole et al., 1988a; Kole et al., 1988b), minerals like calcium, sodium, iron (Varela 

et al., 1996), physical aspects for example pH, temperature, biomass (Nehete et al., 1985) 

aeration rate (Moon and Parulekar, 1993) and time of incubation (Nehete et al., 1985; 

Oberoi et al., 2001). Enhanced productivity, closer confirmation of the yield response to 

nominal and target needs, low process fluctuation, overall expenses and reduced 

development time in fermentation process can be improved by the application of 

statistical experimental techniques.  

Traditional or conventional exercises of single factor optimization by keeping other 

factors convoluted at an indefinite constant level do not represent the mutual effect of all 

the factors involved. Other limitation of this experimental based technique includes the 

time consuming processes and needs a number of tests to determine optimal levels, which 

may be un-reliable. Therefore, these restrictions of a single factor optimization technique 

can be abolished by optimizing all the critical factors together with statistical 

experimental design (Rao et al., 2000; Dey et al., 2001; Hamseveni et al., 2001; Elibol, 

2004). 

Extraction and analysis of Antibiotics: It is about agreed that one of the aboriginal and a 

lot of difficult steps used for antibacterial or any biological active substance investigation 
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is the extraction and cleanup of the drug molecules from the bio-matrix (Poole et al., 

1990; Barker and Long, 1992; Scheurer and Moore, 1992; Chen et al., 1993; Petitjean et 

al., 1995). These extraction strategies are the requirement for all analytical and 

investigational protocols; however the level to which it is completed diverges widely. 

Liquid–liquid extraction (LLE) or solid-phase extractions (SPE) are the frequently 

employed techniques for the extraction and cleaning up of antimicrobial substances from 

bio-matrices (Janda et al., 1996). Quite a lot of existed articles deal with the theoretical, 

experimental or practical aspects of LLE and SPE (Florence and Attwood, 1981). 

Primary efforts to separate antibiotics compounds directly from soil area gave vague 

outputs (Gottlieb, 1976). However, regarding the use of modern and current identification 

techniques, for example imaging mass spectrometry allows the detection of very small 

amounts of environmental substances following organic or solvents extraction (Esquenazi 

et al., 2009).  

Quantitative and confirmative protocols such as chromatographic or spectrophotometric 

assays need broad treatment of extracts materials before they are ready for analysis 

(Barker and Long, 1992). 

Purification and structural Elucidation: These microbial bioactive molecules are 

usually extracellular and their purification from the complex fermentation and cultural 

nutrient broth requires the integrated techniques of various separation steps like solvent 

extraction, chemical precipitation, ion-exchange chromatography, and preparative HPLC 

purification protocols (Smaoui et al., 2011). The purification of active metabolites from 

the respective microbial species can also be performed through column and size 

exclusion chromatographic techniques (Mageshwaran et al., 2011).  

The structure of relevant antimicrobial molecules can be characterized using instrumental 

analysis including LCMS/MS, FTIR, and NMR (Smaoui et al., 2011; Mageshwaran et 

al., 2011). Crystals of these compounds can be grown by vapor diffusion in hanging 

drops containing a specific ratio of sample compounds and crystallization buffer at a 

particular pH and temperature. Then 3-dimensionl structures of purified crystal of 

antimicrobial compounds can be identified using x-ray crystallographic techniques at 
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various resolutions and unit cell dimensions of these compounds can be defined (Singh et 

al., 2011).  

Drug discovery and development: Over all, most of the antimicrobials were discovered 

by arbitrary screening schemes, but over the last 20 years, this approach has largely been 

unsuccessful to provide an adequate range of chemical variety to retain pace with 

changing clinical aspects.  

Although high-throughput screening (HTS) techniques and synthetic chemistry are an 

fundamental part of today’s drug discovery and development phases, speed up the 

process multiple times, the advances and announcement of a novel drug on the market 

still takes more than 10 years and therefore needs a vast capital (Plotkin, 2005). Scientific 

and industrial developments, along with upgraded and innovative approaches, could 

reduce the cost and the time required to progress a new drug molecule (Pinner et al., 

1996).  
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Figure 2.2: Schematic diagram of entire experimental design of antibiotic production, 

optimization, and fermentation cycle that leads towards expected drug development phase. Major 

steps are highlighted and relevant sub-steps have been numbered accordingly. 
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Peptide Antibiotics 

It has been recently characterized that microbial populations or normal microbial flora 

clearly shows that these species in nature present in communities. These consortia of 

thousands of various microbial phylotypes interact with each other and with their 

environment. The presence of such established groups is obviously conflicting to the war 

representation impression of microbial life in nature. Microorganisms in these natural 

inhabitants have the potential to produce many bio active metabolites as showed from the 

recent studies on genome mining for new bio-synthetic paths from known antimicrobial 

producing species (Gontang et al., 2010; Challis, 2008). Bacterial secondary metabolites 

possessing antimicrobial or antifungal activity belong to various groups of chemical 

compounds, including peptides (Shemyakin et al., 1961).  

Peptide antibiotics are produced by various species of actinomycetes, lower fungi, but 

bacteria of the genus Bacillus are the most numerous producers. Several species of the 

genus Bacillus produce polypeptide antibiotics that are normally synthesized at the initial 

stages of sporulation. Bacillus species has been reported to produce a large number of 

polypeptide antibiotics including bacitracin, polymyxin, gramicidin, subtilin, bacillin, 

pumilin, mycobacillin, colistin (Figure 2.3). Berdy stated that the number of polypeptide 

antibiotics produced by members of the genus Bacillus was 167 (Berdy, 1974). Most of 

the polypeptide antibacterial drugs produced by Bacilli are effective against Gram 

positive bacteria except polymyxin, colistin, and circulin show action against Gram 

negative species, while bacillomycin, mycobacillin, and fungistatin are active against 

molds and yeasts (Anderson et al., 2001). Similarly it has been reported that Bacillus 

brevis var. G- is producing gramicidin C (Egorov, 1999), and Bacillus polymyxa is 

involved to producing gavaserin and saltavalin (Pichard et al., 1995).  

Majority of the antibiotics from Bacillus species, are low molecular weight peptides to 

high molecular weight polypeptides, produced via the non-ribosomal biosynthetic 

pathway, which involves specific enzymes called peptide synthetases. These peptides 

possess a varied range of remarkable biological activities, including antimicrobial, 

antiviral and antitumor activities (Cane et al., 1998). In spite of the great attention to 

microorganisms living under extreme environmental conditions, including thermophiles 
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(Aguilar, 1996) and numerous studies of their physiology, genetics, and biochemistry 

(Aagaard et al., 1996), the secondary metabolism of thermophilic microorganisms is 

poorly understood. Antimicrobial secondary metabolites occur in some species of 

thermophilic actinomycetes (Kosmachev et al., 1965) and fungi (Saito et al., 1979), but 

virtually nothing is known of thermophilic bacilli producing antibiotic substances, 

including peptides.  
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Figure 2.3: Chemical Structures of some known polypeptide antibiotics (a) Bacitracin from 

Bacillus licheniformis (b) Polymyxin from Bacillus polymyxa (c) Colistin from Bacillus colistinus 

(d) Gramicidin S from Bacillus brevis 
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Prioritization of Microbial Drug Targets 

Natural compounds are an infinite source of bio active metabolites, and due to modern 

technical developments for instance genomic sequencing and computational biology offer 

new approaches for the discovery of small drug molecules (Davies, 2011). Now, it is 

possible to screen novel drug targets and accuracy is unbelievable in the modern genomic 

age. For instance, if investigating antibiotics effective only against Gram positive, 

bioinformatics approach can sort out those essential genes present only in clinically 

important Gram positive bacteria, but not available in Gram negatives. Similarly, if 

designing an antibacterial drug to cure a particular set of pathogenesis like respiratory or 

urinary tract infections, essential and vital drug targets can be screened that are available 

in the common infectious bacteria. Access to the Homo sapiens genome as well enables 

appraisal of the abeyant selectivity of an atypical antibacterial target. If host nucleotide 

homologs exist, comprehensive comparative analysis with the bacterial genes is required 

to evaluate the possibility of selective inhibition of the bacterial drug targets. The 

ambition is to analyze targets that are present in a clinically related spectrum of infectious 

agents with a good selectivity basis (Payne, 2004). These modern approaches to new 

antibiotics seeking have been greatly improved by the accessibility of microbial genomic 

data bases. The fast experimental development in complete genomic sequencing and 

evaluation of these small, uni-cellular genomes has permitted the associated progress of 

significant new tools that are already involved in augmenting the possible value of 

genomic data.  

The future assurances useful and accurate methods and techniques to recognize what 

makes effective antimicrobials and moreover the resources to find and assess innovative 

classes of drug molecules (Allsop, 1998). Likewise, novel antibiotic drug targets are 

being validated with the help of modern technologies, as these techniques have been 

established to allow fast screening of essential genes and to evaluate the transcription 

nature of probable drug targets. Therefore, several innovative and specific drug targets 

have now been recognized and for some, suitable high throughput screening (HTS) 

against different compounds has been carried out. New antibacterial lead molecules are 

developing from these genomics resulting targeted selections and the task now is to 
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improve and develop these lead compounds to become part of the next generation of 

antibacterial agents (McDevitt and Rosenberg, 2001). Related to antibiotic drug 

discovery, accession of complete genomic information for particular organisms reveals 

all the potential protein molecules that could be oppressed as antibacterial approaches 

(Payne, 2004). These approaches are also providing new molecular targets that are giving 

rise to innovative antibiotic chemistries questionable to face the existing problems of 

recognized mechanisms of drug resistance. Studies of data bases of completed genomes 

and genomic based tools are dynamic shift in antibiotic drug discovery and development 

programs. Innovative targets are being prioritized, specified, and pharmacodynamics 

studies are being boosted (Swaney et al., 1998). 

Drug Target identification in Clostridium botulinum 

Use of bioinformatics approach and comparative analysis of the genome of a pathogenic 

microbe allows one to identify essential genes necessary for the survival of that pathogen. 

Such an approach has been effectively used to identify drug targets in other bacterial 

species such as Pseudomonas aeruginosa (Allsop, 1998), Helicobacter pylori bacterial 

strain (Dutta et al., 2006), Burkholderia pseudomallei strain (Chong et al., 2006) and 

Aeromonas hydrophila (Sharma et al., 2008). This approach can be generalized and used 

for other pathogenic microbial species for example Clostridium botulinum whose 

treatment is not available.  

Clostridium botulinum, anaerobic Gram positive spore forming bacteria, yields the most 

deadly extracellular substance known as botulinum neurotoxin (BoNT) (Gill, 1982). This 

BoNT causes the botulism, an infrequent but potentially lethal infectious disease that 

ensues in 3-forms: foodborne botulism, infant botulism, and wound botulism. This fatal 

state is prolonged; continuing from a number of weeks to months, and the patients may 

need concentrated care with automated ventilation for a longer duration (Arnon et al., 

2001). Due to life-threatening poisonousness and extended risks, BoNT are classified as 

CDC category-A agents (Rotz et al., 2002). In Homo sapiens, the most frequently 

described classes of botulism toxicity are: foodborne, infant and wound botulism. Usage 

of polluted food containing this neurotoxin can result in foodborne botulism which is a 

serious disease with a great death rate. Even a little quantity as 30ng of this neurotoxin 
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can be lethal (Peck, 2006). Wound botulism is another case in which growth of the 

bacterium and secretion of neurotoxin can ensue in a wound in the body (Werner et al., 

2000; Brett et al., 2004). The genetic material of Clostridium botulinum has been 

completely sequenced (Sebaihia et al., 2007). The complete sequenced genome can be an 

outstanding source for relative exploration of the Clostridial species systems and will 

certainly deliver comprehensive insights into the graphical adaptation, metabolic 

multiplicity, disease causing ability, and phylotypes of these organisms. The application 

and practice of systems biology approaches is becoming useful for insight analysis of the 

organisms that provides the comprehensive information for drug targets. 

Systems Biology Approaches 

The accessibility of genome sequences of pathogenic and infectious microbial strains has 

delivered a great amount of data that can be beneficial in antibiotic and vaccine target 

determination (Sarangi et al., 2009).The genomic sequencing of pathogenic microbial 

species has delivered a lot of information for virtual analysis (Dutta et al., 2006). With 

the help of virtual methodologies, with combined comparative omics studies including 

genomics, proteomics, transcriptomics, interactomics, signalomics, and metabolomics, 

are recent developments in drug target innovation for most human pathological states, 

particularly for cancerous, cardiovascular, neuroendocrine, and infectious diseases; such 

approaches have improved the drug development processes faster and economic (Ji, 

2002; Pucci, 2006). Concurrently, systems biology pathway subtraction is essential to 

recognize metabolic pathways that human host and microbial pathogen have in common 

and pathogen particular routes. Finding of microbial genes that are non-homologs to 

human and significant for the existence of bacteria is one of the favorable means to find 

new targets. Essential genes/proteins are those vital for the existence of microorganisms, 

and so considered a basis of life. If critical non-host homologue necessary gene is found 

vital in any of the pathogen’s systems biology pathways, it is considered an accepted 

drug target. The drug target should be indispensable, crucial for growth and survival of 

the organism, should provide selectivity, and should yield a highly selective drug against 

pathogenic microbial specie with respect to Homo sapiens as host. The analysis has been 

successfully completed with collation of the Database of Essential Genes for a several 
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number of infectious and pathogenic microorganisms (Zhang et al., 2004). The entire 

concept is based on the hypothesis that the target should show a vital role in the 

continued existence of the pathogenic species and it must not have any conserved 

homolog sequences in the host. Non-Homo sapiens homology sequences can remove the 

likelihoods of cross impurity that might be unsafe to the host. Emphasis, with the 

accomplishment of the Human Genome Project, has shifted from classifying the “parts 

list’ of genes and protein sequences to connecting the interactive networks that present 

among them. Comprehensive understanding of this protein interaction network is 

significant as proteins do not perform function all alone, but relatively work together with 

one another, with nucleic acid and small chemical molecules to form biological 

machines. These biological machines are integrated, include both immobile and active 

assemblies of large molecules, and communicate as well as respond to intra and 

extracellular physiological signals (Hartwell et al., 1999).  

Protein interactome play important roles in several biotic processes, like in the assembly 

of ligand-molecular complexes or in cellular signal mechanism. More importantly, these 

protein association complexes also provide tools for examination of innovative targets 

(Strong and Eisenberg, 2007). One of the requirements of such investigation is the 

presence of a complete protein association network of the related pathogenic species. It 

has been proposed that a systems-level analysis of the genes, proteins, and interactions 

involved is the key to gaining insights into routes required for drug resistance (Raman 

and Chandra, 2008). Sequencing of model organisms and the available genomic 

information is a wonderful source for elucidating the gene, protein functions and most 

importantly enriches our knowledge about the disease mechanism and pathogen- host 

interactions. Pathogen genome information thus obtained forms the basis for study of 

pathogen related genes & proteins and synthesized toxins, defense compounds and 

computer design of potential drugs & vaccines. The 3D structure of protein molecules 

deliver significant facts for understanding their physiological, biochemical functions and 

interactome features in molecular aspects. The rise in the number of these protein targets 

is due to developments in instrumental techniques for 3D structure determination, for 

instance X-ray crystallography and availability of NMR (Blundell et al., 2002). Recently 

several protein targets have been selected for their potential therapeutic application with 
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the help of large scale genomics association’s projects. The number of 3D protein 

structures is growing rapidly, and structures created by structural genomics are becoming 

the part of publically available data resources (Berman et al., 2000; Westbrook et al., 

2003). Several resources of genome data collections, such as the National Center for 

Biotechnology Information (NCBI), European Bioinformatics Institute (EBI) and Swiss 

Institute of Bioinformatics (SIB), are accessible to the community in the World Wide 

Web. However, data obtained from these sources is often raw in form and are not 

annotated (i.e. analyzed) completely to elucidate the biological functions of targeted 

genes and proteins. Various bioinformatics analysis tools such as BLAST (for sequence 

comparison & detection of orthologous genes), COGS (for detection of orthologs in other 

species), PFAM (Protein Families Annotation and Multiple Alignment: for detection of 

functional domains) OMIM (Online mendelian inheritance of Man: a database of human 

disease information), molecular operating environment (MOE For detection of ligand-

Receptor interaction & pathogen active binding sites) and PDB (protein data bank: a 

database of protein structure information) can be readily utilized in day to day research 

and any information about genes or diseases can be searched using even simple key 

words. 

In Silico Screening: Molecular Docking 

In silico approaches have been developed as an important part of several drug discovery 

programmes, from lead finding to its optimization and beyond (Bajorath, 2002; Walters 

et al., 1998; Langer & Hoffmann, 2001) and methodologies such as ligand (Bajorath, 

2002) or targeted based computational screening (Gohlke & Klebe, 2002) procedures are 

broadly used in many drug discovery studies. During the early 1980s, one significant 

practice of this approach is docking of small ligand molecules to target binding sites was 

initiated (Kuntz et al., 1982), and still it remains a major area of research (Gohlke & 

Klebe, 2002). Docking is primarily used as a lead finding tool, when only the structure of 

a macromolecule target with its binding site is available. Later on, similar calculations 

run are often used during lead optimization, when changes and modification to known 

dynamic chemical structures can rapidly be analyzed in computer models before lead 

molecule synthesis (Venhorst et al., 2003; Williams et al., 2003). AutoDock, an 
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automated docking technique (Morris et al., 1996) run a drug molecule in a random 

conformation and positioning, and finds satisfactory docked patterns in a protein active 

site. Virtual forging is used to search the conformational positions. So, during this 

practice, the ligand molecule executes an arbitrary walk around the stationary target 

protein. At each step, the chemical compound is progressed by a small increase in global 

translation and coordination and in each of the torsional angles. The docking technique 

includes the estimation of ligand conformation and posing within a protein binding site. 

Interaction energies are measured with free energy based manifestation containing terms 

for dispersion or repulsion energy, directional hydrogen bonding and selected Coulomb 

potential electrostatics, plus a volume based solvation term related to Stouten et al. 

(Stouten et al., 1993). It is commonly developed as a multistep method in which each 

stage presents one or more additional steps of intricacy (Brooijmans & Kuntz, 2003). The 

procedure starts with the running of docking algorithms that pose small lead molecules in 

the target binding site. It is interesting and there is complexity, as even reasonably simple 

organic chemical molecules can have many conformational degrees of freedom. Selecting 

these degrees of freedom must be completed with appropriate precision to find the 

conformation that greatly matches the protein structure, and must be quick enough to 

allow the assessment of 1000s of lead compounds in a single docking run. These 

algorithms run are rounded out by scoring functions that are calculated to evaluate the 

pharmacological activity through the evaluation of ligand-target interactions. Initial 

scoring algorithms assess lead cavity fits on the basis of measurements of estimated 

shape and electrostatic interactions.  

Comparatively simple scoring and assessment functions remain to be greatly used, at best 

during the initial stages of docking modeling (Gohlke & Klebe, 2002). Free energy of 

molecular docking are related to calculate partial numbers of structural analogues. 

Several calculations have been projected for decreasing the complications of difficult and 

confusing scoring functions for these studies (Pearlman & Charifson, 2001). Autogrid 

points that are dynamically related for different chemical adjustments can be observed 

during similarity design. Additionally, linear reaction calculations that use ligand-protein 

interactive complex energies and solvent setting are now more normally applied in lead 

molecule optimization (Aquist et al., 1994). Docking and virtual reality techniques have 
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also been used to examine topographies of the pharmacological binding site with 

different water soluble and water insoluble molecular fields that can recognize confident 

points for ligand docking or de-novo design (Sheridan et al., 2002). Docking applications 

have been used in pharmaceutical industrial research for almost 2-decades. Structural 

based in silico screening, which varies from molecular likeness and ligand based 

screening practices, runs a chance for the de-novo finding of pharmacological active 

chemical entities, without prejudice near to known hits or leads. From an algorithmic 

approach, existing scoring and posing procedures are slightly varied. The relationship 

between docking and statistical based scoring functions is justly composite, but this 

technique is sometime convenient to yield consistent molecular models of cavity bound 

ligands than to discriminate ‘true’ ligands from false positives. The fast development of 

genomics and proteomics advances will result in a theatrical growth of innovative yet 

naturally indorsed protein targets for lead discovery. Targeted based computational drug 

design is now recognized as a significant principal step in the extensive method of 

emerging new drugs (Amzel, 1998). Therefore, the role of computer aided molecular 

drug designing through simulated screening of synthesized or in silico chemical data 

banks will consequently remain to nurture (Taylor et al., 2002). 
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The present research was carried out in the Microbiology Research Laboratory, 

Department of Microbiology, Faculty of Biological Sciences Quaid-I-Azam University 

Islamabad, Pakistan and Indiana Center for Systems Biology and Personalized Medicine, 

Indiana University–Purdue University, Indianapolis, Indiana, USA. 

The research work was completed in three different steps (Figure 3.1): 

1. Antibiotic Production, Purification and Structural characterization 

2. Systems biology approach for prioritizing drug targets in Clostridium 

botulinum 

3. Drug-Target interaction and docking analysis 

3.1 ANTIBIOTIC PRODUCTION, PURIFICATION AND STRUCTURAL 

CHARACTERIZATION 

The production of antibacterial agent was carried out by cultivation of newly isolated 

indigenous bacterial strain. Produced antibacterial compound was characterized 

structurally for further in silico studies. 

3.1.1 Isolation and Screening of bacteria for antibacterial compound production 

Thermophilic bacterial strains were isolated from soil sample collected from the Thar 

Dessert, Sindh Province Pakistan by serial dilution method. Bacterial colonies were 

purified on nutrient agar medium at 50°C by streak plate technique. Five isolates were 

purified (coded as SAT1 to SAT5). Antibacterial activity of these purified isolates were 

checked against indicator strains including Micrococcus luteus ATCC 10240, 

Staphylococcus aureus ATCC 6538, Pseudomonas aeruginosa ATCC 49189 and 

Escherichia coli ATCC 87064 using agar well diffusion assay. 

 

 

 

 



Materials and Methods 
 

31 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic diagram and Process Flow Chart of Methodology 
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3.1.2 Identification and Characterization of bacterial isolate 

After initial screening, purified bacterial isolate SAT4 was selected and preceded for 

identification and characterization on the basis of morphological, biochemical and 

molecular techniques.  

3.1.2.1 Morphological characterization: The morphological parameters were studied 

according to Buchanan and Gibbons, 1974. These parameters included the colony 

morphology (size, pigmentation, form, margin, and elevation), Gram’s staining, spore 

staining and evaluation of bacterial motility. For evaluation of colony morphology, under 

aseptic techniques, the purified and isolated colony was grown on nutrient agar media 

and was studied for preliminary analysis. For Gram’s staining, a smear of selected colony 

was prepared, dried and heat fixed on glass slide, then it was flooded with crystal violet 

dye and allowed to stand for 1 minute, washed with distilled water and flooded it with 

Gram’s iodine, allowed to stand for 1 minute, washed with distilled water, decolorized it 

with 95 % ethanol and washed it again. After this procedure, it was counter stained with 

safranin dye for 1 minute, and washed it again. Finally, slide was examined and analyzed 

under compound microscope.  

For spore assessment, smear of bacterial strain was prepared on glass slide, dried and heat 

fixed. It was flooded with malachite green dye and kept it on warm plate for 3 minute, 

cooled and washed with water. It was counter stained with safranin for 60-90 seconds, 

washed with distilled water and finally slide was evaluated under compound microscope.  

Bacterial motility was checked by hanging drop method. The ring of petroleum jelly was 

applied around the concavity of the each depression slide. A loop full bacterial isolate 

was placed in the center of a clean cover slip; depressed slide was placed over the cover 

slip, so that depression covered with the culture. The slide was quickly turned to right 

side up, so that the drop continued to adhere to the inner surface of the cover slip, finally 

it was examined under microscope. 

3.1.2.2 Biochemical characterization: The bacterial isolate was evaluated biochemically 

by using the combination of API 50CHB V4.0 and API 20E kit (BioMerieux SA France; 

Lot No. 833022401). Procedure was followed according to the manufacturer’s protocol 



Materials and Methods 
 

33 
 

and test results were recorded after 24 hours. The results were analyzed into a bio- 

Me´rieux identification software database (apiwebTM; BioMerieux SA). 

3.1.2.3 Molecular Characterization: A 16S rRNA gene sequence to study bacterial 

phylotypes and taxonomy was used to identify bacterial isolate. 

3.1.2.3.1 DNA Extraction: DNA was extracted from bacterial cultures using Wizard 

genomic Kit (Promega, Madison, USA) according to the manufactures’ specifications. 

Briefly, growth from 2-3 days old culture of plate was added to 1 ml of phosphate buffer 

solution (PBS) in 1.5 ml micro-centrifuge tube, centrifuged at 13000-16000 x g for 2 

minutes and supernatant was removed. About 600 µl of cell nuclei lytic solution was 

added and gently pipetted until the cells were re-suspended. The mixture was incubated at 

80°C for 5 minutes to lyse the cells; then cooled to room temperature and 3 µl of RNase 

solution was added to the cell lysate, inverted 2-5 times to mix and incubated at 37°C for 

15-60 minutes then cooled to room temperature. About 200 µl of protein precipitation 

solution was added and vortexed vigorously at high speed for 20 seconds to mix it with 

cell lysate. Sample was incubated on ice for 5 minutes, and then centrifuged at 13000-

16000 x g for 3 minutes. Supernatants containing DNA formed a visible mass. Mixture 

was centrifuged at 13000-16000 x g for 2 minutes, supernatant was carefully poured off 

and 600 µl of 70 % ethanol was added and tube was gently inverted several times to wash 

the DNA pellet. Again centrifuged at 13000-16000 x g for 2 minutes, ethanol was 

carefully aspirated, and pellet was air dried for 10-15 minutes. Finally 100 µl of DNA 

rehydration solution was added to the tube and incubated at 65°C for 1 hour. Solution 

was periodically mixed by gentle tapping and stored at 2-8°C. DNA concentration in 

sample was determined using Nanodrop1000 (Thermo Scientific, Rockford, USA) as per 

standard procedure.        

3.1.2.3.2 Amplification of 16S rRNA gene: Polymerase chain reaction amplification and 

sequencing of 16S rRNA gene was carried out using a Takara 16S rDNA bacterial 

identification kit. 1 μl of the extracted DNA was amplified with universal primers F27 

(5'-AGAGTTTGATCMTGGCTCAG-3') and R907 (5'-CCGTCAATTCCTTTRAGTTT-

3'), generating a PCR product. All reactions were carried out in 0.5 ml PCR tubes, 

containing 1 µl of each primer, 9.5 µl of sterile distilled water and 12.5 µl of Master Mix 
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(PCR Master Mix 2X, Fermentas, # K0171). PCR was performed in a T-Personal combi 

PCR machine (Biometra, Germany, # 2106284) with the following program: 3min 

denaturation at 95°C, followed by 30 cycles of 1 min denaturation at 94°C, 1min 

annealing at 58°C, 1 min extension at 72°C, and a final extension step of 3 min at 72°C. 

PCR product of the correct size was purified by JET quick PCR products purification 

spin/250 kit (GENOMED, Germany). 

3.1.2.3.3 Agarose Gel Electrophoresis: Extracted DNA was visualized by gel 

electrophoresis on 0.8 % agarose gel and 5 μl of PCR products on 1.5 % agarose gel 

stained with ethidium bromide (0.5 mg/ml) in 1x TAE buffer (50x TAE buffer: 242 g/L 

Tris, 18.61 g/L NaEDTA.2H2O, 57 ml glacial acetic acid). About 1 µl loading dye (30 % 

v/v glycerol, 0.25 % w/v bromophenol blue, 0.25 % w/v xylene cyanol FF) was added to 

3 µl of sample and mixed before loading into wells. DNA ladder (Kbp) (Fermentas 

GeneRulerTM, #SM0313) was used for PCR products. 2 µl of ladder was mixed with 2 

µl of loading dye before its loading in the first well of the gel. The gel was run at 80V for 

45 minutes. The gel was then observed for bands under UV using gel-dock imaging 

system (BioRad, Milan Italy). 

3.1.2.3.4 Sequencing of PCR products: Sequencing of PCR products was performed and 

analyzed in both directions using an ABI Prism 310 automated DNA sequencer using 

BigDye Terminator cycle sequencing kit (PE Applied and Biosystem USA). This kit 

contained a BigDye Terminator tube, filled with 10 μl of pinkish solution containing 2 μl 

of primer and 8 μl of BigDye Terminator Reagent. 10 μl of purified PCR product was 

transferred to this Big Dye Terminator tube. Then samples were sequenced. 

3.1.2.3.5 BLAST Analysis of 16SrRNA Gene Sequence: Basic Local Alignment Search 

Tool (BLAST) at the National Center for Biotechnology Information (NCBI) was used to 

align the obtained bacterial 16S rDNA sequence with thousands of known different 

available 16S rDNA sequences in this database, and percent homology scores were 

generated to identify bacteria.  

The computer alignment provided a list of matching organisms, ranked in order of 

similarity between the unknown sequence and the sequence of the corresponding 
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organism from the database. The percentage and absolute number of matched base pairs 

from each BLAST match were reported. Bacterial 16S rDNA sequences were also 

aligned with near neighbor sequences using the Clustal W program and Phylogenetic 

relationships were inferred using a maximum likelihood algorithm. Phylogenetic tree was 

constructed by the neighbor-joining method (Saitou and Nei, 1987) using the Mega4 

software package (Felsenstein, 2008). Bacteria with 16S rDNA sequences >99 % 

similarity was considered to be of the same phylotype. 

3.1.3 Production of antibacterial compound from bacterial isolate 

Shake flask fermentation experiments were carried out for the production of antibacterial 

metabolites by bacterial isolate SAT4. 100 ml inoculum of bacterial isolate SAT4 was 

prepared by growing bacterial strain in nutrient broth (peptone: 5gm/L, yeast extract: 

3gm/L), for 24 hours at 50°C in an orbital shaker (Environ Shaker, Barnstead Lab Inc., 

Model: 3527-1) at 150 rpm under aseptic conditions. After that, 100 ml of production 

medium (Bushra et al., 2007) was prepared (l-glutamic acid: 5gm/L; KH2PO4:0.5gm/L; 

K2HPO4: 0.5gm/L; MgSO4: 0.2gm/L; MnSO4: 0.01gm/L; NaCl: 0.01gm/L; FeSO4: 

0.01gm/L; CuSO4: 0.01gm/L; CaCl2: 0.015; Glucose: 1 %) inoculated with 10 % 

inoculum and incubated at 50°C in shaking incubator for 24 hours at 150 rpm. Finally, 

after 24 hours of incubation, sample was centrifuged for 15 minutes at 10,000 rpm by 

table top centrifuge to get cell free supernatant and antibacterial activity in the 

supernatant was measured against indicator bacterial strains by agar well diffusion assay 

according to Holder and Boyce, 1994; Sen et al., 1995; Awais et al., 2008. 

3.1.4 Optimization of conditions for production of antibacterial compound 

The antibacterial metabolite production was optimized at different parameters. These 

parameters included the time of incubation, pH, temperature, aeration rate, nitrogen, and 

carbon source concentrations. Incubation time was evaluated from 24 hours to 144 hours; 

pH was studied by taking the values from 4 (acidic) to 9 (basic); temperature ranged from 

45 to 60°C; the concentration of glutamic acid used as a source of nitrogen varied from 

0.25 to 2 %; and carbon concentration by taking the glucose from 0.25 to 3 %. The 

optimizing levels were confirmed through agar well diffusion assay and activity was 
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measured in terms of zone of inhibition. The Taguchi method (Joseph and Piganatiells, 

1988), a statistical approach based on orthogonal arrays (OAs) was used for the 

optimizing the process parameters. In this approach, six columns were designed with 

different factors and each factor was assigned with five levels. The layout of the L25 (56) 

OA was used in the present study. The use of the OA experimental framework makes the 

determination of factor effects quite straightforward (Taguchi et al., 2004). The symbolic 

designation of these arrays indicates the main information on the size of the 

experimentation, e.g. L25 has 25 trials. Taguchi approach was applied to identify the 

impact of each factor for maximum antibacterial metabolite production and determination 

of the optimum conditions. The possible combinations of all trials were conducted and 

polypeptide antibacterial metabolites production was proceeded through shake flask 

fermentation. 

3.1.4.1. Thermostability analysis of cell free supernatant containing antibacterial 

compound 

Characterization and thermostability of antibacterial metabolite was evaluated by taking 

the cell free supernatant in four different test tubes at temperatures i.e. 45, 50, 55, and 

60°C one hour. Antibacterial activity against Staphylococcus aureus and Micrococcus 

luteus was determined through agar well diffusion method before and after treatment. 

3.1.5 Purification of Antibacterial compound 

Bacterial strain SAT4 was cultivated at optimized conditions in IL production medium. 

The cell free supernatant was collected after centrifugation at 13000 rpm for 10 minutes. 

Protein antibacterial compound from the supernatant was purified using ammonium 

sulphate precipitates, column chromatography and lyophilization. 

3.1.5.1  Precipitation and Desalting 

Precipitation is a method of protein purification by altering the solubility of protein 

(Janson et al., 1989). Precipitation of polypeptide antibacterial metabolite (SAT4 

compound) was carried out by ammonium sulphate (Wingfield, 2001; Charles et al., 

2008). Solid ammonium sulphate was added to 100 ml of crude peptide solution at the 
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concentration of 50 %. After sufficient shaking, solution was placed in the cold for one 

hour and then precipitates were collected by centrifugation at 14000 rpm for 15 minutes 

at 4°C. The precipitates, which contained the antibacterial substance was then 

resuspended in 0.05M phosphate buffer of pH 6. The 0.05M phosphate buffer of pH 6 

was used to dialyze the precipitates in dialysis-tubing of 10KDa cut off. Ammonium 

sulphate precipitates were taken in the dialyzing bag and it was placed in 1.5 liters of 

phosphate buffer overnight in cold room against four changes of buffer. Finally, the 

antibacterial activity of dialyzed protein was determined by agar well diffusion assay.   

3.1.5.2  Gel Permeation Chromatography 

Further purification was carried out by gel permeation chromatography (size exclusion 

chromatography). The polymer 3 % Sephadex G-75 gel was suspended in 0.05M 

phosphate buffer (pH 6.0) and incubated at 37°C for 3-days. The column was then loaded 

carefully. The dialyzed protein sample was applied to a Sephadex G-75 column (20 mm 

diameter × 60 mm long), pre-equilibrated with 0.05M phosphate buffer (pH 6.0). After 

equilibration, bound proteins were eluted stepwise using phosphate buffer at room 

temperature (approx. 25°C). The flow rate was adjusted to 36 ml/hour and fractions (3 ml 

each) were collected. The absorption of these fractions was measured at 280nm by UV-

spectrophotometer (Agilent USA). The fraction showing antibacterial activity were 

pooled and lyophilized by using the Lyophilizer FreeZone 2.5 Labconco USA (serial no. 

080789471 F). The sample was shell freezed in Labconco tube and adjusted in vacuum 

channels at 0.07 mBar pressure and -45°C temperature for 5-6 hours. The powder was 

collected and its activity was measured through well diffusion assay. 

3.1.6 Structural characterization of antibacterial compound 

3.1.6.1  SDS-PAGE Analysis 

Most of the studied antibacterial agents are found to be proteins or conjugates of proteins. 

In order to monitor purity, sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed using 12 % of resolution gel and 5 % of stacking gel (Lee et 

al., 1987). Sample was prepared by dissolving it with equal proportion of sample buffer 

and loaded onto several wells along with molecular weight standards (Fermentas, 
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PageRuler, Prestained Protein Ladder, # SM 0671). One-half of the gel was stained with 

coomassie brilliant blue according to the method of Lee et al., (1987) while the other half 

was assayed directly for antimicrobial activity by the modified test described by (Bhunia 

and Johnson, 1992). 

3.1.6.2  FTIR Analysis 

Fourier transform infrared (FTIR) spectroscopy is a measurement technique that allows 

one to record infrared spectra. FTIR spectra (interferogram) of sample were recorded in 

the 3600-650 cm
-1

 region by using Bruker Germany Alpha FT-IR model. 

3.1.6.3  NMR Analysis 

The NMR samples were prepared by taking 15 mg in 0.5 ml D2O due to its solubility in 

water. NMR spectra were recorded on Bruker 300 MHz spectrometer available at 

Department of Chemistry, Quaid-I-Azam University Islamabad, Pakistan equipped with 

5mm of probehead for 
1
H and 

13
C analysis.  

3.1.6.4  HPLC Analysis 

To identify the purified sample, it was run by using the reverse phase column 

chromatography (Agilent 1200 series HPLC) and comparative chromatogram were 

obtained against 100 ppm polymyxin B, as standard antibiotic. Sample and Polymyxin B 

solution was preceded through isocratic method at 230, 254, 270, 280, & 350 nm by 

using gel column (5µm; 4.6 mm x150 mm) respectively with a flow rate of 1.0 ml/min. 

For isocratic method, the solvent system was 20 mM Na2HPO4/130 mM NaCl. 

3.1.6.5  X-Ray Crystallography 

Crystals of the lyophilized sample were grown and developed using the various solvents. 

The method involved the mixing 2 mL of solvent solution (70 % CH3OH) with 

lyophilized sample (10 mg/mL) in a test tube for 30 hours. Crystals were grown at room 

temperature; several of them were picked and carefully preserved. Diffraction data 

related to X-ray crystal structure were collected, processed, identified and calculated 

from a single crystal source using a STOE-IPDS II equipped with an Oxford Cryostream 
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low-temperature unit, available at Department of Chemistry, University of Bayreuth, 

Germany. Structure solution and refinement was done using SIR97, SHELXL97 and 

WinGX. During data collection, the crystal was maintained at cryogenic temperatures so 

as to reduce radiation damage.  

3.1.6.6  Thermostability analysis of pure antibacterial compound 

Thermostability was evaluated by taking 0.1 % aqueous solution of pure compound in 

four different test tubes, kept them for 1 hour in water bath at 45°C, 50°C, 55°C, and 

60°C. Agar well diffusion method was used to measure the activity against the indicator 

organisms including Staphylococcus aureus and Micrococcus luteus. The antibacterial 

activity of untreated sample measured at 37°C was taken as control. Percentage loss of 

antibacterial activity was calculated using the following formula: 

A0-Af/A0 x 100 

Where   A0: Activity of control,  Af: Activity after treatment 

 

3.2 SYSTEMS BIOLOGY APPROACH 

3.2.1 Prioritizing drug targets in Clostridium botulinum 

The drug targets were determined in Clostridium botulinum by using the Systems 

Biology approach. This aspect was studied at Department of Bioinformatics, Indiana 

University-Purdue University Indianapolis, USA.  We followed these steps (Figure 3.2). 

3.2.2 Access of Genome and Proteome 

Genomics investigations play a potential role in the drug target screening (Payne et al., 

2004). The genome of Clb has provided a lot of data about the overall studies, role 

categories and hence the therapeutic importance of antibiotics targets (broad or narrow 

spectrum). Databases and tools used in the target identification of Clostridium botulinum 

type A has been shown in the Table 3.1. A circular genome of this specie comprises 

3,863,450 base pairs (3.86 Mb) with a total number of 3700 genes. Of the 3594 protein 
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coding genes, only 2628 genes have been assigned a role category. The % GC content of 

the chromosome is 28.21 % (Table 3.2). These genes are involved in the coding of 

essential proteins, all types of primary metabolites and growth factors, energy transport 

channels, replicative and regulatory functions, chemotaxis and motility, and ABC 

transporters that are mostly involved in the drug resistance, neurotoxins and other 

virulence factors.    

 The annotated and categorized gene and protein sequences of Clostridium botulinum 

ATCC 19397 was downloaded from the Pathema-JCVI web source and collected the 

expressed genes and protein sequences in FASTA format. 

3.2.3 Screening for Essentiality 

The target for new antimicrobial drugs must be essential for the growth, replication, or 

survival of the bacterium (Kim et al., 2004). For screening of essential genes, the 

Database of Essential Genes (DEG) was accessed from its website, and sequence 

alignments were performed using BLASTx and BLASTp with each gene and protein 

sequence of the pathogen. A minimum bit score of 100 and more than 30 % identity with 

an expectation value (E-value) cutoff of 0.0001 was selected for shortlisting the essential 

genes (Ren and Yan, 2004; Barh et al., 2011). 

 

3.2.4 Interactome Analysis 

A cellular systems level examination of the nucleotides, amino acids, and their related 

interactions is a significant step to determining bacterial targets (Wong and Liu, 2010). A 

protein to protein interaction (PPI) network was constructed for the interpretation of 

proteomics data. All information regarding interactome analysis was processed, stored 

and operated by using an open source database management system, MySQL. Initially, 

we mapped proteins from the input list onto the reference database. The STRING 

database version 8.3 (Szklarczyk et al., 2011) was used to construct the entire proteome-

scale interaction network of annotated genes (2628 genes) of Clb comprising 1002 nodes 

and 6752 edges using only the high-confidence data. A sub network between the essential 

and virulence proteins containing 147 nodes and 254 edges was derived and analyzed 
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from this entire proteome network. Each node with colors corresponds to the individual 

proteins in the network while the edges indicate interactions between them. The protein 

network was visualized by using Cytoscape version 2.8.1 (Cline et al., 2007).  

This network represents a comprehensive view of the connectivity among the various 

proteins representing essential and virulence nodes, analogous to obtaining the road map 

of a city. 

3.2.5 Analysis of Cluster of Orthologs (COGS) 

A main concern of concluding protein interactome is finding of cluster of orthologs 

whose function and related interaction are greatly probable to be conserved from one 

bacterial species to another. The knowledge of using the cluster of orthologs was to 

simplify, cover the concept of a genes precise best hit and to evaluate the level of one to 

one similarity between genetic sequences that is important for phylogenetic and 

functional genomics (Eugene, 2005). During this analysis, firstly, the COG construction 

procedure was based on the mapping of Clb essential and virulence genes by using 

STRING database version 8.3. Secondly, the genome-specific hit was extended to 

multiple COGs of various species from prokaryotes to eukaryotes (Homo-sapiens) to 

identify the associated clusters of consistent best hits (>0.5 STRING score) by using the 

similar database. The COGs reflected a one-to-many relationship as well as a simple one-

to-one association. The COGs were examined for their broad diversity and distribution 

into various species.   
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Figure 3.2: Schematic diagram of steps involved in target prioritization in Clostridium botulinum 

type A 
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3.2.6 Comparative Genomics with Human 

As a first measure of the rate of bacterial COGs evolution, human annotated proteins 

corresponding to each COG were retrieved from the STRING database version 8.3, and 

they were found to have a relationship with Clb. The human associated COGs interaction 

network was generated and visualized and finally screened out from the rest of the COGs.  

Bacterial protein sequences of essential and virulent proteins were also used as queries to 

search human-homolog and non-human homolog proteins from the human reference 

proteins database using the BLASTp algorithm to obtain the e-value cutoff of 1 (E=1) 

and with a match of more than 50 % of the query length at the National Center for 

Biotechnology Information (NCBI) server.  

3.2.7 Comparative Genomics with other Prokaryotes 

The phyletic patterns of C.botulinum COGs were also examined in other prokaryotes to 

check the presence-absence of species to broaden the spectrum of antibacterial drugs. 

Therefore, non-human associated COGs were mapped with species count data available 

at the STRING database. The phyletic distribution of COGs in bacteria was calculated.  

3.2.8 Comparative Genomics with Microbiota 

A number of organisms are known to inhabit the gut of normal healthy individuals, and 

they are playing a fundamental role in health and disease. Inadvertent inhibition of 

proteins of these organisms is likely to result in side effects (Savage, 1977).  

In order to study this possibility and to screen out these matched proteins, the short listed 

non-human homolog genes and proteins of Clb were compared to the proteins of the gut 

flora by sequence analysis. For this comparative analysis, the complete genome of 

C.botulinum was used as query against gastrointestinal flora as reference genome using 

BLASTn with an e-value cutoff of 0.01 (E=0.01) and a bit score of >100 at the Human 

Microbiome Project database server. Phylogenetic analyses were carried out using the 

MEGA 4.0.2 package, a multi sequence alignment and molecular evolutionary genetic 

analysis software. A tree was constructed using the neighbor-joining method.  
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In this analysis, genetic diversity of our bacteria was also compared with already 

classified phyla of gastrointestinal flora, and BLASTp for each protein sequence of non-

human homologs was run against gut flora protein sequences as a reference with an e-

value cutoff of 1 (E=1) using the similar database server. The best hit sequences were 

calculated, classified and grouped in terms of phylum and finally compared with 

available gut flora phyla at the HMP database. A full list of 471 human gastrointestinal 

microflora is available at the Human Microbiome Project website (Keeley, 2004). 

3.2.9 Pathways Analysis 

We analyzed the integrated, metabolic and protein interaction network of C.botulinum 

type A and observed the correlation between these pathways. Identified, essential non-

human and non-gut flora homolog genes were mapped in the metabolic pathways in 

which they are involved, using the KEGG database as a source of metabolic pathway 

information (www.hmpdacc-resources.org). For the analysis of individual genes, an 

entire network of gene ontology was created for cataloging the homologous pathways 

within the bacteria. This study also highlighted those pathways which do not appear in 

the host but are present in the pathogen. Enzymes involved in these as well as in other 

metabolic pathways, including carbohydrate metabolism, amino acid 

metabolism/biosynthesis, lipid metabolism/biosynthesis, energy metabolism, vitamin and 

cofactor biosynthesis and nucleotide metabolism, were identified from the KEGG 

database.  

3.2.10 Distribution and Prediction of Sub-cellular Localization 

Non-human and non-homolog to gut flora bacterial targets that were crucial in pathways 

were identified and subsequently analyzed to determine their localization (cytoplasmic, 

membrane or secreted) for biological significance and distribution of these targets in the 

cellular components by using the CELLO v.2.5 Subcellular Localization Predictor tool. 

This was required to find out the surface membrane proteins which could be probable 

vaccine targets (Lu et al., 2004). 
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3.3 DRUG-TARGET INTERACTION ANALYSIS 

This approach was completed by evaluating the binding affinity of our drug produced 

under step-1.0 against the selected targets of Clostridium botulinum prioritized under 

step-2.0 by using the virtual tools and software.   

3.3.1 Accession of prioritized protein targets 

The essential 3D target ABC membrane Protein (gene locus: CLB_3408) was obtained 

by input amino acids sequence query at Protein Model Portal (PMP) web server and its 

homology model (pdb format) was downloaded from Protein Data Bank (PDBID: 

3HLU). The cut-off parameter of this crystal structure target (2.65°A) was e-value: 

0.0001, identity: >30 % and model was generated based on sequence alignment with 

Eubacterium ventriosum template. Similarly the interactive virulence protein botulinum 

neurotoxin transcriptional regulator (CLB_0846) as 3D target was downloaded (pdb 

format) directly from the Swiss Model server (comparative homology model work 

space). The Cut-off parameters to model this target based on HHSearch target-template 

alignment was e-value: 0.0001, identity: > 30. This model was built based on 1xsvB 

template (1.70°A). These protein molecular models were used for docking and binding 

energy calculation studies. 

3.3.2 Analysis of target active binding sites 

The active site was defined from the coordinates of the ligand in the original target 

protein sites. The active sites of essential and virulence target protein were analyzed. 

Binding sites of essential ABC membrane protein (CLB_3408) and interactive virulence 

transcriptional regulator protein (CLB_0846) was analyzed by using the PyRx, AutoDock 

Vina option based on scoring functions. 

3.3.3 Accession of ligand/drug molecule 

The compound obtained from Aeribacillus pallidus SAT4, which is peptide in nature, 

was used as ligand molecule in this study. This compound was further translated to 

PDBQT file using PyRx virtual screening tool to generate 3D atomic coordinates of a 

molecule. Discovery Studio 3.0 visualizer was used to label the atoms of the molecule. 
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The Initial geometry refinement using CHARMm force field and ALOGPS solubility is 

7.44e-02. Finally the ligand stick model was saved as a pdbqt file for further docking 

procedure. This drug was docked against ABC membrane protein and transcriptional 

regulator protein targets to control the secretion of botulinum neurotoxin. 

3.3.4 Docking analysis 

In silico evaluation of bacterial produced SAT4-compound against accessed protein 

targets was completed through docking studies. AutoDock, an automated docking 

approach started a ligand molecule in an arbitrary conformation, orientation, and position 

and finds favorable docked configurations in a protein binding site. ABC membrane 

protein is essential protein that has direct interaction with transcriptional regulator 

(CLB_0846) which is involved in the transcription of botulinum neurotoxin. Inhibition of 

this essential protein or transcriptional regulator will lead to inhibit the secretion of 

neurotoxin.  

The docking simulations between these targets (CLB_3408 and CLB_0846) and our 

ligand molecule were performed using the "Run AutoDock" option by using the PyRx 

virtual screening engine. The functional groups or elements that lie within 25 Angstrom 

unit area of ligand that interacts with it through their side chain were considered as 

“active binding site residues”. 

AutoDock Vina option under PyRx virtual screening tool was also applied for the 

comparative analysis of interaction of other polypeptide antibiotics including polymyxin 

and bacitracin with transcriptional regulator protein, a Clostridial target against which our 

compound SAT4 was autodocked. 
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Table 3.1:  Databases and tools used in target identification of C.botulinum type A  

 ATCC 19397 

 

Databases/Software/Tools Accessibility Utility References 

Pathema-JCVI http://pathema.jcvi.org Comparative genomic analyses of 

pathogenic bacteria 

Skarin et al., 2011 

 

Database of Essential Genes 

(DEG) 

http://tubic.tju.edu.cn/deg/ For screening of essential genes Ren and Yan, 2004 

STRING database version 8.3 http://string-db.org/ For known and predicted 

protein/COGs interaction 

Szklarczyk et al., 

2011 

Cytoscape version 2.8.1 http://www.cytoscape.org/ For network analysis and 

visualization  

Cline et al., 2007 

National Center for 

Biotechnology Information 

(NCBI) 

http://blast.ncbi.nlm.nih.gov/ Biomedical and genomic information 

source 

 

Human Microbiome Project 

(HMP) 

http://www.hmpdacc.org/ Comparative human microbiome 

genetic analysis  

 

Kyoto Encyclopedia of Genes 

and Genomes (KEGG)  

http://www.genome.jp/ Pathways analysis and comparison Altschul et al., 

1997 

MEGA 4.0.2 package http://www.megasoftware.net/ Molecular evolutionary genetic 

analysis software 

 

CELLO v.2.5 Subcellular 

Localization Predictor 

http://cello.life.nctu.edu.tw/ Subcellular localization prediction 

for bacteria and eukaryotes 

Lu et al., 2004 
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Table 3.2:  General features of Clostridium botulinum type A genomes 

 

 

 

 

 

 

 

 

 

Features Specificity  

Total size 3.86 Mb 

Total Genes 3700 

Protein coding Genes 3594 

Annotated Genes 2628 

Conserved hypothetical Genes  588 

True  hypothetical Genes 381 

All RNA 106 

tRNA 81 

rRNA 24 
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4.1 PRODUCTION, PURIFICATION AND STRUCTURAL 

CHARACTERIZATION OF ANTIBACTERIAL COMPOUND 

4.1.1 Isolation and characterization of antibacterial compounds producing 

bacteria  

Soil sample collected from Dessert area when processed for isolation of thermophilic 

isolates gave five different colonies. They were purified and screened for their potential 

of antibacterial compound production. Antibacterial activity of metabolites produced by 

thermophilic isolates was checked against indicator bacterial strains including 

Micrococcus luteus, Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia 

coli. One of the five purified bacterial isolate (SAT4) showed significant activity against 

the tested organisms except E.coli. Maximum activity was against Staphylococcus aureus 

giving zone of inhibition of 25 mm (Table 4.1). 

4.1.2 Identification and Characterization 

Bacterial isolate SAT4 was identified and characterized on the basis of morphological, 

biochemical and molecular techniques.  

4.1.2.1  Morphological Characterization: Morphological characterization showed that 

bacterial isolate SAT4 was a gram positive rod arranged in pairs. Bacterial colony on 

agar plate were white to off white in color, circular, flat, with entire margins. The 

bacterium was motile and spore forming (Table 4.2). 

4.1.2.2  Biochemical Characterization: The bacterial isolate was evaluated 

biochemically by using the combination of API 50CHB V4.0 and API 20E kit. 98.4 % 

significant taxon was identified as Geobacillus pallidus strain SAT4 using software 

(apiweb
TM

). The API 50CHB showed that isolate was positive for fermentation of 

glycerol, D-glucose, D-fructose, D-mannose; D-mannitol; D-sorbitol; methyl alpha D-

glucopyranoside N-acetylglucosamine; amygdalin; arbutin; esculin ferric citrate; salicin; 

D-cellobiose; sucrose; D-trehalose and  L-fucose (bioMe´rieux, Inc., France), while the 

API 20E showed the positive results for 2-nitrophenyl-ß-D-galactopyranoside; trisodium 

citrate; Gelatin; inositol; L-rhamnose; and L-arabinose. The remaining tests were 
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negative for L-arginine (ADH), L-lysine (LDC), L-ornithine (ODC), sodium thiosulfate 

(H2S), urea (URE), L-tryptophane (TDA), sodium pyruvate (VP), D-glucose (GLU), D-

mannitol (MAN), D-sorbitol (SOR), D-sucrose (SAC), D-melibiose (MEL) and 

amygdalin (AMY) (Table 4.3).   

4.1.2.3  Molecular Characterization: Identification of bacterial isolate was further 

confirmed with molecular technique. 16S rDNA sequence was amplified with universal 

primers F27 and R907, generating a PCR product having 950bp size (Figure 4.1). 

According to blast outcome at NCBI server, this thermophilic bacterium is a gram-

positive rod, a member of the Firmicutes that showed 100% homology with Aeribacillus 

pallidus (Accession number: JN986827), previously known as Geobacillus pallidus 

(Minana-Galbis et al., 2010) at nucleotide positions from 1 to 432. Phylogenetic tree was 

constructed by Neighbor-Joining method and evolutionary relationship was analyzed 

(Figure 4.2). This Evolutionary relationship was generated among 47 taxa (linearized). 

The evolutionary history was inferred using the Neighbor-Joining method. The optimal 

tree with the sum of branch length = 0.01659697 is shown in this figure. The 

evolutionary distances were computed using the Maximum Composite Likelihood 

method and are in the units of the number of base substitutions per site. Codon positions 

included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data 

were eliminated from the dataset (Complete deletion option). There were a total of 428 

positions in the final dataset. Phylogenetic analyses were conducted in MEGA 4.0. 
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Table 4.1: Antibacterial activity of selected thermophilic bacterial isolates against 

indicator bacterial strains 

Indicator Bacterial Species 

Zone of inhibitions shown by the thermophilic bacterial 

isolates (mm) 

SAT1 SAT2 SAT3 SAT4 SAT5 

Staphylococcus aureus ATCC 6538 2 2 4 25 6 

Micrococcus luteus ATCC 10240 1 2 2 22 6 

Pseudomonas aeruginosa ATCC 49189 0 0 0 16 1 

Escherichia coli ATCC 87064 0 0 0 5 0 

 

 

 

Table 4.2: Morphological characterization of screened bacterial isolate SAT4 

 

Test Features Result 

Microscopic examination Gram’s staining + 

 Shape Rods arranged in pairs 

 Spore formation + 

 Motility + 

Macroscopic appearance: 

Colony Morphology 
Color White to off 

 Elevation Flat 

 Colony shape Circular 

 Margins Entire 
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Table 4.3: Biochemical characterization of bacterial isolate SAT4 using API kit 

system with percentage of positive tests after 24 hours 

 

API 50CHB Tests that were positive for 
a
 

GLY   GLU   FRU   MNE   MAN   SOR   MDG   NAG   AMY   ARB    ESC    SAL  CEL   SAC   TRE  LFUC    

  +         +         +        +          +          +         +          +          +          +          +         +        +       +         +         + 

API 20E Tests that were positive for 
b
 

ONPG         CIT          GEL         INO         RHA        ARA 

   +                +               +               +              +             +        

Significant Taxon                       98.4 %        Geobacillus pallidus 

Indications: + sign indicates the positive reaction (color change), 
a 

Only the tests with a positive result 

are included here (remaining tests were negative). GLY, Glycerol; GLU, D-glucose; FRU, D-fructose; 

MNE, D-mannose; MAN, D-mannitol; SOR, ; MDG, ; NAG, N-acetylglucosamine; AMY, amygdalin; 

ARB, arbutin; ESC, esculin ferric citrate; SAL, salicin; CEL, D-cellobiose; SAC, D-sucrose; TRE, 

trehalose; LFUC, L-fucose 

b 
Only the tests with a positive result are included here (remaining tests were negative). ONPG, 2-

nitrophenyl-ßDgalactopyranoside; CIT, trisodium citrate; GEL, Gelatin; INO, inositol; RHA, L-rhamnose; 

ARA, L-arabinose 
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Figure 4.1: PCR amplification for 16S rRNA isolated from bacterial isolate 

SAT4 on 1.5% agarose gel.  

bp: Base pairs; M: 1kbp DNA marker (Fermentas GeneRulerTM, #SM0313); L1: 

DNA sample extracted from SAT4. 
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Figure 4.2:  Evolutionary relationship was generated of 47 taxa (linearized). There were a total of 

428 positions in the final dataset. Phylogenetic analyses were conducted in MEGA 4.0.The 

evolutionary history was inferred using the Neighbor-Joining method. The optimal tree with the 

sum of branch length (SBL) = 0.01659697 is shown. The evolutionary distances were computed 

using the Maximum Composite Likelihood method and are in the units of the number of base 

substitutions per site. Codon positions included were 1st+2nd+3rd+Noncoding. All positions 

containing gaps and missing data were eliminated from the dataset (Complete deletion option).  

SBL = 0.01659697 
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4.1.3 Optimization of antibacterial compound production by Aeribacillus pallidus 

SAT4 

The antibacterial metabolite production was optimized at different parameters including 

the time of incubation, pH, temperature, aeration rate, nitrogen, and carbon 

concentrations.  

4.1.3.1 Incubation Time: Optimum production of antibacterial compound by Aeribacillus 

pallidus SAT4 was observed at 48 hours of incubation followed by the activity observed 

at 24 hours. 25mm zone of inhibition against Staphylococcus aureus was recorded at 48 

hours and antibacterial activity started decreasing after optimum time. Least activity 

(7mm) was observed after 5 days (120 hrs) of incubation (Figure 4.3). 

4.1.3.2  pH of the Medium: The effect of pH was checked on antibiotic production and 

optimization of pH revealed the optimum inhibitory activity and antibacterial compound 

production at pH 5.0 at 48 hours of incubation time, while second best activity was 

observed at pH 4 and there was gradual decrease of activity with the increase of pH and 

minimum inhibitory activity (5mm) was seen at pH 9 (Figure 4.4). 

4.1.3.3  Glucose Concentration: Glucose concentration used as a source of carbon was 

varied from 0.25 % to 3 % in the production medium for optimum antibacterial 

compound production. The best antibacterial activity was observed at 2 % glucose 

concentration at 48 hours of incubation. The 26 mm zone of inhibition was formed 

against Micrococcus luteus while 22 mm inhibitory zone appeared against 

Staphylococcus aureus.   Activity was lower below optimum concentration and gradually 

decreased with the increase of glucose concentrations. At 3 % glucose concentration, the 

activity measured was 22 mm against Staphylococcus aureus at 48 hours (Figure 4.5). 

4.1.3.4  Nitrogen Concentration: Glutamic acid was used to evaluate the nitrogen 

concentration which was varied from 0.25 % to 2 % in the production medium. Best 

activity was observed at 1.5 % concentration of glutamic acid with 22 mm inhibition 

zone after 48 hours of incubation against Staphylococcus aureus. Activity was lower 

below this optimum value and gradually decreased with the increase of glutamic acid 

concentration (Figure 4.6). 
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4.1.3.5  Aeration Rate: Agitation rate of shake flask incubator was adjusted at various 

speeds to evaluate optimum production of antibacterial compound from Aeribacillus 

pallidus SAT4.  Supernatant collected at 100 revolutions per minute (rpm) showed 

optimum inhibitory zone of 23 mm against Staphylococcus aureus. Activity started to 

decrease with the gradual increase of agitation speed and therefore least activity (12 mm) 

was observed at 48 hours of incubation with agitation speed of 200 rpm (Figure 4.7). 

4.1.3.6  Temperature: Effect of different temperatures (45, 50, 55 and 60°C) on the 

production of antibacterial compound in fermentation broth was studied. Best activity of 

antibacterial compound was observed at 55°C followed by the activity at 50°C. Cell free 

supernatant collected at this temperature was tested against indicator strains by agar well 

diffusion assay and 22 mm inhibitory zone was recorded. There was a decrease in 

antibacterial compound production observed before and after 55°C and it was 16 mm at 

45 and 60°C after 48 hours of incubation (Figure 4.8). 
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Figure 4.3: Effect of Incubation time (hrs) for the optimum production of antibacterial compound 

by Aeribacillus pallidus SAT4 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Optimization of antibacterial compound production by Aeribacillus pallidus SAT4 at 

various pH values 
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Figure 4.5: Optimization of antibacterial compound production by Aeribacillus pallidus 

SAT4 at various glucose concentrations, used as carbon source 

 

 

 

 

 

 

 

 

 

Figure 4.6: Optimization of antibacterial compound production by Aeribacillus pallidus 

SAT4 at various glutamic acid concentrations, used as nitrogen source 
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Figure 4.7: Effect of agitation (rpm) rates on production of antibacterial compound by 

Aeribacillus pallidus SAT4 

 

 

 

 

 

 

 

 

 

Figure 4.8: Effect of different temperatures for optimum production of antibacterial compound by 

Aeribacillus pallidus SAT4 
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4.1.3.7  Taguchi Experimental Design: The experimental results were analyzed to 

extract independently the main effects of the factors; the analysis of variance technique 

was then applied to determine which factors were statistically significant. The controlling 

factors were identified, with the magnitude of effects qualified and the statistically 

significant effects were determined. As there were five levels (Table 4.4) for each factors 

(5
6
) therefore, L-25 Orthogonal Array (OA) was selected for the experimental design 

(Table 4.5). The average effects of the factors and interactions at the assigned levels on 

polypeptide antibiotic production by Aeribacillus pallidus SAT4 are shown in Table 4.6. 

The difference between the average value of each factor at level 2 and 1 indicates the 

relative impact of the affect. The sign of the difference (+ or -) indicates whether the 

change from level 1 to level 2, 3 or 4 increased or decreased the result. Based on these 

data it can be observed that time of incubation, nitrogen concentration, carbon 

concentration and aeration rate showed a positive influence on result as compare to other 

factors. When interaction of different factors were calculated, it is interesting to note that 

the most important factors including the time of incubation and nitrogen concentration (at 

their individual levels) interaction showed best severity index while other interactions 

such as carbon and nitrogen concentration showed least (56.67 %) severity index (Table 

4.7). These results explained that the influence of one factor on antibiotic production was 

dependent on the condition of the other factors in optimizing the process parameters. The 

pure sum and percentage contribution of each factor is shown in ANOVA table (Table 

4.8). The calculation of the variance for each factor and interaction studies showed that 

the least values were obtained for the factors including temperature and aeration rate. The 

last column of the ANOVA indicates the influence of each factor. The contribution of 

five factors in antibiotic production by Taguchi experimental design showed that time of 

incubation, nitrogen concentration and pH played a leading role than the other selected 

parameters. This result would further facilitate economic design of the large-scale 

fermentation operation system. 
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Table 4.4: Factors and their assigned levels
*
  

Serial # Factors Level 1 Level 2 Level 3 Level 4 Level 5 

1 Time of incubation (hrs) 24 48 72 96 120 

2 pH 4.0 5.0 6.0 7.0 8.0 

3 Aeration (rpm) 100 120 150 180 200 

4 Temperature (°C) 45 50 55 60 65 

5 Nitrogen conc. (%, w/v) 0.5 1.0 1.5 2.0 2.5 

6 Carbon conc. (%, w/v) 0.5 1.0 1.5 2.0 2.5 

 

*
Levels indicates the values/conditions set for each factor. There are 5 levels and six factors, so it will be 

represented as 5
6
 in Taguchi’s experimental design 
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Table 4.5: L25 Trials (5 
6
) Orthogonal Arrays (OA) 

 

 Columns and variable settings  

*Percentage 
1 2         3 4 5        6 

1 1 1 1 1 1 1 54.45 

2 1 2 2 2 2 2 69.33 

3 1 3 3 3 3 3 73.54 

4 1 4 4 4 4 4 69.29 

5 1 5 5 5 5 5 53.21 

6 2 1 2 3 4 5 75.35 

7 2 2 3 4 5 1 73.35 

8 2 3 4 5 1 2 73.22 

9 2 4 5 1 2 3 77.36 

10 2 5 1 2 3 4 73.53 

11 3 1 3 5 2 4 69.50 

12 3 2 4 1 3 5 70.71 

13 3 3 5 2 4 1 50.25 

14 3 4 1 3 5 2 73.53 

15 3 5 2 4 1 3 55.51 

16 4 1 4 2 5 3 69.07 

17 4 2 5 3 1 4 70.85 

18 4 3 1 4 2 5 49.97 

19 4 4 2 5 3 1 73.74 

20 4 5 3 1 4 2 54.50 

21 5 1 5 4 3 2 73.74 

22 5 2 1 5 4 3 69.33 

23 5 3 2 1 5 4 69.50 

24 5 4 3 2 1 5 55.89 

25 5 5 4 3 2 1 71.20 

*
Percentage of polypeptide production was measured by taking optical density (650nm) under UV 

spectrophotometer before and after incubation under given conditions and activity evaluated through well 

diffusion assay 

 

 



Results 
 

63 
 

 

 

 

 

 

Table 4.6: The main average effects of the factors and interactions at the assigned levels 

on antibacterial compound production by Aeribacillus pallidus SAT4 

 

Serial # Factors Level 1 Level 2 Level 3 Level 4 Level 5 L2-L1
*
 

1 Time of incubation (hrs) 24 48 72 96 120 10.598 

2 pH 4.0 5.0 6.0 7.0 8.0 2.292 

3 Aeration (rpm) 100 120 150 180 200 4.524 

4 Temperature (°C) 45 50 55 60 65 -1.690 

5 Nitrogen conc. (%, w/v) 0.5 1.0 1.5 2.0 2.5 5.488 

6 Carbon conc. (%, w/v) 0.5 1.0 1.5 2.0 2.5 4.266 
 

*
L2-L1: The difference between the average value of each factor at level 2 and 1 indicates the relative 

impact of the affect. The sign of the difference (+ or -) indicates whether the change from level 1 to level 2, 

3 or 4 increased or decreased the results. 
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Table 4.7: Estimated interaction of severity index for different parameters 

Serial # Factors Columns
 a
 SI (%) 

b
 Col

 c
 Levels 

d
 

1 Time of incubation x Temperature 1 x 4  63.63 5 [2,3] 

2 Nitrogen conc. x pH 5 x 2  60.50 7 [3,2] 

3 Aeration x Temperature 3 x 4 60.31 7 [4,3] 

4 Time of incubation x pH 1 x 2 67.51 3 [2,2] 

5 Temperature x Carbon conc.  4 x 6 56.84 2 [3,4] 

6 Nitrogen conc. x Temperature 5 x 4 57.02 1 [3,3] 

7 Temperature x pH  4 x 2 60.65 6 [3,2] 

8 Carbon conc. x Time of incubation 6 x 1 63.23 7 [4,2] 

9 Aeration x pH 3 x 2  64.35 1 [4,2] 

10 pH x Carbon conc.  2 x 6 60.27 4 [2,4] 

11 Time of incubation x Aeration  1 x 3 67.13 2 [2,4] 

12 Carbon conc. x Nitrogen source 6 x 5 56.67 3 [4,3] 

13 Nitrogen conc. x Aeration  5 x 3 60.16 6 [3,4] 

14 Aeration x Carbon conc. 3 x 6 59.93 5 [4,4] 

15 Time of incubation x Nitrogen conc.  1 x 5 67.46 4 [2,3] 

a
 columns represents the column locations to which the interacting factors are assigned 

b 
SI represents the severity index (100% for 90 angle between the lines, 0% for parallel lines) 

c 
Col shows the column that should be reserved if this interaction effect were to be studied (2-L 

factors only) 

d
 Opt Levels represents the factor levels desirable for the optimum conditions. If an interaction is 

included in the study and found significant (in ANOVA), the indicated levels must replace the 

factor levels identified for the optimum conditions without considerations of any interaction 

effects 
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Table 4.8: Analysis of variance (ANOVA)  

Serial # Factors of study DOF Sums of squares Variance F-ratio Pure sum Percent 

1 Time of incubation (hrs) 4 440.286 110.072 1.403 126.45 3.663 

2 pH 4 336.853 84.213 1.073 23.017 0.666 

3 Aeration (rpm) 4 153.735 38.434 0.4898 0.000 0.000 

4 Temperature (°C) 4 282.103 70.526 0.8988 0.000 0.000 

5 Nitrogen conc. (%, w/v) 4 364.703 91.176 1.162 50.867 1.473 

6 Carbon conc. (%, w/v) 4 305.325 76.331 0.9728 0.000 0.000 

 Errors  20 1569.171 78.459   94.198 

 Total  44 3452.176    100.00 
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4.1.4 Purification of antibacterial compound 

Primary purification of protein antibacterial compound was carried out by ammonium 

sulphate precipitation. The polypeptide antibacterial pellet recovered was desalted by 

dialysis. The secondary purification of protein by gel permeation column 

chromatography gave total 30 fractions with the flow rate of 0.6 ml/min (each of 3.0 ml) 

having protein shown by absorption at 280nm. The fractions collected from 13 to 21 

showed antibacterial activity against Staphylococcus aureus and Micrococcus luteus were 

finally pooled and lyophilized (Figure 4.9 and 4.10). 

4.1.5 Characterization of antibacterial compound 

4.1.5.1  SDS-PAGE Analysis 

SDS-PAGE analysis revealed two bands after ammonium sulphate precipitation (Figure 

4.11). Zone of inhibition against Staphylococcus aureus was observed when gel overlay 

test was performed at 37°C for 24 hours corresponding to the protein band at 37KDa. 

After gel permeation chromatography, purified protein gave single band at the same 

position on polyacrylamide gel (Figure 4.12). 

4.1.5.2  FTIR Characterization  

FTIR spectra of sample were recorded by Bruker Germany Alpha FT-IR. The spectrum 

of this ligand exhibited weak bands in the 3400cm
-1

-3100cm
-1

 region; while strong bands 

appeared in the region of 3600-3500cm
-1

 may be due to presence of H-O-H (asymmetric 

vibration). Similarly a band at 2900cm
-1

 was observed which belongs to (=C-H) 

stretching. The strong bands belong to (-C=N), and (C=O) were found at 2359.86cm
-1

. In 

the spectrum of peptide ligand, other bands at 1700cm
-1

, 1540.81cm
-1

 and 1257.49cm
-1

 

were appeared which attributed to asymmetric interaction (O-N-O), (N-H) and  (C-O) 

respectively (Figure 4.13). The pure characteristics (CH2) modes of aliphatic groups and 

presence of halogen atoms (C-X) were also observed in the wave region 794.50cm
-1

 and 

668.69cm
-1

 respectively. The peptide bond formation could also be confirmed due to the 

appearance of two bands (N-H stretching and C-O) in the frequency regions 1540.81 and 

1257.49cm
-1

 respectively with small contribution of C-N group. Comprehensively, FT-IR 
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spectra of antibacterial peptide compound had a broad band centering around 3620cm
-1

 

and 3530 cm
-1

 indicating a hydroxyl and amino groups of amino acids (Table 4.9).  

4.1.5.3  NMR Characterization  

The 
1
H NMR spectrum of sample showed the signals about aliphatic groups. A -CH3 

resonance was observed at 1.195 ppm, while -C-CH2-C- (sp
3
 hydrogen) were recorded at 

1.571 ppm. At high dilution, hydroxyl protons (OH) showed absorption near 0.5-1.0 ppm 

(0.751 ppm), while in concentrated solution their absorbance was closer to 4.5 ppm and it 

was not observed in the spectrum. The resonance of alkyl amines (RNH2) was observed 

at 3.996 ppm (Figure 4.14). 

13
C NMR spectra were also used to determine the number of nonequivalent carbons and 

to identify the types of carbon atoms which may be present in the compound. The 
13

C 

NMR spectrum of sample demonstrated that saturated carbon CH3, CH2 appeared at 

28.190 ppm and 28.738 ppm respectively. The resonance at 69.69 ppm showed the 

effects of electronegative atom (-C-O) (Figure 4.15). 
1
H and 

13
C NMR spectra concluded 

the presence of alkyl groups, amide linkage and carbonyl groups in the sample.  

4.1.5.4  HPLC Analysis  

Antibacterial product was analyzed by HPLC. The compound appeared at retention time 

of 13.109 minute. When compared with known protein antibiotic  as standard it appeared 

at 11.952 minute retention time at 254nm showing the novelty of the compound obtained 

from Aeribacillus pallidus SAT4 (Figure 4.16).   

4.1.5.5  X-Ray Analysis 

Antibacterial compound was subjected to x-ray diffraction study to determine the 3- 

dimensional structure of the polypeptide antibacterial molecule from Aeribacillus 

pallidus SAT4 (Figure 4.17). The crystal statistical analytical data and the selected bond 

lengths are given in Tables 4.10 and 4.11, respectively. The data was processed, 

identified and calculated from a single crystal source using a STOE-IPDS II equipped 

with an Oxford Cryostream low-temperature unit and the predictions on the basis of 

spectroscopic data are entirely borne out in the structure of the SAT4-compound, as 
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determined by XRD. The geometry of polypeptide contains various amino acids residues. 

The crystal system is triclinic with molecular formula of C55H82N16O17 showing the 

presence of histidine C27-N28 with bond lengths of [1.32909 Å (1.5)], N28-C29 

[1.32989 Å (1.5)], C29-N30 [1.32887 Å (1.5)], N30-C31 [(1.33197 Å (1.5)] and C31-

C27 [1.38236 Å (1.5)]. The selected bond lengths of [1.39026 Å (1.5)] and [1.39138 Å 

(1.5)] from C38-C43 and C71-C76 respectively showed the presence of two benzene 

rings. The bond lengths of [1.23148 Å (2), [1.34144 Å (1)] and [1.55458 Å (1)] exhibited 

the existence of C=O (C9-O1), C-N (C9-N11) and C-C (C12-C13) respectively. The 

crystals belong to the primitive orthorhombic lattice with the cell parameters a = 12.137, 

b = 13.421, c = 14.097 Å (Figure 4.18). In Figure 4.19, heat map shows the interaction 

between minimum angle and properties of this antibacterial compound. The intensity of 

color in this figure shows the respective values of each interacting component. Heat map 

values are representing two-dimensional color map and it has been used for exploring 

relationships between two variables of the compound. 

4.1.5.6  Thermostability analysis of antibacterial compound 

Thermostability of cell free supernatant and pure compound was checked at 45, 50, 55, 

and 60°C after 1 hour incubation at respective temperatures in terms of antibacterial 

activities against Staphylococcus aureus and Micrococcus luteus through agar well 

diffusion method. The cell free supernatant exhibited variable results at these 

temperatures forming different zone of inhibitions. Initially at 45°C sensitivity against 

Staphylococcus aureus and Micrococcus luteus was lower but it was increased with 

increase of temperature. At 55°C, there was 22 mm and 18 mm inhibitory zones against 

Micrococcus luteus and Staphylococcus aureus respectively while activity was reduced 

again at 60°C (Table 4.12). 

Pure antibacterial compound obtained from Aeribacillus pallidus SAT4 made 25 mm and 

22 mm inhibitory zone against Staphylococcus aureus and Micrococcus luteus 

respectively at 37°C before treatment by using 0.1 % concentration. After exposure to 

these temperatures, activity was decreased with gradual increase of temperature. 18 and 

20 % loss of activity was observed at 45°C against Staphylococcus aureus and 

Micrococcus luteus respectively while less stability was recorded at 60°C (Table 4.13). 
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Figure 4.9: Purification of antibacterial compound from Aeribacillus pallidus 

SAT4 by Sephadex G-75 column. Column was equilibrated and eluted with 

phosphate buffer, pH 6.0 at a flow rate of 0.6 ml/min. 
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Figure 4.10: Activity of eluted fractions pooled after gel permeation chromatography 

against (a) Micrococcus luteus and (b) Staphylococcus aureus 
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Figure 4.11: SDS-PAGE analysis after ammonium sulphate precipitation 

Characterization through SDS-PAGE; arrow indicates the fractionated proteins in the 

sample compared with the Marker (in Kilo Dalton). Small arrows indicate the relevant 

positions of bands while larger arrow indicates the direction of marker. 

M: Marker; Lane 1: protein sample obtained after ammonium sulphate precipitation 

technique 
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Figure 4.12: SDS-PAGE analysis after purification by gel permeation chromatography 

Characterization through SDS-PAGE; Small arrow indicate the relevant position of single 

band  

La: prestained ladder line; Line 1: Band of pure sample obtained after gel permeation 

chromatography produced by Aeribacillus pallidus SAT4 
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Table 4.9: Prominent FT-IR bands for antibacterial peptide compound 

Compound FT-IR (cm
-1

) 

Thermostable peptide antibacterial 

compound produced by Aeribacillus 

pallidus SAT4 

3600-3650 stretching (O-H), 2990-2800 

stretching (-C-H sp
3
), 2359 stretching (-

N=C=O or N=C), 1860-1786 (R2C=CR2), 

1820-1760 (C=O), 1540 bending (N-H), 

1690 (O=C-NH2), 1400-1220 week for (C-

O-H), 1600-1475 stretching (C=C), 1257 

stretching (-C-O-), 1015 (R-COR2-R), 750 

bending (-CH2-), 794 (1,3-disubstituted 

ring), 668 bending (C=C, C-X) 
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Figure 4.13:  

FT-IR spectrum (interferogram) of antibacterial peptide compound produced by the Aeribacillus 

pallidus SAT4 in the 3600-650 cm
-1

 region 
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Figure 4.14: 300-MHz 
1
H NMR spectrum of antibacterial compound by Aeribacillus 

pallidus SAT4 dissolved in D2O 
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Figure 4.15: 300-MHz 
13

C NMR spectrum of antibacterial compound obtained by 

Aeribacillus pallidus SAT4 
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Figure 4.16: Chromatogram of (A) Sample SAT4 and (B) Standard, at different wavelengths 

A B 
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Figure 4.17: Different 3D model visuals of our antibacterial compound obtained by Aeribacillus 

pallidus SAT4 (A) Simple Line Model (B) Stick Model showing Bond names (C) Ball and Stick 

Model showing Atoms names (D) Wire-meshed soft surface, colored by atom charge (red color: 

negative; blue color: positive; White: neutral) 
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Figure 4.18: Crystal Cell of Stick Model at lengths of a = 12.137, b = 13.421, c = 14.097 

Å with different angle of rotation (α, β and Ɣ-angles) 
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Figure 4.19: Heat Map between Minimum Angle and Properties of antibacterial compound. 

Relevant colors from dark-blue to dark-red shows the respective values (0) to (45) of these 

properties respectively 
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Table 4.10: Data processing statistics of antibacterial compound obtained by Aeribacillus 

pallidus SAT4, was identified and calculated from a single crystal source using a STOE-

IPDS II equipped with an Oxford Cryostream low-temperature unit Department of 

Chemistry, University of Bayreuth, Germany. 

Molecular Formula C55 H82 N16 O17 

Molecular Weight 1,239.37 

Molecular Composition C: 0.533, H: 0.067, N: 0.181, O: 0.219 

Crystal system Triclinic 

Space group P-1; Shoenflies: C1-1, a = 12.137 , b= 13.421,  c = 14.097 

 

alpha = 84.269 (5) Å 

 

beta = 81.71 (5) Å 

 

gamma = 80.86 (5) Å 

 

V = 2116.8 (2) Å3 

Absorption coefficient 0.34 mm–1 

No. of reflections 

collected/unique 7955 

No. of reflections used [I > 

2σ(I)] 6045 

Parameters 474 

Final R indices R1 = 0.0282, wR2 = 0.0677 

R indices (all data) R1 = 0.0394, wR2 = 0.0750 

Structure determination SIR97, SHELXL97 and WinGX 

Equipment 

 

STOE-IPDS II equipped with an Oxford Cryostream low-

temperature unit 
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Table 4.11: Selected Bond Lengths of antibacterial compound by Aeribacillus pallidus SAT4 

Bond Name Order Type Length Bond Name Order Type Length 

N5 - C6 1 Single 1.40796 C56 - C57 1 Single 1.53745 

C6 - C7 1 Single 1.49665 C57 - C58 1 Single 1.54913 

C7 - C8 1 Single 1.55688 C58 - N59 1 Single 1.4772 

C8 - C9 1 Single 1.56783 N55 - C60 1 Single 1.51672 

C9 - O1 2 Double 1.23148 C60 - C61 1 Single 1.53733 

C6 - O10 2 Double 1.23649 C60 - O62 2 Double 1.24532 

C9 - N11 1 Single 1.34144 C13 - C63 1 Single 1.51396 

N11 - C12 1 Single 1.4649 C61 - C64 1 Single 1.61003 

C12 - C13 1 Single 1.55458 C64 - C63 1 Single 1.59608 

C8 - N14 1 Single 1.38902 C61 - N65 1 Single 1.46441 

N14 - C15 1 Single 1.36479 N65 - C66 1 Single 1.32749 

C15 - O16 2 Double 1.24848 C66 - C67 1 Single 1.50828 

C15 - C17 1 Single 1.55613 C66 - O68 2 Double 1.23668 

C17 - C18 1 Single 1.57319 C67 - C69 1 Single 1.57806 

C18 - C19 1 Single 1.48402 C67 - N70 1 Single 1.53594 

C19 - O20 2 Double 1.24243 C69 - C71 1 Single 1.52175 

C19 - O21 1 Single 1.4247 C71 - C72 1.5 Aromatic 1.39353 

C17 - N22 1 Single 1.46212 C72 - C73 1.5 Aromatic 1.38853 

N22 - C23 1 Single 1.37126 C73 - C74 1.5 Aromatic 1.39138 

C23 - C24 1 Single 1.53226 C74 - C75 1.5 Aromatic 1.38866 

C23 - O25 2 Double 1.23833 C75 - C76 1.5 Aromatic 1.39293 

C24 - C26 1 Single 1.5795 C76 - C71 1.5 Aromatic 1.38945 

C26 - C27 1 Single 1.5055 N70 - C77 1 Single 1.41001 

C27 - N28 1.5 Aromatic 1.32909 C77 - O78 2 Double 1.25178 

N28 - C29 1.5 Aromatic 1.32989 C77 - C79 1 Single 1.53166 

C29 - N30 1.5 Aromatic 1.32887 C79 - N80 1 Single 1.47521 

N30 - C31 1.5 Aromatic 1.33197 C79 - C81 1 Single 1.56402 

C31 - C27 1.5 Aromatic 1.38236 C81 - C82 1 Single 1.53267 

C24 - N32 1 Single 1.59736 C82 - N83 1 Single 1.35024 

N32 - C33 1 Single 1.42452 C82 - O84 2 Double 1.23842 

C33 - C34 1 Single 1.57743 N83 - C85 1 Single 1.33478 
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C33 - O35 2 Double 1.22572 C85 - C86 1 Single 1.47167 

C34 - N36 2 Double 1.31231 C85 - O87 2 Double 1.23473 

C34 - C37 1 Single 1.53537 C86 - N88 1 Single 1.45189 

C37 - C38 1 Single 1.52078 N5 - H89 1 Single 0.991892 

C38 - C39 1.5 Aromatic 1.39183 N5 - H90 1 Single 0.981325 

C39 - C40 1.5 Aromatic 1.38977 N11 - H91 1 Single 0.986736 

C40 - C41 1.5 Aromatic 1.39026 N14 - H92 1 Single 0.931061 

C41 - C42 1.5 Aromatic 1.38985 O21 - H93 1 Single 1.00887 

C42 - C43 1.5 Aromatic 1.39145 N22 - H94 1 Single 0.998632 

C43 - C38 1.5 Aromatic 1.39077 N30 - H95 1 Single 0.984355 

N36 - C44 1 Single 1.50012 N32 - H96 1 Single 0.994328 

C44 - C45 1 Single 1.62691 N36 - H97 1 Single 0.946661 

C44 - O46 2 Double 1.23614 N51 - H98 1 Single 0.970637 

C45 - C47 1 Single 1.58876 N55 - H99 1 Single 1.00054 

C47 - C48 1 Single 1.54686 N59 - H100 1 Single 1.00921 

C48 - C49 1 Single 1.54348 N59 - H101 1 Single 1.04232 

C47 - C50 1 Single 1.53309 N65 - H102 1 Single 1.00314 

C45 - N51 1 Single 1.61522 N70 - H103 1 Single 0.993864 

N51 - C52 1 Single 1.39408 N80 - H104 1 Single 1.02457 

C52 - C53 1 Single 1.67805 N80 - H105 1 Single 1.01904 

C52 - O54 2 Double 1.2276 N83 - H106 1 Single 1.00149 

C53 - N55 2 Double 1.32262 N88 - H107 1 Single 1.0284 

C53 - C56 1 Single 1.54506 N88 - H108 1 Single 1.03025 
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Table 4.12: Thermostability analysis of cell free supernatant containing antimicrobial 

compound at various temperatures against Micrococcus luteus and 

Staphylococcus aureus as indicator bacterial strains 

 

Zone of inhibition (mm) 

(Before treatment at 

37°C)(A0) 
Temperature 

(°C) 

Activity against  

M. luteus (Af) 

Activity against  

S. aureus (Af) 

M. 

luteus  

S. aureus Zone of 

inhibition (mm) 

% age loss 

of activity
*
 

Zone of 

inhibition (mm) 

% age loss 

of activity
*
 

22 25 

45 14 36 12 52 

50 18 18 15 40 

55 22 0.00 18 28 

60 10 55 8 68 

*
Formula: A0-Af/A0 x 100, where A0: Activity control; Af: Activity after treatment 

 

Table 4.13:  Thermostability analysis of pure antibacterial compound produced by 

Aeribacillus pallidus SAT4 at different temperatures against Staphylococcus aureus and 

Micrococcus luteus as bacterial indicator strain 

 

Zone of Inhibition
*
 (mm)  

(Before treatment at 37°C)(A0) 

 

Temperature 

(°C) 

Activity against  

M. luteus 

(After treatment) (Af) 

Activity against S. aureus 

(After treatment) (Af) 

M. luteus S. aureus Zone of 

inhibition (mm) 

% age loss 

of activity
*
 

Zone of 

inhibition (mm) 

% age loss 

of activity
*
 

22 25 

45 18 18 20  20 

50 15 31 16 36 

55 12 45 12 52 

60 8 63 10 60 

*
0.1 % concentration of purified antibacterial compound by SAT4 was used before treatment 

*
Formula: A0-Af/A0 x 100, where A0: Activity control; Af: Activity after treatment 
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4.2 SYSTEMS BIOLOGY ANALYSIS 

4.2.1 Screening of Clostridial Essential Genes 

The genome of proteolytic Clostridium botulinum type A (ATCC 19397) consists of a 

3.86 Mb chromosome that contains 3700 genes, of which 2628 genes have been assigned 

to a role category. These genes were screened for essentiality based on the concept that 

cellular functions encoded by essential genes are likely to be common to all cells. These 

essential genes are indispensable to support cellular life. For this screening, the Database 

of Essential Genes (DEG) was used to search homologous sequences of individual 

bacterial genes and proteins using the BLASTx and BLASTp options. A minimum bit 

score of 100 and more than 30 % identity with an e-value cutoff of 10
-4

 was selected for 

short-listing the essential genes. On the basis of these parameters, 1028 genes and protein 

sequences were filtered and preserved. The rest of the sequences determined as non-

essential were excluded from the list, except for 64 genes encoding toxins and other 

virulent proteins that were retained for further evaluation.   

4.2.2 Construction of the Clb Interactome Map  

A protein-protein interaction network (PPI) provides abundant information and a 

complementary view to the biological pathways of a living system. To understand and 

analyze the topology of PPI in the Clostridial system, we constructed the entire PPI 

network (2628 proteins) of Clb by using the STRING database. This protein network 

consisting of high scoring interaction partners (STRING relevant confidence score= 

>0.8). The main component of this network contained 1002 nodes and 6752 edges. This 

interaction network was largely segregated into three neighborhoods: one enriched for 

non-essential nodes (shown in green); the second, shown in blue, is enriched for essential 

genes; and the third, shown in red is virulent proteins (Figure 4.20A). 

The topological analysis of this network revealed the critical essential and virulence 

proteins that can be probable drug targets. Therefore we constructed the sub-network of 

essential proteins predicted above (1028 proteins) and 64 virulence proteins (total: 1092 

proteins) containing 158 nodes and 267 edges. Among these 1092 proteins, a total of 224 

proteins were mapped to the PPI network. The visual analysis of this sub network showed 
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that these essential proteins are interacted to each other and are involved in the 

biosynthesis of amino acids, signal transduction systems, the phosphotransferase system, 

ribosomal proteins and ABC transporters. Of these proteins, there are certain virulent 

nodes have direct interactions with essential proteins (Figure 4.20B). Importantly, 

because these essential proteins interact with virulence factors, targeting these proteins 

may potentially affect production or secretion of virulence proteins such as toxins. For 

example, as shown in Figure 4.20B, the virulence protein hemolysin A (gene locus: 

CLB_1817), which is responsible for hemolysis of host erythrocytes (pathogenesis) and 

has methyltransferase activity, directly interacted with modifying/repairing protein, an 

essential protein (gene locus: CLB_3445). Therefore, targeting this interaction may not 

only affect the function of the essential protein but may also interfere with production or 

secretion of hemolysin A, a virulence factor that damages host cells. Similarly, the 

ontology of gene loci (CLB_2527 & CLB_2528) is toxin production, directly interacted 

with the 3-oxoacyl-(Acyl-carrier-protein) synthase III, necessary for fatty acids and 

phospholipid metabolism. Our analyses also revealed that BotR (cntR, CLB_0846), the 

transcriptional regulator that controls expression of botulinum neurotoxin (botA, 

CLB_0848) and its components are associated with a probable essential gene product, 

CLB_3408 (Figure 4.20B).  CLB 3408 is annotated as an ABC transporter permease 

protein involved in transporting nutrients such as ions, peptides, sugars, and amino acids. 

Thus, targeting protein CLB_3408 could lead to elimination of bacteria as well as 

inhibition of neurotoxin production.  

4.2.3 Identification of Orthologous Classifiers  

To better understand the nature of these potential drug targets, a total of 1092 selected 

essential and virulence genes of Clb were classified according to Clusters of Orthologous 

Groups of Proteins (COGs) nomenclature. Using the STRING data source, 170 candidate 

orthologs of best hit (>0.5 score) were obtained. Inspection of these mapped COGs that 

contain one-to-one and one-to-many orthologs revealed subtle differences. An interactive 

network was generated to analyze the COGs and their associated partners. Of the total 

170 targets, 147 COGs belong to essential genes and 23 were virulent. COG includes 

proteins from the same species to distantly related species including Homo sapiens; this 
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reveals the high level of evolutionary conservation of protein sequences among species. 

The COGs were categorized according to the common macromolecular complexes and 

other functional categories. These orthologs of Clb contain the clusters from both 

unicellular (other prokaryotes) and eukaryotic organisms (Homo sapiens). 

4.2.4 Comparative analysis with Homo sapiens 

The COG analyses above reveal that a set of Clb proteins are evolutionary related with 

Homo sapiens proteins (Figure 4.21A). Taking into account the homology between our 

selected proteins and human orthologs, we considered the potential risk of side effects 

from targeting these bacterial components. Thus, we performed further analyses to 

exclude proteins that had human homologs. Of the total 170 COGs, 80 COGs have 

homologous relationship with human proteomics data available in the STRING data 

source. These clusters have been categorized into 9-functional groups. A significant 

majority (40%) of the COGs contain clusters belonging to amino acid and protein 

biosynthesis (Figure 4.21B). 

To support the COGs analysis, we also used the concepts of comparative genomics to 

exclude the proteins with human homologs and only keep the proteins that did not have 

human homologs as potential drug targets. Each essential and virulent protein sequence 

of the Clb was analyzed for sequence homology with the human genome using standard 

human BLASTp at the NCBI server with an E-value cutoff of 1 (E=1) and a match of 

more than 50% of the query length. The non-homologous sequences (that do not show 

any similarity with human sequences) were considered as putative antibacterial drug 

targets. Of the total 1092 protein sequences input for the blast query, 494 were non-

human homologous sequences, including 463 essential and 31 virulent proteins, while the 

rest of the sequences had human homologs.    

4.2.5 Comparative Analysis with Other Prokaryotes  

The distribution and occurrence in other bacterial genomes of the Clb genes that did not 

have human homologs were examined in order to assess the presence of the cluster of 

genes belonging to the same functional class. This diversity can be helpful to broaden the 

spectrum of antibacterial drugs. The 494 non-human homologous protein sequences (90 

COGs) of Clb were mapped with the species count in the STRING data source to study 
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the ortholog distribution into various phylotypes of the domain bacteria. These clusters 

have been categorized into 12 functional groups. A significant majority of these COGs 

were found to be related to amino acids biosynthesis (35 %), followed by ribosomal 

RNAs function (15 %) (Figure 4.22).  

Our analyses showed that Clb COGs are distributed in various bacterial genera, mostly in 

Clostridia, Bacilli (Firmicutes), and in alpha and beta Proteobacteria. Of the total 90 

COGs, only COG0745, a transcriptional regulator, is abundant and distributed in all 

studied phylotypes (from Actinobacteria to Spirochaetes). Forty-six COGs were present 

only in Proteobacteria (57 %) and Firmicutes (43 %) while the rest of the orthologs were 

found with various proportions (Figure 4.23).  Overall, the distribution indicates a broad 

diversity of the bacterial targets within the bacterial species. 

4.2.6 Comparative Analysis with Human Microbiota 

The human normal flora plays important roles in balancing the ecology of the body 

system. Therefore, in efforts to design novel drugs that specifically target only pathogenic 

bacteria, we examined and compared the short listed 494 essential and virulent proteins 

of Clb with the gut flora by sequence analysis. For the analysis of evolutionary 

relationship with the gut flora, we used the complete genome of Clb as an input query 

against gastrointestinal flora as reference genome using BLASTn option at Human 

Microbiome Project database server. The Phylogenetic tree was constructed using the 

neighbor-joining method (Figure 4.24A).This tree showed that Clb is evolutionary related 

with four phylotypes: the Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria. In 

this tree, most of the taxa belonged to the Firmicutes.            

We also studied and calculated the genetic diversity of Clb in terms of phylum 

classification and compared it with the already classified phylum of the gut flora in the 

Human Microbiome Project (HMP) database. According to this HMP classification, there 

are 8 phylotypes that contains 51 % Firmicutes, the most lavish in the gut of the human 

body followed by the 19 % Proteobacteria and 17 % Bacteroidetes. While as compared to 

our analysis, we found that the genetic diversity and similarity of Clb is restricted to 4 

phylotypes and Firmicutes is the most abundant phyla (86 %) followed by the 

Bacteroidetes 8 % and Actinobacteria 3% (Figure 4.24B). The outcomes of sequence 

homology analyses revealed that of the 494 input non-human homologs, 328 sequences 
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showed similarity with the gut flora, leaving the 166 (34 %) non-homolog sequences to 

gut flora. These 166 sequences included 143 essential and 23 virulent proteins. The 

complete list of these putative antibacterial targets has been provided as a supporting 

information file (See Index Table). 

4.2.7 Identifying Pathways of Potential Drug Targets in Clb 

We studied the role of 166 sorted genes in metabolic pathways of Clb using the KEGG as 

a data source and analyzed their integration and correlation in these pathways. An 

illustrated map of the metabolic network was created showing systems-level 

investigations of this pathogenic microbial cell machinery (Figure 4.25A). The 166 input 

genes encode various important biochemical reactions related to 45 pathways. These 

reactions include carbohydrate metabolism, protein synthesis and its degradation, two 

component system, ribosomal proteins, phosphotransferase system, motility, cofactors 

biosynthesis, DNA synthesis and others. To study insight from differential pathways, a 

biological network, presenting the role category of each metabolic pathway, was 

constructed which revealed the pattern of interaction. For instance, a virulence factor, 

phospholipase C (PLC, encoded by CLB_2576), is involved in the cleavage of 

phospholipids of the host cells, causing cell hemolysis and rupture. This enzyme is also a 

metabolic component of the inositol phosphate pathway in Clb, which is reversibly 

interacted with glycolysis on one side and glycerophospholipid on the other (Figure 

4.25B). Therefore, targeting the inositol phosphate pathway will show lethal effects on 

bacteria.  

4.2.8 Prediction of Sub-cellular Localization  

To further understand the nature of the candidate genes, we performed cellular 

localization analyses for each of identified targets with CELLO v.2.5 Subcellular 

Localization Predictor tool. Such analyses also predict candidates as potential vaccine 

targets. Among these 166 targets, 68 % of the proteins were predicted to be located in the 

cytoplasmic compartment, out of which 6 % was virulent, followed by the membrane 

associated proteins (19 %) and extracellular proteins (13 %). Among membrane 

associated and extracellular essential proteins, 4 % were virulent proteins (Figure 4.26).  

Gene ontology of sub-cellular localized proteins has been discussed in Figure 4.27. 
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Figure 4.20: Interactome analysis and construction of protein network 

(A) Protein-Protein Interaction network of Clb. Nodes and edges (lines) denote proteins and their 

interactions, respectively. Network has non-essential proteins (green nodes), essential proteins 

(Blue nodes) and virulence proteins (Red nodes). Network contains 1002 nodes and 6752 edges 

using the high-confidence data (>0.8). (B) Essential proteins (blue nodes) interact with virulence 

proteins (red nodes). In total, 224 proteins were mapped to the protein network. Small black 

arrow indicates the direct interaction of essential and virulence nodes. Red thick edges 

exemplified the interaction between CLB_1817 (virulence node) and CLB_3445 (essential node) 

as well as CLB_0846 and CLB_3408. 
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Figure 4.21: Construction of ortholog network and their associated partners of Homo sapiens.  

(A) 80-Orthologs and their interconnected partners showing evolutionary association with Homo 

sapiens proteins. Network contains 3649 nodes and 10874 edges. Nodes in network have been 

functionally differentiated with various colors: Dark green nodes indicates AA/Protein 

biosynthesis category, blue represents carbohydrate category, dark red represents DNA, light 

green represents ATPs, Aqua color represents molecular chaperons, dark purple represents lipids, 

purple represents signal transduction system, yellow represents ABC transporters and brown 

represents the Porphyrin metabolic functional category (B) Classification of the functional 

categories and frequency of distribution of these orthologs. 
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Figure 4.22:  Classification and Functional distribution of non-human homolog COGs in other 

bacteria. The matrix graph with grading of blue color (from dark to light) represents the 

frequency of COGs in that functional class. 
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Figure 4.23: Distribution and occurrence of orthologs in other prokaryotes.  

The data of Cluster heat map is showing the Clostridium botulinum COGs distribution in other 

bacterial Genera. The rows of this ortholog heat map represent the bacterial Genera and the 

columns represent the COGs. Each cell is colorized based on the value of the occurrence of the 

COGs in that Genus. Line graph groups these Genera into their respective Phylotypes.   
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Figure 4.24: Phylogenetic relationship and comparative phylum distribution against the human 

gut flora. 

(A) Dendrogram showing Phylogenetic and Evolutionary relationships of Clostridium botulinum 

type A with gut flora. The evolutionary history was inferred using the NJ method. Phylogenetic 

analyses were conducted in MEGA4. Most of the taxa belong to the Firmicutes followed by the 

Bacteroidetes. (B) Comparative analysis of Phylum diversity and Classification against Gut flora. 

Clb matched with 4-Phylotypes as compared to HMP gut flora list (8-Phylotypes). Lines indicate 

the occurrence of counted relevant Phylotypes with related colors. 
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Figure 4.25: Biochemical pathway analysis. 

(A) The overall framework of the integrated and correlated 45 biochemical reactions encoded by 

the 166 genes. Reactions are reversibly connected with the arrows. (B) GO network presenting 

the role category of each interconnected metabolic pathway. 
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Figure 4.26: Sub-cellular localization prediction.  

Occurrence and distribution of proteins in sub-cellular compartments.  
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Figure 4.27: Gene Ontology (GO) of sub-cellular localized proteins (bacterial targets). 

GO of essential and virulence sub-cellular localized proteins (cytoplasmic, extracellular, and 

membrane associated compartments). Bars are shown in blue as essential and red as virulence 

proteins. 
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4.3 DRUG-TARGET INTERACTION ANALYSIS 

4.3.1 Active site Analysis of Protein Targets 

The active sites of essential and virulence target protein were analyzed. Residues which 

lie within 25 Angstrom unit area of ligand that interact with it through their side chain 

were identified and were considered as active site residues. Binding sites of essential 

ABC membrane protein (CLB_3408) and interactive virulence transcriptional regulator 

protein (CLB_0846) was analyzed by using the PyRx, AutoDock Vina option based on 

scoring functions. 

4.3.1.1  ABC membrane Protein: 5-binding cavities were found on protein target by 

using Discovery Studio 3.0 visualizer. The site1 contains 5 residues including MSE22, 

MSE72, THR44, SER12, and GLU45. Site2 contains MSE32, TRY9, SER12, THR44, 

and GLY37. Site3 contains ILE18, LYS64, LEU63, LYS64, ALA19, ARG60 and 

VAL59. Site4 contains THR44, GLN34 and LUE33. Finally site5 contains PHE71, 

VAL36, VAL59, MSE22, and MSE72 (Figures 4.28). Figure 4.29 shows the 5-residue 

average hydrophobicity against Row Index while residue type has been summarized in 

contact plot (Figure 4.30). 

4.3.1.2  Transcriptional Regulator Protein: 2-binding cavities were found on protein 

target by using Discovery Studio 3.0 visualizer. The site1 contains ARG167, GLN129, 

and ALA164. Site2 contains ILE152, SER156, and VAL157. 5-average hydrophobicity 

residues against Row Index were observed while residue type has been summarized in 

contact plot (Figure 4.31). 
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Figure 4.28: 3D ABC membrane protein target (CLB_3408) exhibiting active ligand binding sites 

visualized by Discovery Studio 3.0 Visualizer, (A) Amino acids residues on membrane protein 

(B-F) Round shade showing the active binding sites of this target 
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Figure 4.29: Hydrophobicity plot of CLB_3408 showing 5-residue average hydrophobicity 

against Row Index generated by using Discovery Studio 3.0 Visualizer. 

 

 

 

 

 

 

 

 

 

 

Figure 4.30:  Contact Plot of CLB_3408 showing the residue type of ABC membrane Protein 

constructed by using Discovery Studio 3.0 Visualizer. 
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Figure 4.31: 3D Botulinum neurotoxin transcriptional regulator protein (CLB_0846) exhibiting 

active ligand binding sites, (A) Amino acids residues on membrane protein (B,C) Round shade 

showing the active binding sites of this target determined by using Discovery Studio 3.0 

Visualizer. 
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4.3.2 Docking Analysis 

ABC membrane protein is essential protein that has direct interaction with transcriptional 

regulator (CLB_0846) which is involved in the transcription of botulinum neurotoxin. 

Inhibition of this essential protein or transcriptional regulator will lead to inhibit the 

secretion of neurotoxin. The docking computational simulations between these protein 

targets (CLB_3408 and CLB_0846) and SAT4-ligand molecule (Figure 4.32-33) were 

performed using the PyRx virtual screening engine. The AutoDock Vina Wizard feature 

was used in the docking analysis of ABC membrane protein (CLB_3408). The binding 

affinity of the ligand with this target was -12.7kcal/mol and Root Mean Square Deviation 

(RMSD) of 2.526 (lower bond) and 12.018 (upper bond) respectively was calculated 

during this run (Table 4.14). The AutoDock Wizard option was applied for docking 

studies of transcriptional regulator (CLB_0846). The lowest pairwise interaction energy 

was within 0.5 Å (smoothing). The free energy of interaction of a single atom of the 

ligand molecule with these protein targets is assigned to the grid point (Table 4.15). Table 

4.16 showed that computed interaction energies are calculated with a free-energy based 

expression comprising terms for dispersion/repulsion energy, directional hydrogen 

bonding. At each step of the virtual analysis, the interactive energies of ligand and protein 

molecules are assessed using atomic affinity potentials computed on a grid. During these 

approaches, the drug molecule performs an arbitrary walk around the static protein 

molecule and upon the ligand-target binding; the side chains residues in the binding 

pocket may accept various conformational forms. The AutoDock elements during these 

interaction were A, C, HD, OA, and N.  

The docking interaction was also compared by taking polymyxin B and bacitracin as an 

example of standard polypeptide antibiotics with transcriptional regulator as Clostridial 

target protein. Interaction between polymyxin B and protein target (Figure 4.34) showed 

minimum binding energy of -6.11Kcal/mol (Table 4.17) while interaction between 

bacitracin and protein target (Figure 4.35) showed minimum energy of -15.5Kcal/mol 

(Table 4.18). 
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Figure 4.32: AutoDock Vina Wizard steps of ABC membrane Protein (CLB_3408): (A, B) 

Positioning of SAT4-compound as ligand molecule into target protein cavity/AutoGrid position, 

AutoGrid Dimension = X: 30.441, Y: 17.2216, Z: 51.4069; Number of Points: X, Y, Z = 25.0000; 

Spacing (Å) = 0.3750,  (C) Interaction of SAT4 ligand molecule with A, C, HD, OA, and N target 

elements, (D) Orientation of docked ligand in target cavity 
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Figure 4.33: AutoDock Wizard steps of Transcriptional Regulator Protein (CLB_0846): (A, B) 

Positioning of SAT4-compound as ligand molecule into target protein cavity/AutoGrid position, 

AutoGrid Dimension = X: 5.0584, Y: 26.8653, Z: 13.2926; Number of Points: X, Y, Z = 50.0000; 

Spacing (Å) = 0.3750,  (C) Interaction of SAT4 ligand molecule with A, C, HD, OA, and N target 

elements, (D) Orientation of docked ligand in target cavity. Every pairwise-atomic interaction 

was clamped at 100000.00.  
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Table 4.14: RMSD Calculation of target (CLB_3408)-ligand (SAT4) interaction using 

AutoDock Vina Wizard feature of PyRx virtual Screening tool 

Ligand Binding Affinity 
*
RMSD/UB 

*
RMSD/LB 

3HLUCLB_3408_3D_structure.cdx 10.3 0 0 

3HLUCLB_3408_3D_structure.cdx 12.7 12.018 2.526 

*
RMSD/UB-Root Mean Square Deviation/Upper Bond; RMSD/LB

*
-Root Mean Square Deviation/Lower 

Bond 

 

Table 4.15: AutoGrid calculation of 7 Grids over 132651 elements, around 539 receptor 

atoms of transcriptional regulator (CLB_0846) with minimum and maximum interacting 

energies 

Grid 

Map 

Atom 

Type 

Minimum 

Energy 

(kcal/mol)   

Maximum 

Energy 

(kcal/mol) 

Potential 

Property 
Setting Parameters in PyRx virtual tool 

1  A -0.7 2.01E+05 - Free energy coefficient for the van der 

Waals term = 0.1662 2  C -0.78 2.01E+05 - 

3  HD -0.72 1.10E+05 - 

Free energy coefficient for the H-bonding 

term     =   0.1209 

4  OA -1.65 2.00E+05 - 

Free energy coefficient for the 

electrostatic term =  0.1406 

5  N -0.77 2.00E+05 - 

Free energy coefficient for the desolvation 

term   =  0.1322 

6  e -40.29 3.15E+01 

Electrostatic 

Potential 

Free energy coefficient for the torsional 

term     =  0.2983 

7  d 0 1.53E+00 

Desolvation 

Potential 
- 
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Figure 4.34: AutoDock steps of botulinum neurotoxin transcriptional regulator (CLB_0846) (A) 

positioning of Polymyxin B as ligand into target protein cavity (B) AutoGrid positions (C, D) 

binding of Polymyxin into target active binding cavity. 
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Table 4.16: Energy values obtained during docking run of SAT4 as ligand molecule with 

transcriptional regulator (CLB_0846) as Clostridial target protein 

Target_Ligand complex 
Binding 

Energy 

Intermol 

Energy 

Internal 

Energy 

Torsional 

Energy 

Unbound 

Energy 

CLB_0846_3D_structure.cdx 12200 12200 944.59 7.76 944.59 

CLB_0846_3D_structure.cdx 19700 19700 653.39 7.76 653.39 

CLB_0846_3D_structure.cdx 13500 13500 2640 7.76 2640 

CLB_0846_3D_structure.cdx 22100 22100 450.08 7.76 450.08 

CLB_0846_3D_structure.cdx 11000 11000 1510 7.76 1510 

CLB_0846_3D_structure.cdx 11000 11000 1230 7.76 1230 

CLB_0846_3D_structure.cdx 9120 9120 2120 7.76 2120 

CLB_0846_3D_structure.cdx 26200 26200 436.13 7.76 436.13 

CLB_0846_3D_structure.cdx 23200 23200 3230 7.76 3230 

CLB_0846_3D_structure.cdx 11200 11200 57.6 7.76 57.6 

 

Table 4.17: Energy values obtained during docking run of polymyxin B as ligand 

molecule and transcriptional regulator (CLB_0846) as Clostridial target protein 

Target_Ligand Complex Binding 

Energy 

Intermol 

Energy 

Internal 

Energy 

Torsional 

Energy 

Unbound 

Energy 

CLB_0846_Polymyxin.cdx 

7.9 7.3 0 0.6 0 

-5.8 -6.4 0 0.6 0 

-3.96 -4.56 0 0.6 0 

-5.46 -6.06 0 0.6 0 

-6.1 -6.7 0 0.6 0 

-6.11 -6.71 0 0.6 0 

-6.03 -6.62 0 0.6 0 
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Figure 4.35: AutoDock steps of botulinum neurotoxin transcriptional regulator 

(CLB_0846) with bacitracin molecule (A) AutoGrid positions (B) Molecular interaction 

between ligand and target atoms (C) Orientation of ligand molecule (D) positioning of 

Bacitracin as ligand into target protein cavity. 
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Table 4.18: Energy values obtained during docking run of bacitracin as ligand molecule 

and transcriptional regulator (CLB_0846) as Clostridial target protein 

 

 

 

 

 

 

 

 

 

Target_Ligand Binding Affinity rmsd/ub rmsd/lb 

CLB_0846_Bacitracin -15.6 0 0 

CLB_0846_Bacitracin -13.6 4.981 1.531 

CLB_0846_Bacitracin -13.2 13.39 10.012 

CLB_0846_Bacitracin -12.9 14.287 10.123 

CLB_0846_Bacitracin -12.6 13.32 9.814 
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The present study was carried out with the objective of isolation, screening, and 

characterization of thermophilic bacterial strains for peptide antibacterial secondary 

metabolites production. Five thermophilic bacterial strains were initially screened and 

one of them, strains SAT4, which was identified as Aeribacillus pallidus, was active 

against Staphylococcus aureus, Micrococcus luteus, and Pseudomonas aeruginosa. 

Morphologically the bacterial strain SAT4 was Gram positive, rod-shaped, aerobic, 

motile and endospore forming (Yasawong et al., 2011). Biochemical tests done using the 

API 50CHB system (bioMe´rieux), the bacterial strain fermented D-fructose, D-glucose, 

D-mannose, D-trehalose, maltose, sucrose, aesculin, and glycerol (Kandler and Weiss, 

1986; Bae et al., 2005). The 16S rRNA obtained nucleotide sequence was aligned with 

available sequences at National Center for Biotechnology Information data base showed 

100 % homology and the phylogenetic tree (Figure 4.2) revealed that the bacterial strain 

is closely related to Aeribacillus pallidus. Bacterial secondary metabolites possessing 

antimicrobial or antifungal activity including peptides (Zuber and Marahiel, 1997) are 

getting worth now a day and due to number of clinical concerns their usage is important 

(Schallmey et al., 2004). The increase in drug resistance has restricted our selection and 

finding of bio active antibacterial molecule, creating a challenging situation that has been 

worsened by the small number of new drug molecules reported recently (Kohanski et al., 

2010).  

Aeribacillus pallidus SAT4, a thermophilic bacterium which was isolated from Thar 

desserts, produced peptide antibacterial metabolites at 50°C. In spite of the great attention 

to microorganisms living under extreme environmental conditions, including 

thermophiles (Aguilar, 1996) and numerous studies of their physiology, genetics, and 

biochemistry (Kengen et al., 1996), the secondary metabolism of thermophilic 

microorganisms is poorly understood. Antimicrobial secondary metabolites occur in 

some species of thermophilic actinomycetes (Kosmachev et al., 1965) and fungi (Saito et 

al., 1979), but virtually nothing is known of thermophilic bacilli producing antibiotic 

substances, including peptides. However, thermophilic bacterial species have also been 

recognized but as compare to mesophilic genera, they have not been analyzed well 

(Edwards, 1993). Bacilli producing peptide antibiotics (gramicidins, tyrocidines, and 

bacitracins) are mainly mesophilic (Egorov et al., 1987). Few of them are capable of 
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growing at temperatures above 40°C. They include Bacillus brevis var. G-B, producing 

gramicidin C (Egorov, 1999), and Bacillus polymyxa, producing gavaserin and saltavalin 

(Pichard et al., 1995). In 2002, Esikova et al. reported the thermophilic Bacillus species 

strains VK2 and VK21 involved in the production of peptide antibiotics. Geobacillus 

toebii HBB-247, a thermophilic bacteria isolated from different thermal spring and soil 

has been reported for the production of bacteriocin like inhibitory substance which was 

found to be stable up to 60°C (Ozdemir and Biyik, 2012).  

Bacterial strain Aeribacillus pallidus belongs to class of bacillus. Though peptide 

antibiotics are produced by various species of actinomycetes, lower fungi, but bacteria of 

the genus Bacillus are the most numerous producers. Antimicrobial peptides molecules 

can be used as therapeutic agents which may be another area of research interest as a 

source of lead compounds. These polypeptide molecules have a number of advantageous 

including greater potency and in vitro broad spectrum activity against resistant 

pathogenic bacterial species due to their specific pharmacodynamics and less chances of 

the resistance development. Generally, the potential effect of these peptides in the area of 

orthodox antibiotic treatment is still unclear; however, there are many pharmaceutical 

companies that are involved to search this field (Zhang and Falla, 2004).  

The antibacterial metabolite production from Aerobacillus pallidus SAT4 was optimized 

by considering the physical factors including the time of incubation, pH, temperature, 

aeration rate, and chemical factors including nitrogen, and carbon concentrations as these 

parameters are known to affect the cultural growth and synthesis of antimicrobial 

molecules (Webster et al., 2002). Improved approaches are needed to optimize and 

enhance the efficiency of presently available drugs due to the slow speed of antimicrobial 

drug development (Falagas and Kopterides, 2007). Antibiotic synthesis by using 

producing bacteria varies quantitatively and qualitatively based on the factors including 

the microbial strains and their growth fermentation conditions (Akhurst 1982; Chen et al., 

1996). Considering the temperature and aeration rate as critical parameters, optimum 

production of antibacterial compound by SAT4 was observed at 55°C and 150 rpm 

respectively. During experimentation in the present study, incubation time was evaluated 

from 24 hours to 144 hours with best activity found at 48 hours of incubation and similar 

http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&colName=WOS&SID=Z1dak9d7E6gNie9FbJ1&field=AU&value=Ozdemir,%20GB
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&colName=WOS&SID=Z1dak9d7E6gNie9FbJ1&field=AU&value=Biyik,%20HH
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observation were recorded by Muaaz et al. (2007), who reported that concentration of 

inhibitory compound was maximum at 48 hours by Bacillus subtilis MZ-7. pH was 

another important aspect of optimization study which was “5” from the experimental 

values of 4 (acidic) to 9 (basic) and Tang et al. in 1994 reported that variations in 

fermentation broth pH affect several cellular developments like the regulation and 

controlling of the biosynthesis of microbial bioactive metabolites (Tang et al., 1994) and 

similarly optimum activities of antibacterial compound produced by Bacillus pumilus 

were recorded against indicator strains at pH 8 (Awais et al., 2008). The glutamic acid 

used as a source of nitrogen varied from 0.25 to 2 % with optimum value of 1.5%; and 

carbon concentration by taking the glucose from 0.25 to 3 % showed optimum 

concentration for best activity at 2%. Addition of carbon and nitrogen sources in the 

production media does effect the production of antimicrobial compounds when the 

impact of various nitrogen-sources on the synthesis of macrolide antibiotic by 

Streptomyces hygroscopicus was studied. Addition of ammonium succinate to the shake 

flask culture media significantly improved the antibacterial yield (Gesheva et al., 2005). 

In 2006, Nasser discussed that galactose and glucose intensely improved the antibiotic 

activity of Corynebacterium kutscheri and Corynebacterium xerosis respectively. 

Activity increased gradually as the glucose concentration was increased, and at 5% 

glucose the optimum metabolites production by Bacillus pumilus was observed (Awais et 

al., 2008). 

In our study the production was optimized at different conditions by using Taguchi 

approach, which is a fully developed method has advantageous including saving process 

time, and reducing the experimental cost and is a best choice for the optimization of 

fermentation procedures for synthesis of microbial metabolites (Houng et al., 2006; Stone 

and Veevers, 1994), to investigate the accumulative effects of the process-variables 

including physical (time of incubation, aeration rate, pH, temperature) and chemical 

factors (carbon and nitrogen concentrations) as conventional practice of single-factor 

optimization by maintaining other factors involved at an unspecified constant level does 

not depict the combined effect of all the factors involved and orthodox optimization 

techniques include varying of single condition at a time keeping all other aspects 

constant, which permits one to measure the effect of those specific factors on the method 
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performance (Beg et al., 2003). This process has certain limitations including time 

consuming issues and this process also needs a several number of tests to define optimum 

levels, which may be variable (Krishna et al., 2005). During experimentation, the test 

outcomes were evaluated to find out the independent key factors; the investigation of 

statistical variance was used to detect the significant value. The critical and regulating 

parameters were recognized with the level of aspects qualified and the statistically 

potential effects detected. Using Taguchi’s approach, we have identified critical variables 

and interactions that could be used for further experimentation. There were two most 

important factors that affect the production of antibiotic including time of incubation and 

nitrogen concentration and two interactions including the time of incubation/pH and time 

of incubation/nitrogen concentration were identified as being the key factors that affect 

the polypeptide production (Table 4.7). Taguchi method acts as selection and screening 

filters that evaluates and investigate the experimental factors and find out those which 

have potential impact on experiment using a certain test trials (Dasu et al., 2003). 

Flask level fermentation was carried out by using the complex media containing minerals 

and growth factors necessary for the peptide antibacterial compound production from 

Aerobacillus pallidus SAT4 at optimum conditions by using the following key steps: 

culture preservation, inoculum preparation, production steps, harvesting, extraction and 

purification of metabolites (Bushra et al., 2007; Hasan et al., 2009). The production 

media containing minerals, glucose as carbon, and L-glutamic acid as nitrogen sources 

was used for the production of bacitracin from thermotolerant Bacillus specie (Joshi et 

al., 2012). Farzana et al. (2005) prepared the similar media without L-glutamic acid for 

the production of bacitracin from Bacillus licheniformis (Farzana et al., 2005). 

Nutritional media used for antibiotic production can be greatly varied and most of them 

contain the growth factors. In 1993, Weller and Thomashow reported that the available 

composition and quality of growth media are the main factors of cultural biomass and 

related metabolic activity and therefore both of which are inherently connected to control 

the antibiotic production (Weller and Thomashow, 1993). 

Peptidyl antibacterial metabolites from cell free broth were purified by first ammonium 

sulphate precipitation and then column chromatography. Precipitation of protein was at 
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50% ammonium sulphate concentration. In 1991, Shimogki et al. reported that the first 

step in the purification of the antibiotic was separation of crude antibiotic from the 

microbial growth followed by precipitation of proteins by 70% ammonium sulfate 

(Shimogki et al., 1991). The polypeptide antibacterial pellet recovered was desalted 

(Abdel-Bar et al., 1987; Jimenez-Diaz et al., 1993) and the precipitates with the 

maximum activity were suspended in KH2PO4 buffer of pH 6.0, were subjected to 

Sephadex G-75 Gel permeation chromatography. The Sephadex G-50 gel permeation 

chromatography was used for the purification of bacteriocin produced by Enterococcus 

faecalis strain RJ-11 (Yamamoto et al., 2003). The absorbance of protein fractions 

collected after gel permeation was observed at 280nm and then active fractions were 

pooled. Antimicrobial peptides produced by strain Bacillus subtilis LFB112 was purified 

by gel permeation chromatography at the similar conditions (Li et al., 2012). 

A lyophilized antibacterial protein sample was subjected to polyacrylamide gel 

electrophoresis (12%) in the presence of sodium dodecyl sulphate (SDS) and protein 

bands were localized by staining with coomassie brilliant blue dye (Bhunia and Johnson, 

1992; Atta et al., 2009). The band appeared at the position of 37KDa made a clear and 

distinct zone of inhibition (Figure 4.11 & 4.12) The molecular weight of bacteriocin like 

substance produced by Geobacillus toebii strain HBB-247 was recorded about 38KDa 

(Ozdemir et al., 2012). 

Reverse-phase (RP-HPLC) HPLC was used for the identification of peptide antibacterial 

compound giving the chromatogram with retention time of 13.109 minute. When 

compared with polymyxin peptide antibiotic as standard with retention time of 11.952 

minute at 254nm showing the novelty of the compound obtained from Aeribacillus 

pallidus SAT4. HPLC have facilitated the development of cohesive chemical-screening 

methods and analytical procedures of bacitracin and other antibacterial polypeptides in 

pharmaceuticals preparations (Sunaryanto et al., 2010). In 2009, Atta and his colleagues 

reported the worth of this chromatographic technique in identification and purification of 

polypeptide antibiotics (Atta et al., 2009). Oka and co-workers (Oka et al., 1989) 

established a simple, strong isocratic-HPLC technique and recognized the isolation of 22-

bacitracin constituents in isocratic conditions with 25 min run time. 
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Polypeptide antibacterial compound from Aeribacillus pallidus SAT4 was subjected to 

FTIR, NMR for structural characterization and x-ray diffraction study to determine the 3 

dimensional orientations. FT-IR spectral analysis of antibacterial peptide compound 

produced by Aeribacillus pallidus SAT4, maximal IR spectra showed absorption peaks in 

the region of 3620; 3530; 2359.86; 1700; 1540.81; 1257.49; 794.50 and 668.69cm
-1

 while 

the spectroscopic analysis of the purified peptide antibacterial compound produced by 

Lactobacillus plantarum NRRL B- 227, maximal IR spectra showed eight absorption 

peaks in the region of 1129.12; 199.51; 1400.7; 5.0; 1650.77; 285.0; 2919.7 and 3431.71 

cm
-1

 (Atta et al., 2009). The absorption peaks appeared in the region of 1630-1690cm
-1

, 

3140-3500cm
-1

 and 3400-3650cm
-1

 indicated the presence of C=O (carbonyl), N-H 

(amines/amides) and O-H (hydroxyl) groups respectively showing the peptide linkages in 

the compound (http://assign3.chem.usyd.edu/organicspectroscopy/). 

1
H and 

13
C NMR spectra of the antibacterial compound from the strain SAT4 in the 

present study showed the presence of alkyl groups, amide linkage and carbonyl groups in 

the sample at 300MHz. The resonance of alkyl amines (RNH2) was observed at 3.996 

ppm while Epperson and Ming (2000) recorded that 
1
H NMR spectrum of the Co(II) 

complex of bacitracin mixture with amino acids appeared at 1-12 ppm and found the 

positions of the protons in the amino acid (α, β, etc.) at 11.7 ppm. Slightly variation in 

peak positions (<2 ppm) were recorded with sample concentration (Epperson and Ming, 

2000) and hydroxyl protons (OH) showed absorption near 0.5-1.0 ppm (0.751 ppm). 

Down field signals at 4.57, 4.69 ppm in the 
1
H NMR spectrum revealed the presence of 

disubstitued double bond and 
13

C NMR spectrum of the compound demonstrated that 

saturated carbon CH3, CH2 appeared at 28.190 ppm and 28.738 ppm respectively. The 

resonance at 69.69 ppm showed the effects of electronegative atom (-C-O) while 
13

C 

spectrum reported by Kim et al. (2001) showed carbon signal of C=O at 218.04 (C-3) and 

C=C at 150.96 (C-20), 109.47 (C-29) (Kim et al., 2001).  

The 3D crystal structure of the antibacterial compound obtained from Aeribacillus 

pallidus SAT4 belong to the primitive orthorhombic lattice with the cell parameters a = 

12.137, b = 13.421, c = 14.097 Å (Figure 4.16). The crystallographic data are listed in 

Table 4.10 which was processed and calculated from a single crystal source using a 
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STOE-IPDS II equipped with an Oxford Cryostream low-temperature unit. The selected 

bond lengths and angles are shown in Table 4.11. In 2001, Kim et al. reported that the 

structure of antimicrobial compound was found to be orthorhombic which consisted of 3-

different sides and three of 90° angle. The bond length of 1.2223 Å and 1.3639 Å were 

exhibited the presence of C=O (C3-O1) and C=C (C20-C29), respectively. The crystal 

system for the compound obtained from Aeribacillus pallidus SAT4 is triclinic with 

molecular formula of C55H82N16O17 showing the presence of histidine C27-N28 with 

bond lengths of [1.32909 Å (1.5)], N28-C29 [1.32989 Å (1.5)], C29-N30 [1.32887 Å 

(1.5)], N30-C31 [(1.33197 Å (1.5)] and C31-C27 [1.38236 Å (1.5)]. The selected bond 

lengths of [1.39026 Å (1.5)] and [1.39138 Å (1.5)] from C38-C43 and C71-C76 

respectively showed the presence of two benzene rings. The bond lengths of [1.23148 Å 

(2), [1.34144 Å (1)] and [1.55458 Å (1)] exhibited the existence of C=O (C9-O1), C-N 

(C9-N11) and C-C (C12-C13) respectively. The 3D-fold of native subtilosin in 

dimethylsulfoxide produced by Bacillus subtilis was determined from 2D 
1
H-NMR 

spectra recorded at 600 MHz. The structure for subtilosin A which is based on the 

backbone conformation, is characterized by three inter-residue bridges where two 

cysteines amino acids are associated with two phenylalanine residues, respectively, and a 

third-cysteine is bound to a threonine residue (Marx et al., 2001). From the XRD 

analysis, it was antibacterial compound obtained from Aeribacillus pallidus SAT4 with 

molecular formula of C55 H82 N16 O17. The 3D crystal structure of bacitracin in complex 

with thermitase (TMTBAC), savinase (SAVBAC) and savinase-zinc (SAVBAC/ZN) 

have been found by XRD to 2.2 Å, 2.2 Å and 1.95 Å resolutions, respectively (Pfeffer-

Hennig et al., 1996).  

The thermostability of both cell free supernatant and purified antibacterial compound 

showed that cell free supernatant was relatively stable at 55°C showing 0 and 28 % loss 

of activity against Micrococcus luteus and Staphylococcus aureus respectively (Table 

4.12). The activity of pure antibacterial compound decreased 45 % against Micrococcus 

lutes and 52 % against Staphylococcus aureus after treatment at 55°C (Table 4.13). The 

results revealed that after ammonium sulphate precipitation technique antibacterial 

compound demonstrating two distinct protein bands on SDS-PAGE is relatively more 

thermostable than the one purified through Sephadex G-75 that showed single protein 
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band on SDS-PAGE (Figure 4.11 and 4.12). The possible rationale for this loss of 

thermostability after purification might be because of the compound that we removed 

through purification is either contributing to the enhanced thermostability of the protein 

indicating antibacterial activity or have synergistic relationship with it. In 2009, 

Dischinger et al. analyzed the heat stability of lantibiotics obtained from Bacillus 

licheniformis DSM 13 and reported that the activity of the compound in isopropanol 

extract was fully heat stable and tolerated 4 hour at 100°C without any losses (Dischinger 

et al., 2009). The heat stability analysis revealed that the bacteriocin was thermostable as 

there was no reduction in antimicrobial activity even after exposing it to 120°C for 15 

min (Singh et al., 2012) and similar analysis was exhibited after heating at 121°C for 10 

min and the thermostability of peptide antibiotic produced by Lactobacillus plantarum, 

NRRL B-227 was reported against Escherichia coli as indicator strains (Atta et al., 

2009).  

For in silico study of the peptide antibiotic structure Clostridium botulinum (Clb) was 

chosen as target organism. First, a group of essential genes in Clb that specifically 

interact with virulence genes including neurotoxins were identified. These targets have 

potential to be bactericidal while disrupting production or secretion of virulence factors 

such as neurotoxins. Targeting an essential gene indispensable for microbial cell 

existence may give an active way to cure infectious diseases. Therefore, these essential 

translated products of microbial cellular system are confident novel targets for antibiotic 

molecules (Ren and Yan, 2004). One approach is to discover innovative antibiotic 

molecules are to find out and explore new biological system targets and this tactic is 

being focused and motivated by the available database sources of genome sequence 

information (McDevitt and Rosenberg, 2001). We used system biology approach and 

excluded targets homologous to human genes or to human gut microbiome. Our analyses 

revealed 166 proteins of Clb that have high potential as anti-Clb drug targets that are 

bactericidal, reduce bacterial toxin activity, and have minimized side effects. As, 

biological and cellular systems of organisms are integrated complex networks of several 

pathways therefore it is now recognized that studying insights into organisms may 

provide the comprehensive picture of these biological systems. Studying the cell-insights 

in more detail by considering signaling pathways and entire biological systems related to 
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that infection provide the information about a potential target. Materi and Wishart (2007) 

analyzed the cellular systems by investigating the integrated pathways and other 

biological routes to estimate the importance of the each macromolecule that may 

biologically occur to compensate for the lack of that protein molecule. As these systems 

analysis are becoming more and more understandable, broad-spectrum procedures have 

been established and used for the modeling simulation and investigation of these systems 

(Materi and Wishart, 2007). 

A protein-protein interaction network of annotated genes was constructed to study the 

interactive behavior of non-essential, essential and virulent proteins in microbial cell 

factory. Biological networks involving different protein-protein interactions (PPI) and 

their influences delivers more inclusive and nearly entire coverage of these systems, and 

this is due to the accessibility of an integrated-database that provides the experimental-

based protein molecular interactions information as well as well-established virtual 

methods (von Mering et al., 2007). In our study, we found that a total of 1092 selected 

essential and virulence genes of the pathogen are classified according to Clusters of 

Orthologous Groups of Proteins (COGs) nomenclature. 170 candidate orthologs of best 

hit were obtained during this mapping using STRING data source. A significant majority 

of the COGs in human (40 %) and in other prokaryotes (35 %) have been found to have 

genes involved in amino acids biosynthesis. 147 of the 170 COGs belong to essential 

genes, and 23 are virulence. 

Our study showed that BotR interacts with botulinum neurotoxin (botA, CLB_0848), 

hemagglutinin components, (ha33, CLB_0845), non-toxic nonhemagglutinin subunits 

(ntnh, CLB_0847), as well as the ABC transporter permease protein (CLB_3408). ABC 

transporters mediate the transportation of the nutrients (ions, peptides, sugars, amino 

acids) to the cell and also respond to other external stimuli (Davidson et al., 2008). These 

proteins are important for the growth of the bacterial cell. Therefore, targeting CLB_3408 

may also interfere in the regulation of the transcription factor and production of 

neurotoxin. The neurotoxin, a key pathogenic and virulence factor of Clb, which is 

secreted as a non-covalently bound complex with two or more protein molecular 

components including hemagglutinin, and non-toxic nonhemagglutinin. Sebaihia et al., 
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(2007) reported that the phenotypic and genotypic characteristics of the translated 

molecules and their respective genes involved in the synthesis and secretion of Clb 

neurotoxins has been unconventional and has lacked consistency (Sebaihia et al., 2007). 

However Porfirio et al., 1997 has reported that the synthesis of many virulence factors is 

regulated (Porfirio et al., 1997). Marvaud et al., 1998b has reported that BotR, a 

transcriptional regulator for botulinum neurotoxin, interacts directly with the promoter 

region upstream of the ntnh–bont and ha genes (Marvaud et al., 1998b).  

In addition to genes essentiality concepts, an ultimate drug-target should have many other 

properties like non homology with Homo sapiens proteins whose confinement could lead 

to possible drug side effects and this parameter has been investigated at several levels 

during this analysis. Of course, the simplest way is to evaluate the protein sequence 

homology of the target being interrogated with all the human proteins data at NCBI 

server. As, sequence data is easily available for several bacteria, therefore such sort of 

study has been described for a number of pathogenic bacterial species like Helicobacter 

pylori (Dutta et al., 2006), Pseudomonas aeruginosa (Perumal et al., 2007) and even 

Mycobacterium tuberculosis (Singh et al., 2006).  

Non-human homologous sequences cannot be considered as our confident targets because 

these microorganisms are recognized to live in the GI tract of healthy animal to balance 

the ecology of the body system. Therefore, excluding those protein sequences with 

greater homology to protein sequences of the gut flora also supports eventually in 

decreasing the potential risks of adverse effects. The short listed 494 non-human 

homologs of Clb have been compared with the gut flora by sequence analysis at the 

Human Microbiome Project database server. An evolutionary-tree has been created using 

the neighbor joining technique. According to these sequence homology outcomes, we 

found that of the 494 input non-human homologs, 328 sequences showed similarity with 

the gut flora, leaving 34 % non-homologous sequences to gut flora. The human 

microflora usually habitat in the gastrointestinal-tract and can accomplish several 

valuable roles for their hosts. O'Hara and Shanahan (2006) termed this microbial flora as 

the “forgotten” organ because of the catabolic role done by this flora is equal to that of a 

real organ (O'Hara and Shanahan, 2006). Therefore, varying the biomass of microbial 
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flora, for instance by using drugs, broad spectrum antibiotic molecules that may influence 

the human health (Carman et al., 2004). 

Pathways information for these genes was obtained from the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) database (Table 3.1). All these genes are involved in the 

production of proteins that are useful for various important functions in Clostridium 

botulinum. The major share of these genes constitutes the proteins involved in co-factor 

synthesis, nucleotides metabolism and ribosomal protein synthesis. In this pathway, we 

observed a virulence factor, phospholipase C (PLC), a metabolic enzyme of the inositol 

phosphate pathway, which is encoded by the gene CLB_2576, is involved in the 

pathogenesis. D-Alanine-alanine ligase (ddl) is an indispensable enzyme that acts in the 

bacterial peptidoglycan biosynthetic pathway and is also a non-human homolog; 

therefore, it is a significant protein molecule as target for establishing innovative 

antibacterial drugs. Sharma et al. (2008) also indicated that ddl may also be a good drug 

target in N. meningitides, Haemophilus influenzae, Staphylococcus aureus, Helicobacter 

pylori, Burkholderia pseudomallei, Vibrio cholerae, and Acinetobacter baumannii along 

with A. hydrophila. Therefore, a drug designed against these targets can be effectively 

used to treat other bacterial infections as well. Analysis of subcellular localization of 

these 166 bacterial targets revealed that some of which could also be probable vaccine 

targets (Lu et al., 2004). 

The essential 3D target ABC membrane protein (gene locus: CLB_3408) was obtained by 

input amino acids sequence query at Protein Model Portal (PMP) web server and its 

homology model (pdb format) was downloaded from Protein Data Bank (PDBID: 3HLU) 

as homology-modeling is a simple approach of sorting out the structure of the target and 

the worth of the homology-model is validated that is based on adherence to ultimate-

values for bond-lengths and angles and also based on several number of model-structures, 

as a larger number of templates involve many probable structures of molecules of that 

family. Similarly the interactive virulence protein botulinum neurotoxin transcriptional 

regulator (CLB_0846) as 3D target was downloaded (pdb format) directly from the Swiss 

Model server. 3D structure model of Mycobacterium tuberculosis UDP-NAG 

enolpyruvyl transferase (Mtb-MurA) enzyme was obtained by homology modeling 
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(Babajan et al., 2011). The active site was defined from the coordinates of the ligand in 

the original target protein sites. The active sites of essential and virulence target protein 

were analyzed. Residues which lie within 25 Angstrom unit area of ligand that interact 

with it through their side chain were identified and were considered as active site 

residues. The binding affinity of the ligand with ABC membrane protein was -

20.5kcal/mol and Root Mean Square Deviation (RMSD) of 1.591 (lower bond) and 8.103 

(upper bond) respectively. The binding affinity of the ligand with Transcriptional 

Regulator Protein was -14.7kcal/mol and Root Mean Square Deviation (RMSD) of 1.551 

(lower bond) and 4.505 (upper bond) respectively. RMSD of protein target models 

exhibited that all active site residues in the rigid region played an important role in 

substrate binding (Babajan et al., 2011). In this study the structural diversity of the pocket 

was represented by only one structure (O sterberg et al., 2002) while some of the 

weighted-average grid maps executed satisfactorily in assessing RMSD values and 

binding energies of known binders (Cavasotto and Abagyan, 2004). The lowest pairwise 

interaction energy was within 0.5 Å (smoothing). During virtual screening, drug like 

compounds were docked into the target macromolecules and then they were ranked by 

measuring their binding affinity. Though some limitation of this method like false 

positive has been reported, however, these docking-algorithms are accurate enough to 

calculate innovative ligands binding styles (Shoichet, 2004).  

A critical aspect needs in preparation of target for in silico screening was to find out the 

appropriate ligand pharmacological active site as the ligand active position is precise and 

is able to bind a small-molecule involves regulating its biological function (Anderson et 

al., 2001). Therefore, the AutoGrid option of PyRx virtual tool was applied. At each step 

of the docking and virtual screening, the free energy between ligand-target complexes 

was investigated using atomic-affinity capabilities calculated on a “Grid” point, as it is 

one of the first studied algorithms established to find out the ligand active sites on target 

molecules. Under this run, both protein and ligand molecules was characterized in 

various means; structure depiction is classified into atomic-that is used in conjunction 

with potential energy functions, surface-that is used in protein-protein docking and 

possible energy grid schemes-that support two electrostatics and van der Waals energies 

(Halperin et al., 2002). The docking procedure was completed by 2-steps that include: 
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firstly, docking that comprised to explore the conformation and arrangement of the ligand 

in the pharmacological active sites, and secondly, scoring functions that involved the 

calculation of the interaction-energy between the protein target and ligand complex 

(Kitchen et al., 2004) that showed the partial to moderate interaction between 

antibacterial peptide from Aeribacillus pallidus SAT4 as ligand molecule and selected 

Clostridial protein targets (Figure 4.31 & 4.32). Taylor et al. (2002) focused on several 

earlier studies that comprehensively discussed the parameters of docking and scoring-

functions (Taylor et al., 2002). The ligand executed an arbitrary walk around the static-

target molecule and the free energy of interaction of this molecule with the target is 

consigned to the grid positions. 

Polymyxin and bacitracin are polypeptide antibiotics which are already available in the 

market and used for localized infections caused by strains of multidrug-resistant 

Pseudomonas aeruginosa or carbapenemase-producing bacteria (Falagas and Kasiakou, 

2006) and skin/eye infections (http://www.sagentpharma.com) respectively but not 

recommended for systemic infections due to their side effects like nephrotoxicity, 

neurotoxicity (Falagas and Kasiakou, 2006). These antibiotics have not been used for 

wound botulism, a localized infection caused by neurotoxin secreted by Clostridium 

botulinum, so repositioning of these drugs against Clostridial targets may open up a new 

avenue for pharmaceutical industries. Therefore, in this study for comparative analysis, 

AutoDock steps were also performed by using these polypeptide antibiotics against 

transcriptional regulator protein (CLB_0846), a protein involved in the regulatory 

secretion of neurotoxin. The interaction of polymyxin and bacitracin with this target 

showed better interaction as minimum energy of -6.11kcal/mol (Table 4.17) and -

15.6kcal/mol (Table 4.18) respectively was calculated by using the AutoDock Vina 

option of PyRx virtual tool (Figure 4.33 & 4.34).  
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CONCLUSION 

1. Aeribacillus pallidus strain SAT4, a thermophile, has the ability to produce the 

peptide antibiotic at 55°C. This antibiotic producing bacterial has opened up a 

new avenue for the pharmaceutical industries and research organizations.  

2. The antibacterial compound produced from Aeribacillus pallidus strain SAT4 was 

effective against Staphylococcus aureus, Micrococcus luteus, and Pseudomonas 

aeruginosa.  

3. Shake flask fermentation procedures were applied in the production and 

optimization of this molecule and maximum antibacterial compound production 

was at 48 hours the time of incubation, 5 pH, 55°C temperature, 100 rpm agitation 

speed, 1.5% nitrogen, and 2% carbon concentrations.  

4. Antibacterial compound was purified and 3D structure was determined, the 

protein has molecular weight approximately of 37KDa. 

5. The activity of this antibiotic compound was also evaluated by in silico approach 

against Clostridium botulinum and around 166 drug targets in Clostridium 

botulinum were prioritized using integrated studies of genes essentiality, protein-

protein interaction, and pathway analysis. Screening against such new targets will 

result in discovery of compounds effective against microorganisms, including the 

increased-number of antibiotic resistant pathogenic strains. 

6. Docking studies revealed that the binding affinity of SAT4 as ligand molecule 

showed the moderate interaction with Clostridial protein targets. Such studies 

could be exploited in the future for designing a more specific inhibitor for these 

protein molecules.  
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FUTURE PROSPECTS 

 Molecular characteristics of Aeribacillus pallidus SAT4 could be done for the 

gene identification, and its ontology. 

 Other biological assays could be designed by using these antibacterial 

metabolites. 

 Functionality of all protein components in crude extracts could be focused.  

 The role of the protein that possibly increases the thermostability of the 

compound can be further investigated. 

 The in silico techniques developed could be used in drug designing and 

development. 

 Systems analysis of this specie could be done for the functions of other 

metabolites. 

 System analysis could be done for finding the drug targets for other pathogenic 

strains. 

 Docking analysis could be done in screening of number of other ligands against 

these pathogenic targets. 

 Structure of antibacterial compound produced from Aeribacillus pallidus SAT4 

can be modified and optimized to improve its binding affinity with Clostridial and 

other pathogenic bacterial strains targets. 
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Index Table 1: List of non-human & non-gut flora Protein (Bacterial Targets) 
 

Serial # Gene Locus Gene ID Common Name Functional Role Category 

1 CLB_2576 5394788 Putative phospholipase C Toxin production and resistance 

2 CLB_0535 5396165 Drug ABC transporter Toxin production and resistance 

3 CLB_1604 5397644 Lantibiotic ABC transporter Toxin production and resistance 

4 CLB_0374 5395960 Accessory gene regulator protein B Pathogenesis 

5 CLB_0381 5394624 Accessory gene regulator protein B Pathogenesis 

6 CLB_0529 5395120 Streptolysin associated protein SagC Pathogenesis 

7 CLB_0530 5395548 Streptolysin associated protein SagD Pathogenesis 

8 CLB_0673 5398084 5-Nitroimidazole resistance protein Toxin production and resistance 

9 CLB_0843 5396594 Hemagglutinin component HA70 Toxin production and resistance 

10 CLB_0844 5395132 Hemagglutinin component HA17 Toxin production and resistance 

11 CLB_0845 5397118 Hemagglutinin component HA33 Pathogenesis 

12 CLB_0846 5397956 Transcriptional regulator BotR, P-21 Toxin production and resistance 

13 CLB_0847 5397468 Botulinum neurotoxin type A1 Toxin production and resistance 

14 CLB_0848 5397793 Bontoxilysin A Toxin production and resistance 

15 CLB_0884 5395326 Phenazine biosynthesis protein Toxin production and resistance 

16 CLB_0925 5394772 Chloramphenicol acetyltransferase Toxin production and resistance 

17 CLB_1817 5395681 Hemolysin A Toxin production 

18 CLB_1857 5397352 Clostripain Pathogenesis 

19 CLB_1984 5397475 Myosin-cross-reactive antigen protein Pathogenesis 

20 CLB_2001 5395595 vanZF protein Toxin production and resistance 

21 CLB_2120 5397777 Phenazine biosynthesis protein Toxin production and resistance 

22 CLB_2263 5396344 Multidrug resistance protein, SMR  Toxin production and resistance 

23 CLB_2527 5396201 Putative antibiotic biosynthesis protein Toxin production and resistance 

24 CLB_2091 5394776 Putative PTS system Ascorbate and aldarate metabolism 

25 CLB_3677 5397218 Beta-hydroxyacyl-dehydratase FabZ Fatty acid and phospholipid metabolism 

26 CLB_3678 5398141 Acetyl-CoA carboxylase Fatty acid and phospholipid metabolism 

27 CLB_3559 5396626 Thymidylate synthase Bases (nucleotides, nucleosides) metabolism 

28 CLB_3645 5396229 Putative glutamine synthetase Amino acid biosynthesis: Glutamate family 

29 CLB_1593 5395239 Phosphoribosyl-AMP cyclohydrolase Amino acid biosynthesis: Histidine family 

30 CLB_1594 5394642 Phosphoribosyl-ATP pyrophosphohydrolase Amino acid biosynthesis: Histidine family 

31 CLB_1526 5396529 Aspartate--ammonia ligase Amino acid biosynthesis: Aspartate family 

32 CLB_3434 5394557 UDP-N-A-enolpyruvoylglucosamine reductase Biosynthesis: Murein sacculus & peptidoglycan 

33 CLB_0239 5397169 CDP-di-A-glycerol-serine O-

phosphatidyltransferase 

Fatty acid and phospholipid metabolism 

34 CLB_2095 5397136 Acyl-phosphate G-3-phosphate acyltransferase Fatty acid and phospholipid metabolism 

35 CLB_0689 5396576 Putative SanA Protein Catalytic Activity 

36 CLB_3457 5394730 holo-(acyl-carrier-protein) synthase Fatty acid and phospholipid metabolism 

37 CLB_0493 5397009 D-alanine--D-alanine ligase  Cell envelope 

38 CLB_0509 5398224 Methyltransferase Unknown function: General 

39 CLB_2523 5395233 Putative phosphoenolpyruvate synthase Glycolysis/gluconeogenesis 

40 CLB_3034 5396106 Prephenate: ACT domain protein pheB Amino acid biosynthesis: Other 

41 CLB_3324 5396086 Glutamyl-tRNA(Gln) amidotransferase Protein synthesis: tRNA aminoacylation 

42 CLB_2843 5395181 Phosphoribosyl-aminoimidazole carboxylase Purine ribonucleotide biosynthesis 

43 CLB_0604 5397880 Spermidine/putrescine transport system Transport and binding proteins: Amino acids 

44 CLB_0727 5396775 Ferrichrome transport system Transport and binding proteins: Cations & iron 

45 CLB_1383 5395950 Peptide/opine/nickel uptake ABC transporter Transport and binding proteins 

46 CLB_3445 5395129 Carboxyl-terminal Protease Protein Modification and Repair 

47 CLB_1690 5396060  Peptide/opine/nickel uptake ABC transporter Transport and binding proteins 

48 CLB_0265 5396046 RNA polymerase sigma-54 factor Transcription: Transcription factors 

49 CLB_2678 5396436 Carbon storage regulator Glycolysis/gluconeogenesis 

50 CLB_2687 5395009 Chemotaxis protein CheY Chemotaxis and motility 

51 CLB_2690 5396634 Chemotaxis protein methyltransferase CheR Chemotaxis and motility 

52 CLB_2691 5394959 Protein-glutamate methylesterase CheB Chemotaxis and motility 

53 CLB_2684 5395384  Flagellar motor switch protein FliN Chemotaxis and motility 
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(Continue Index Table) 
Serial # Gene Locus Gene ID Common Name Functional Role Category 

54 CLB_2781 5394759 PTS system, glucose subfamily Signal transduction: PTS 

55 CLB_3414 5394855 PTS system, lactose/cellobiose-specific family Signal transduction: PTS 

56 CLB_3415 5394681 PTS system, lactose/cellobiose-specific family Signal transduction: PTS 

57 CLB_0334 5394765 PTS system, glucose family, IIA component Signal transduction: PTS 

58 CLB_2277 5395112  30S ribosomal protein S15 Protein synthesis: Ribosomal proteins 

59 CLB_2308 5395002 50S ribosomal protein L19 Protein synthesis: Ribosomal proteins 

60 CLB_2322 5397958 50S ribosomal protein L32 Protein synthesis: Ribosomal proteins 

61 CLB_2371 5396465 50S ribosomal protein L28 Protein synthesis: Ribosomal proteins 

62 CLB_2917 5395597 30S ribosomal protein S21 Protein synthesis: Ribosomal proteins 

63 CLB_2931 5394574 30S ribosomal protein S20 Protein synthesis: Ribosomal proteins 

64 CLB_3014 5398108 50S ribosomal protein L21 Protein synthesis: Ribosomal proteins 

65 CLB_3146 5397166 50S ribosomal protein L25 Protein synthesis: Ribosomal proteins 

66 CLB_3166 5394805 50S ribosomal protein L35 Protein synthesis: Ribosomal proteins 

67 CLB_3512 5397508 50S ribosomal protein L36 Protein synthesis: Ribosomal proteins 

68 CLB_3518 5396548 50S ribosomal protein L15 Protein synthesis: Ribosomal proteins 

69 CLB_3519 5396340 50S ribosomal protein L30 Protein synthesis: Ribosomal proteins 

70 CLB_3521 5396249 50S ribosomal protein L18 Protein synthesis: Ribosomal proteins 

71 CLB_3524 5395192 30S ribosomal protein S14 Protein synthesis: Ribosomal proteins 

72 CLB_3526 5396468 50S ribosomal protein L24 Protein synthesis: Ribosomal proteins 

73 CLB_3528 5396361 30S ribosomal protein S17 Protein synthesis: Ribosomal proteins 

74 CLB_3529 5395261 50S ribosomal protein L29 Protein synthesis: Ribosomal proteins 

75 CLB_3533 5397395 30S ribosomal protein S19 Protein synthesis: Ribosomal proteins 

76 CLB_3535 5395506 50S ribosomal protein L23 Protein synthesis: Ribosomal proteins 

77 CLB_3552 5396055 50S ribosomal protein L33 Protein synthesis: Ribosomal proteins 

78 CLB_3715 5395394 50S ribosomal protein L9 Protein synthesis: Ribosomal proteins 

79 CLB_3721 5394694 30S ribosomal protein S6 Protein synthesis: Ribosomal proteins 

80 CLB_3713 5395973 Replicative DNA helicase DNA replication, recombination, and repair 

81 CLB_3720 5398180 Single-strand binding protein DNA replication, recombination, and repair 

82 CLB_2305 5398002 Ribonuclease HII Transcription: Degradation of RNA 

83 CLB_0615 5394543 Signal peptidase I Protein and peptide secretion and trafficking 

84 CLB_1500 5395934 Signal peptidase II Protein and peptide secretion and trafficking 

85 CLB_3096 5396205 Preprotein translocase, YajC subunit Protein and peptide secretion and trafficking 

86 CLB_3738 5395472 Putative sporulation protein/membrane Sporulation and germination 

87 CLB_3100 5397741 Holliday junction DNA helicase RuvA DNA replication, recombination, and repair 

88 CLB_0697 5396156 Iron-sulfur cluster repair di-iron protein Biosynthesis of cofactors, prosthetic groups 

89 CLB_0655 5395952  Rod shape-determining protein RodA Biosynthesis murein sacculus & peptidoglycan 

90 CLB_3139 5398060 Putative N-acetylmuramoyl-L-alanine amidase Biosynthesis murein sacculus & peptidoglycan 

91 CLB_3499 5396135 N-acetylmuramoyl-L-alanine amidase CwlD Biosynthesis murein sacculus & peptidoglycan 

92 CLB_2627 5396566 Undecaprenyl-phosphate Gal- phosphotransferase Biosynthesis of surface poly & lipo-saccharides  

93 CLB_2629 5397158 Exopolysaccharide biosynthesis protein Biosynthesis of surface poly & lipo-saccharides  

94 CLB_2662 5394857 Cytidylyltransferase Biosynthesis of surface poly & lipo-saccharides  

95 CLB_3121 5394919 Glycosyl transferase, WecB/TagA/CpsF family Biosynthesis of surface poly & lipo-saccharides  

96 CLB_3140 5395543 Putative N-acetylmuramoyl-L-alanine amidase Biosynthesis of surface poly & lipo-saccharides  

97 CLB_1523 5396839 Lipoprotein, NLPA family Cell envelope: Other 

98 CLB_1601 5395228 Putative membrane protein Cell envelope: Other 

99 CLB_2828 5397063 Putative membrane protein Cell envelope: Other 

100 CLB_1455 5396258 Putative cell division protein FtsA Cellular processes: Cell division 

101 CLB_3021 5395012 Cell division topological specificity factor MinE Cellular processes: Cell division 

102 CLB_3733 5395560 parB family protein Cellular processes: Cell division 

103 CLB_1245 5394562 Methyl-accepting chemotaxis protein, degenerate Chemotaxis and motility 

104 CLB_1753 5396094 Methyl-accepting chemotaxis protein Chemotaxis and motility 

105 CLB_2635 5396451 Methyl-accepting chemotaxis protein Chemotaxis and motility 

106 CLB_0307 5398069 Antioxidant, AhpC/TSA family Cellular processes: Detoxification 

107 CLB_2480 5396107 RNA polymerase sigma-K factor Cellular processes: Sporulation and germination 
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Serial # Gene Locus Gene ID Common Name Functional Role Category 

108 CLB_3615 5394973 DNA-binding protein HU Chromosome-associated proteins 

109 CLB_0691 5394680 Putative mutator mutT protein DNA replication, recombination, and repair 

110 CLB_0949 5396277 LexA repressor DNA replication, recombination, and repair 

111 CLB_2022 5396349 Putative mutator mutT protein DNA replication, recombination, and repair 

112 CLB_3068 5397220 Putative DNA replication protein DNA replication, recombination, and repair 

113 CLB_0095 5396324 Ferredoxin, 4Fe-4S Energy metabolism: Electron transport 

114 CLB_1280 5394947 Glutaredoxin-like protein, YruB-family Energy metabolism: Electron transport 

115 CLB_2721 5395804 Flavodoxin Energy metabolism: Electron transport 

116 CLB_3108 5397552 Rubredoxin Energy metabolism: Electron transport 

117 CLB_3228 5394747 Iron-sulfur cluster-binding protein Energy metabolism: Electron transport 

118 CLB_2526 5394700 Putative 3-oxoacyl-(acyl-carrier-protein) synthase  Fatty acid and phospholipid metabolism 

119 CLB_3683 5396376 Acyl carrier protein Fatty acid and phospholipid metabolism 

120 CLB_3619 5396506 Putative peptidyl-prolyl cis-trans isomerase Protein folding and stabilization 

121 CLB_3380 5396050 Ribosomal-protein-alanine acetyltransferase Protein synthesis: Ribosomal proteins 

122 CLB_3513 5395664 Translation initiation factor IF-1 Protein synthesis: Translation factors 

123 CLB_1748 5396515 Ribosomal large subunit pseudouridine synthase B Protein synthesis: tRNA and rRNA base  

124 CLB_2367 5397487 RNA methyltransferase, RsmD family Protein synthesis: tRNA and rRNA base  

125 CLB_2920 5395446 RNA methyltransferase, RsmE family Protein synthesis: tRNA and rRNA base  

126 CLB_1316 5397507 Guanine deaminase Nucleosides, and nucleotides 

127 CLB_0136 5397396 Transcriptional regulator, LacI family Regulatory functions: DNA interactions 

128 CLB_0753 5395413 Transcriptional regulator, AraC family Regulatory functions: DNA interactions 

129 CLB_1017 5395638 Transcriptional regulator, AraC family Regulatory functions: DNA interactions 

130 CLB_1541 5397181 Transcriptional regulator, GntR family Regulatory functions: DNA interactions 

131 CLB_1618 5397215 Transcriptional regulator, AraC family Regulatory functions: DNA interactions 

132 CLB_1621 5397426 Transcriptional regulator, LacI family Regulatory functions: DNA interactions 

133 CLB_1635 5397119  Transcriptional regulator, DeoR family Regulatory functions: DNA interactions 

134 CLB_2035 5395893 Transcriptional regulator, AraC family Regulatory functions: DNA interactions 

135 CLB_2406 5397760 Transcriptional regulator NrdR Regulatory functions: DNA interactions 

136 CLB_2501 5396166 Transcriptional regulator, Fur family Regulatory functions: DNA interactions 

137 CLB_3256 5395598 Transcriptional regulator, Fur family Regulatory functions: DNA interactions 

138 CLB_3364 5395256  DNA-binding response regulator, LytTr family Regulatory functions: DNA interactions 

139 CLB_2711 5396237 Glycerol uptake operon anti-terminator protein Regulatory functions: Other 

140 CLB_3007 5396018 Putative cell envelope- transcriptional attenuator Regulatory functions: Other 

141 CLB_0822 5395066 Sensor histidine kinase Regulatory functions: Protein interactions 

142 CLB_1159 5396662 Sensor histidine kinase Regulatory functions: Protein interactions 

143 CLB_3408 5397032  ABC transporter permease membrane Protein Regulatory functions: Protein interactions 

144 CLB_3406 5396503 Sensor histidine kinase Regulatory functions: Protein interactions 

145 CLB_0919 5396554 Transcription anti-terminator LicT Regulatory functions: RNA interactions 

146 CLB_2780 5398033 Transcriptional anti-terminator, BglG family Regulatory functions: RNA interactions 

147 CLB_0127 5395102 Putative diguanylate cyclase Regulatory: Small molecule interactions 

148 CLB_1242 5397573  Putative sensory box-containing diguanylate cyclase Regulatory: Small molecule interactions 

149 CLB_1930 5396061 PTS system, fructose family, IIA component Signal transduction: PTS 

150 CLB_0547 5396180 Response regulator Signal transduction: Two-component systems 

151 CLB_0829 5395001 Sensor histidine kinase Signal transduction: Two-component systems 

152 CLB_2281 5397108 Ribosome-binding factor A Transcription: RNA processing 

153 CLB_2310 5394811 16S rRNA processing protein RimM Transcription: RNA processing 

154 CLB_3740 5395608 Ribonuclease P protein component Transcription: RNA processing 

155 CLB_1823 5395333 N utilization substance protein B Transcription: Transcription factors 

156 CLB_3594 5396737 Transcription elongation factor GreA Transcription: Transcription factors 

157 CLB_0486 5395035 Amino acid ABC transporter Transport and binding proteins: Amino acids 

158 CLB_1323 5397348 Sodium: alanine symporter family protein Transport and binding proteins: Amino acids 

159 CLB_1417 5396773 Peptide ABC transporter, Pep4E family Transport and binding proteins: Amino acids 

160 CLB_1426 5397980 Amino acid ABC transporter, permease protein Transport and binding proteins: Amino acids 

161 CLB_1437 5394676 Amino acid ABC transporter, permease protein Transport and binding proteins: Amino acids 
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Serial # Gene 

Locus 

Gene ID Common Name Functional Role Category 

162 CLB_1229 5394626 Sugar transporter, GPH family Transport and binding proteins: Carbohydrates 

163 CLB_2261 5396026 Phosphocarrier protein HPr Transport and binding proteins: Carbohydrates 

164 CLB_2549 5396502 HPr(Ser) kinase/phosphatase Transport and binding proteins: Carbohydrates 

165 CLB_0355 5395421 Iron compound ABC transporter, permease protein Transport and binding proteins: Cations & iron 

166 CLB_0856 5395162 Methyl-accepting chemotaxis protein, family 5 Transport and binding proteins 
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Supplemental Table 2: Gene ontology of sub-cellular localized proteins (Bacterial Targets) 

 

GENELOCUS CLB_GENEID Localization  Gene Ontology of sub-localized Proteins 

CLB_2576 5394788 Cytoplasmic Phospholipase C activity 

CLB_0529 5395120 Cytoplasmic Streptolysin Binding activity 

CLB_0530 5395548 Cytoplasmic Streptolysin Binding activity 

CLB_0673 5398084 Cytoplasmic Toxin/Virulence 

CLB_0846 5397956 Cytoplasmic Transcription initiation, DNA dependent 

CLB_0884 5395326 Cytoplasmic Toxin/Virulence 

CLB_1568 5394775 Cytoplasmic Transferase Activity 

CLB_1817 5395681 Cytoplasmic Hemolysis of host erythrocytes 

CLB_1984 5397475 Cytoplasmic Myosin Antigen family 

CLB_2120 5397777 Cytoplasmic Toxin/Virulence 

CLB_2527 5396201 Cytoplasmic Toxin/Virulence 

CLB_2091 5394776 Cytoplasmic PTS (sugar transport system) 

CLB_3677 5397218 Cytoplasmic Lipid synthesis 

CLB_3678 5398141 Cytoplasmic Fatty acid Biosynthesis 

CLB_3559 5396626 Cytoplasmic Nucleotide Biosynthesis 

CLB_3645 5396229 Cytoplasmic Amino acid metabolism 

CLB_1593 5395239 Cytoplasmic Amino acid Biosynthesis 

CLB_1594 5394642 Cytoplasmic Amino acid Biosynthesis 

CLB_1526 5396529 Cytoplasmic Amino acid Biosynthesis 

CLB_3434 5394557 Cytoplasmic Cell wall synthesis 

CLB_1474 5396746 Cytoplasmic Amino acid Biosynthesis 

CLB_3457 5394730 Cytoplasmic Fatty acid Biosynthesis 

CLB_0493 5397009 Cytoplasmic Cell wall synthesis 

CLB_0509 5398224 Cytoplasmic Methyltransferase activity 

CLB_2523 5395233 Cytoplasmic ATP binding Activity 

CLB_3034 5396106 Cytoplasmic Amino acid Biosynthesis 

CLB_3324 5396086 Cytoplasmic Protein Biosynthesis 

CLB_2843 5395181 Cytoplasmic Nucleotide Biosynthesis 

CLB_0265 5396046 Cytoplasmic Transcription initiation 

CLB_2678 5396436 Cytoplasmic Carbohydrate metabolism regulator 

CLB_2687 5395009 Cytoplasmic Transcription initiation 

CLB_2690 5396634 Cytoplasmic Transcription initiation 

CLB_2691 5394959 Cytoplasmic Chemotaxis 

CLB_3445 5395129 Cytoplasmic Proteolysis 

CLB_2781 5394759 Cytoplasmic Sugar PTS 

CLB_3414 5394855 Cytoplasmic Lactose PTS 

CLB_3415 5394681 Cytoplasmic Lactose PTS 

CLB_2277 5395112 Cytoplasmic Translation 

CLB_2308 5395002 Cytoplasmic Translation 

CLB_2931 5394574 Cytoplasmic Translation 
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CLB_3014 5398108 Cytoplasmic Translation 

CLB_3146 5397166 Cytoplasmic Translation 

CLB_3512 5397508 Cytoplasmic Translation 

CLB_3518 5396548 Cytoplasmic Translation 

CLB_3519 5396340 Cytoplasmic Translation 

CLB_3521 5396249 Cytoplasmic Translation 

CLB_3526 5396468 Cytoplasmic Translation 

CLB_3528 5396361 Cytoplasmic Translation 

CLB_3529 5395261 Cytoplasmic Translation 

CLB_3533 5397395 Cytoplasmic Translation 

CLB_3535 5395506 Cytoplasmic Translation 

CLB_3552 5396055 Cytoplasmic Translation 

CLB_3715 5395394 Cytoplasmic Translation 

CLB_3721 5394694 Cytoplasmic Translation 

CLB_3713 5395973 Cytoplasmic DNA Replication 

CLB_2305 5398002 Cytoplasmic RNA binding 

CLB_0615 5394543 Cytoplasmic Proteolysis 

CLB_3100 5397741 Cytoplasmic DNA Recombination 

CLB_0697 5396156 Cytoplasmic Metal ion binding 

CLB_3499 5396135 Cytoplasmic Peptidoglycan catabolism 

CLB_2627 5396566 Cytoplasmic Sugar PTS 

CLB_2629 5397158 Cytoplasmic Metal ion binding 

CLB_2662 5394857 Cytoplasmic Lipid synthesis 

CLB_3121 5394919 Cytoplasmic Biosynthetic Process 

CLB_1455 5396258 Cytoplasmic Cell Division 

CLB_3021 5395012 Cytoplasmic Cell Division 

CLB_3733 5395560 Cytoplasmic DNA binding 

CLB_1245 5394562 Cytoplasmic Chemotaxis 

CLB_2635 5396451 Cytoplasmic Chemotaxis 

CLB_2480 5396107 Cytoplasmic Transcription initiation 

CLB_3615 5394973 Cytoplasmic DNA binding 

CLB_0691 5394680 Cytoplasmic Hydrolase activity 

CLB_0949 5396277 Cytoplasmic DNA Repair 

CLB_2022 5396349 Cytoplasmic Hydrolase activity 

CLB_3068 5397220 Cytoplasmic DNA Replication 

CLB_2721 5395804 Cytoplasmic FMN Binding 

CLB_3228 5394747 Cytoplasmic Metal ion binding 

CLB_2526 5394700 Cytoplasmic Fatty acid Biosynthesis 

CLB_3683 5396376 Cytoplasmic Fatty acid Biosynthesis 

CLB_3380 5396050 Cytoplasmic Amino acid acetylation 

CLB_3513 5395664 Cytoplasmic Protein Biosynthesis 

CLB_1748 5396515 Cytoplasmic Pseudouridine synthesis 

CLB_2367 5397487 Cytoplasmic rRNA methylation 
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CLB_2920 5395446 Cytoplasmic rRNA methylation 

CLB_1316 5397507 Cytoplasmic guanine deaminase activity 

CLB_0136 5397396 Cytoplasmic DNA binding Transcription factor 

CLB_0753 5395413 Cytoplasmic DNA binding Transcription factor 

CLB_1017 5395638 Cytoplasmic DNA binding Transcription factor 

CLB_1541 5397181 Cytoplasmic DNA binding Transcription factor 

CLB_1618 5397215 Cytoplasmic DNA binding Transcription factor 

CLB_1621 5397426 Cytoplasmic DNA binding Transcription factor 

CLB_1635 5397119 Cytoplasmic DNA binding Transcription factor 

CLB_2035 5395893 Cytoplasmic DNA binding Transcription factor 

CLB_2406 5397760 Cytoplasmic DNA binding Transcription factor 

CLB_2501 5396166 Cytoplasmic DNA binding Transcription factor 

CLB_3256 5395598 Cytoplasmic DNA binding Transcription factor 

CLB_3364 5395256 Cytoplasmic Transcription regulation 

CLB_2711 5396237 Cytoplasmic Transcription regulation 

CLB_2704 5396597 Cytoplasmic Peptidyl histidine phosphorylation 

CLB_3406 5396503 Cytoplasmic Peptidyl histidine phosphorylation 

CLB_0919 5396554 Cytoplasmic Transcription regulation 

CLB_2780 5398033 Cytoplasmic Transcription regulation 

CLB_0127 5395102 Cytoplasmic Nucleotide Biosynthesis 

CLB_1242 5397573 Cytoplasmic Nucleotide Biosynthesis 

CLB_1930 5396061 Cytoplasmic Fructose, PTS 

CLB_0547 5396180 Cytoplasmic Transcription regulation 

CLB_2281 5397108 Cytoplasmic rRNA processing 

CLB_2310 5394811 Cytoplasmic rRNA processing 

CLB_3740 5395608 Cytoplasmic tRNA processing 

CLB_1823 5395333 Cytoplasmic Transcription regulation 

CLB_3594 5396737 Cytoplasmic Transcription regulation 

CLB_2261 5396026 Cytoplasmic Sugar PTS 

CLB_2549 5396502 Cytoplasmic Carbohydrate metabolism regulator 

CLB_0856 5395162 Cytoplasmic Chemotaxis 

CLB_0843 5396594 Extracellular Pathogenesis 

CLB_0844 5395132 Extracellular Pathogenesis 

CLB_0845 5397118 Extracellular Pathogenesis 

CLB_0847 5397468 Extracellular Pathogenesis 

CLB_0848 5397793 Extracellular Pathogenesis 

CLB_1857 5397352 Extracellular Hydrolase activity 

CLB_1688 5397247 Extracellular Transporter activity 

CLB_2322 5397958 Extracellular Translation  

CLB_2371 5396465 Extracellular Translation  

CLB_2917 5395597 Extracellular Translation  

CLB_3166 5394805 Extracellular Translation  

CLB_3524 5395192 Extracellular Translation  
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CLB_3720 5398180 Extracellular DNA Replication 

CLB_3139 5398060 Extracellular Peptidoglycan catabolism 

CLB_3140 5395543 Extracellular Peptidoglycan catabolism 

CLB_0307  5398069 Extracellular Cell redox homeostasis 

CLB_0095 5396324 Extracellular Iron binding protein 

CLB_1280 5394947 Extracellular Cell redox homeostasis 

CLB_3108 5397552 Extracellular Electron transport chain 

CLB_3619 5396506 Extracellular Protein folding 

CLB_3007 5396018 Extracellular Transcription regulation 

CLB_0535 5396165 Membrane Drug ABC transporter 

CLB_1604 5397644 Membrane Drug ABC transporter 

CLB_0374 5395960 Membrane Toxin/Virulence 

CLB_0381 5394624 Membrane Toxin/Virulence 

CLB_2001 5395595 Membrane Transcription regulation 

CLB_2263 5396344 Membrane Drug resistance 

CLB_0239 5397169 Membrane Phospholipid biosynthesis 

CLB_2095 5397136 Membrane Phospholipid biosynthesis 

CLB_0604 5397880 Membrane Transporter activity 

CLB_0727 5396775 Membrane Transporter activity 

CLB_1383 5395950 Membrane ABC transporter 

CLB_1690  5396060 Membrane ABC transporter 

CLB_0334 5394765 Membrane Sugar PTS 

CLB_1500  5395934 Membrane Proteolysis 

CLB_3096 5396205 Membrane Translocation 

CLB_3738 5395472 Membrane Membrane protein 

CLB_0655 5395952 Membrane Cell cycle 

CLB_1523 5396839 Membrane Lipo-protein 

CLB_1601 5395228 Membrane Transporter activity 

CLB_2828 5397063 Membrane Transporter activity 

CLB_1753 5396094 Membrane Chemotaxis 

CLB_0822 5395066 Membrane Peptidyl histidine phosphorylation 

CLB_1159 5396662 Membrane Peptidyl histidine phosphorylation 

CLB_0829 5395001 Membrane Peptidyl histidine phosphorylation 

CLB_0486 5395035 Membrane ABC transporter 

CLB_3408 5397348 Membrane ABC transporter 

CLB_1417 5396773 Membrane ABC transporter 

CLB_1426 5397980 Membrane ABC transporter 

CLB_1437 5394676 Membrane ABC transporter 

CLB_1229 5394626 Membrane ABC transporter 

CLB_0355 5395421 Membrane ABC transporter 

 

 


