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ABSTRACT  

 
Diarrhea is a condition that involves the frequent passing of loose or watery stools. Diarrhea may be 

caused by Inflammatory Bowel Syndrome (IBS), an allergy, or an infection due to a virus, bacteria, or 

parasite. Diarrhea is also associated with other infections such as malaria and measles. Chemical 

irritation of the gut or non-infectious bowel disease can also result in diarrhea. According to the World 

Health Organization (WHO) each year approximately 1.7 billion deaths are attributable to diarrhea. In 

highest burdened regions like Southeast Asia and Africa, diarrhea is responsible for as much as 8.5% 

and 7.7% of all deaths respectively. In children under the age of 5 years, 80% of the deaths occur due 

to diarrhea only. Children are more susceptible to the complications of diarrhea because a smaller 

amount of fluid loss leads to dehydration, compared to adults.Although usually not harmful, diarrhea 

can become dangerous or signal a more serious problem. Major contributors to the diseases are 

bacteria, viruses and parasites. Enormous data about these pathogenic organisms is available from 

different information portals which need to be compiled for providing better treatment strategy. 

Although, currently available treatment methods which include Oral Rehydration Therapy (ORT), 

antibiotics and vaccines had reduced the diseases burden to some extent, but due to the increasing 

problem of drug resistance, control of infectious disease is becoming more difficult. Antibiotic 

resistance in case of Traveler’s Diarrhea (TD) is an important public health concern. Large numbers of 

antibiotics are being employed to cure traveler’s diarrhea, but widespread use of these antibiotics has 

developed resistant strains of pathogenic bacteria.Hence, it is crucial to understand the resistance 

mechanism and devising novel solution to combat this problem. 

In this study, we first developed a database named dbDiarrhea, where Pathogen proteins, host proteins, 

Type Three Secretion System (T3SS) Effectors and T3SS Inhibitors information is available in a 

distinctive manner and is available for academic andresearch use at 

“http://www.juit.ac.in/attachments/dbdiarrhea/diarrhea_home.html”. It also serves as a repository of 

the research articles of trials related to subunit and whole organism vaccines, high-throughput 

screening of Type III secretion system inhibitors and diagnostic assays, for various diarrheal 

pathogens. The user friendly interface allows querying proteins and research articles for different 

organism either by keywords or accession number. It alsoprovides sequence similarity search with the 

BLAST tool.  

Multidrug And Toxin Extrusion (MATE) plays very important functions in the secretion of cationic 

drugs across the cell membrane and is utilized by several bacteria to evade the toxic effect of 
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antibiotics. Therefore, we proposedmachine learning method for prediction of MATE proteins. Here 

Artificial Neural Network and Support Vector Machine based approaches are applied to predict MATE 

proteins. The data set employed for training consists of 189 non-redundant protein sequences that 

comprises of 63 sequences from MATE family and 126 other protein sequences obtained NCBI protein 

databank. The fully-connected network was derived using amino acid composition, which yielded an 

overall accuracy of 84.45%, in three fold cross validation. But it failed to perform remarkably well on 

independent dataset. So, we generated SVM based Position Specific Scoring Matrix (PSSM) model 

and achieved an overall accuracy 92.06%infive-fold cross validation. The prediction algorithm 

presented here is implemented as a freely available web server MATEpred and is openly accessible at 

http://www.bioinformatics.org/matepred_hos, which will assist in rapid identification of MATE 

proteins. 

Finally, we performed docking studies of DNA gyraseA (GyrA) and Topoisomerase IV (parC) of 

Shigella flexneri and its mutants with two different fluoroquinolones, ciprofloxacin and norfloxacin to 

understand its resistance mechanism at structural level. Shigella flexneri DNA GyraseA with mutations 

at serine 83 to leucine and aspartic acid 87 to glutamate and serine 80 to isoleucine of parC have shown 

resistance to these fluoroquinolones.The amino acid residue Asp 87 in GyrA and Ser 80 in parC makes 

direct hydrogen bonds with both ciprofloxacin and norfloxacin (wild type), so the mutations at this 

point leads to drastic changes in molecular interactions. From this analysis, it was observed that there is 

a weaker interaction of ciprofloxacin/norfloxacin with all the mutants as compared to the wild type. 

The work presented here gives a good explanation for quinolone resistance in Shigella flexneri and can 

be used further to design new drug targets against the resistant strains. 
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1.1. INTRODUCTION  

Diarrhea is an increase in the frequency of bowel movements or a decrease in the form of stool. 

Diarrhea is a neglected tropical disease despite being a global scourge and international health 

challenge. Diarrhea exacts large tolls of morbidity and mortality among all age groups and is 

particularly endemic in developing countries. It causes about 1.7 billion deaths worldwide [1]. 

The global burden of incidence and severity for diarrhea is highest in Southeast Asia and Africa 

(Figure 1.1). 

 

Figure 1.1 Worldwide Distribution of Diarrheal diseases. This compilation clearly notes Africa 

as highly burdened region with diarrheal diseases followed by Southeast Asia.  

According to the report released in May 2017 by WHO, Diarrheal diseases account for 1 in 9 

child deaths worldwide, making diarrhea the second leading cause of death among children 

under the age of 5. Diarrhea is also associated with other infections such as malaria and measles. 

For children with HIV, diarrhea is even more deadly; the death rate for these children is 11 times 
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higher than the rate for children without HIV. Diarrhea kills more children than malaria, measles, 

and AIDS combined [2](figure 1.2). 

 

Figure 1.2  Proportional distribution of cause-specific deaths among children under five years of 

age  [2]. 

In the context of India, according to Global Enteric Multicenter Study (GEMS), published in 

May 2013, about 18% of deaths are due to diarrheal diseases. The WHO estimates that diarrhea 

induced by the rotavirus kills between 90,000 and 153,000 children in India every year [1]. 

Around 1.5 million children below the age of five in India die annually and out of this 334,000 

are due to diarrhea-related diseases. The rotavirus alone was responsible for moderate-to-severe 

diarrhea [3]. 

1.2. PREDISPOSING FACTORS FOR DIARRHEA 

Most diarrheal germs are spread from the stool of one person to the mouth of another. These 

germs are usually spread through contaminated water, food, or objects.Water, food, and objects 

become contaminated with stool in many ways:  
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 People and animals defecate in or near water sources that people drink. 

 Farmers use contaminated water to irrigate their crops.  

 Crops irrigated with contaminated water are used to prepare meals 

 People use contaminated water for drinking and food preparation 

 Caregivers prepare foods with unwashed hands, contaminating the food. 

1.3. Causative Agents OF Diarrhea 

Diarrhea is caused by a league of heterogeneous pathogenic groups comprising of various 

bacteria, e.g. E.coli, Vibrio, Shigella, Campylobacter, Yersinia, etc. viruses e.g. Rotavirus, 

Norovirus, and protozoan parasites e.g. Giardia, Entameoba. The diarrheagenic mechanisms and 

the associated symptoms are as diverse as the etiological agents. 14 major bacterial, viral and 

parasitic species are known to be involved in the pathogenesis of diarrhea. Bacteria include 

Escherichia coli, Salmonella enterica, Shigella species,Campylobacter jejuni, Vibrio cholerae, 

Vibrio parahaemolyticus, Yersinia enterocolitica, Clostridium difficile and Aeromonas 

hydrophila. Viruses include Rotavirus, Adenovirus and Norovirus. The parasites include 

Cryptosporidium parvum, Entamoeba histolytica and Giardia lamblia (Figure 1.3). 
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Figure1.3Major bacterial, viral and parasitic species involved in the pathogenesis of diarrhea. 

1.3.1. Bacteria 

1.3.1.1. Escherichia coli 

Escherichia coli (E.coli) usually remains harmlessly confined to the intestinal lumen; however, 

in the debilitated or immunosuppressed host, or when gastrointestinal barriers are violated, even 

normal “nonpathogenic”strains of E.coli can cause infection [4]. The diarrheagenic Escherichia 

coli pathotypes (DEPs) include Enterotoxigenic (ETEC), Enteropathogenic (EPEC), 

Enterohemorrhagic (EHEC), Enteroinvasive (EIEC), Enteroaggregative (EAEC), and Diffusely 

Adherent E.coli (DAEC), all causing infections to the human intestinal tract. Enterotoxigenic 

E.coli (ETEC) elaborates at least one member of two defined groups of enterotoxins: ST (Heat-

stable toxins) and LT(Heat-labile toxins) [4]. Enteropathogenic E.coli (EPEC) is known for its 

attaching-and-effacing (A/E) mechanism. Enterohemorrhagic E.coli (EHEC) also known as 

Shiga toxin producing E.coli causes bloody diarrhea. Enteroaggregative E.coli (EAEC) 

characteristically enhances mucus secretion from the mucosa, with trapping of the bacteria in a 

bacterium-mucus biofilm [4]. Enteroinvasive E.coli (EIEC)strains are biochemically, genetically, 

and pathogenetically related closely to Shigella spp. [4]. 
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1.3.1.2. Salmonella enterica 

Followed by E.coli, Salmonella enterica is the second most widely studied organism. Salmonella 

enterica are enteropathogenic bacteria capable of causing a wide range of illnesses ranging from 

mild food poisoning to life-threatening systemic infections [5].  All serotypes are pathogenic for 

humans. Diarrhea with or without fever develops and lasts for about 3 weeks or more [6]. 

 

1.3.1.3. Shigella species 

Shigella species are the causative agents of bacillary dysentery or shigellosis, which remains a 

threat to public health worldwide, particularly in developing countries [7]. It is caused by four 

major species: S. sonnei, S. flexneri, S. dysenteriae type 1 (Sd1), S. boydii. Among all these, 

Shigella flexneri is more prevalent followed by Shigella dysenteriae type 1. 

 

1.3.1.4. Campylobacter jejuni 

It is prevalent in adults and is one of the most frequently isolated bacteria from the feces of 

infants and children in developing countries. Infection is associated with watery diarrhea and on 

occasion dysentery (acute bloody diarrhea) [6].  

 

1.3.1.5. Vibrio cholera 

Many species of Vibrio cause diarrhea in developing countries. V. cholerae serogroups O1 and 

O139 cause rapid and severe depletion of volume. Stools are watery, colorless, and flecked with 

mucus. Vomiting is common; fever is rare [6]. 

 

1.3.1.6. Vibrioparahaemolyticus 

Vibrio parahaemolyticus is a human pathogen that naturally inhabits marine and estuarine 

environments. Infection with V. parahaemolyticus is often associated with the consumption of 

raw or undercooked seafood, causing gastroenteritis with watery diarrhea. The presence of two 

type III secretion system (T3SS) proteins, thermostable direct hemolysin (TDH) and TDH-

related hemolysin (TRH), has been closely associated with the severity of diarrheal illness [8]. 

Recent studies have also uncovered the indispensability of T3SS to the pathogenesis of diarrhea 

in various pathogens like Vibrio cholerae AM-19226 [9], Shigella [10], Salmonella enterica[11]. 

T3SS is a common stratagem deployed by several enteric bacteria to translocate toxins and 
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effector proteins across the host cell via an injectisome and subvert normal cell functions to aid 

infections [12].  

1.3.1.7. Yersinia enterocolitica 

Yersinia entercolitica is a human foodborne pathogen that interacts extensively with tissues of 

the gut and the host’s immune system to cause disease. As part of their pathogenic strategies, 

Yersinia have evolved numerous ways to invade host tissues, gain essential nutrients, and evade 

host immunity [13].  

 

1.3.1.8. Clostridium difficile 

Clostridium difficile is a Gram-positive, spore-forming rod that is responsible for 15 to 20 

percent of antibiotic-related cases of diarrhea. C. difficile could be isolated from the 

gastrointestinal tracts of most neonates; thus, it was believed to be a commensal organism [10]. 

 

1.3.1.9.Aeromonas hydrophila.  

Aeromonas hydrophila is the causative agent of a number of human infections such as septicemia 

and gastroenteritis. Isolation of A. hydrophila from water and food sources, and the increasing 

resistance of this organism to antibiotics and occurrence in chlorinated water supply[14] , 

presents a significant threat to public health [15]. 

 

1.3.2. Viruses  

1.3.2.1. Rotavirus 

Rotavirus is the leading cause of diarrhea hospitalization among children worldwide [16]. Nearly 

all children in both industrialized and developing countries get infected with rotavirus by the 

time they are 3–5 years of age [6].  

 

1.3.2.2. Norovirus 

Norovirus is the group of viruses responsible for causing gastroenteritis in humans. Norovirus 

infection, a major cause of acute epidemic diarrhea, has been described as a cause of chronic 

diarrhea in patients who are immunosuppressed, including transplant recipients and the very 

young [17]. 
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1.3.2.3.Adenovirus 

Adenoviruses are important etiologic agents of gastroenteritis. Adenoviruses, particularly enteric 

adenoviruses (EAds) type 40 (Ad40) and type 41(Ad41), can cause acute and severe diarrhea in 

young children worldwide[18].  

 

1.3.3. Parasites 

1.3.3.1.Cryptosporidium parvum 

Cryptosporidium parvum is a protozoan parasite that causes cryptosporidiosis, a disease affecting 

the mammalian intestinal tract and mainly characterized by a diarrheal illness. Cryptosporidiosis 

can be found world-wide, and in developing countries 8–19% of diarrheal diseases are attributed 

to Cryptosporidium[19].  

 

1.3.3.2.Giardia lamblia 

Giardiasis is a parasitic disease caused by Giardia species, a flagellated protozoan parasite that 

occupies the small intestine of numerous hosts including humans [19]. Ithas a low prevalence 

(approximately 2–5%) among children in developed countries, but as high as 20–30% in 

developing regions [6]. 

1.3.3.3.Entamoeba histolytica 

Amebiasis is caused by Entamoeba histolytica, a protozoan parasite that occurs worldwide. It 

occurs usually in the large intestine and causes internal inflammation. Entamoeba histolytica had 

high prevalence and unusual presentation by affecting high proportion of infants under 1 year 

[20]. E. histolytica can be a re-emerging serious infection when it finds favorable environmental 

conditions and host factors. 

1.4. TYPES OF DIARRHEA 

Episodes of diarrhea can be classified into following categories based on duration and 

mechanism: 
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Duration Based: 

 

Table 1.1Classification of diarrhea based on the duration of occurrence. 

Type Duration 

Acute 5-10 days in duration 

Persistent more than 14 days in duration 

Chronic more than 30 days in duration 

 

 

Mechanism Based:  

 

Table 1.2 Classification of diarrhea based on mechanism of occurrence. 

 

Type Duration 

Osmotic when too much water is drawn into the 

bowels 

Secretory increase in the active secretion or reduced  

       absorption of ions and salts 

Exudative presence of blood and pus in the stool 

 

 

1.5. SYMPTOMS OF DIARRHEA 

 

 Nausea 

 Abdominal pain 

 Cramping 

 Bloating 

 Dehydration 

 Fever 

 Bloody stools 

 Frequent Urge to evacuate the bowels 

 

1.6. TREATMENT OPTIONS AND PREVENTION  

The addition of zinc to oral rehydration solution has been proven effective in children with acute 

diarrhea in developing countries [21][22]. Several randomized controlled trials and meta-

analyses suggested that probiotics are effective in primary and secondary prevention of 

gastroenteritis and its treatment. Their efficacy is less convincing in adults, but promising in 
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antibiotic-associated diarrhea [23]. Though the current treatment methods available to cure 

diarrhea have reduced the severity of the diseases but due to emergence of drug resistant 

bacteria, development of new drugs and vaccine antigens is required. 

Table 1.3 List of currently available drugs and vaccines against diarrheal pathogens. 

Organism Drugs Vaccines 

 

Live attenuated 

 

 

Subunit 

Amebiasis Metronidazol - - 

Giardiasis Metronidazole and Ornidazole 

 

α1-Giardin - 

Campylobacter Azithromycin 

 

- - 

Cholera Doxycycline and Tetracycline 

 

Mutacol Dukoral 

Shigellosis Ciprofloxacin and Norfloxacin SC602, WRSs2 and WRSs3 - 

Escherichia coli Ciprofloxacin and Azithromycin ACE527 - 

Rotavirus - Rotarix, Rotateq  and  Rotavac - 

 

1.7. ANTIBIOTIC RESISTANCE – A SERIOUS THREAT 

Infections have been the major cause of disease throughout the history of human population. 

With the antibiotics introduction, it was thought that this problem should disappear [24]. Two 

major ways that modern medicine saves lives are through antibiotic treatment of severe 

infections and under the antibiotic protection performance of medical and surgical 

procedures [25]. Discovery of antibiotics took place in the middle of the nineteenth century 

and brought down the threat of infectious diseases [26]. However, with the emergence of 

antibiotic resistant pathogens, currently available antibiotics are becoming ineffective [27]. 

Antibiotic resistance is the ability of a microorganism to survive and multiply in the presence 

of an antimicrobial agent that would normally inhibit or kill this particular kind of organism. 

Soon after the discovery of penicillin in 1940, a number of treatment failures and occurrence 

of some bacteria such as Staphylococci which were no longer sensitive to penicillin started 

being noticed [26]. In organisms that encountered the first commercially produced 

antibiotics, resistance to single antibiotics became prominent [28]. In the past decade, various 
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key organizations, such as the Infectious Diseases Society of America, the Centers for 

Disease Control and Prevention, the World Health Organization (WHO), and the World 

Economic Forum, have made antibiotic resistance the focus of highly visible reports, 

conferences, and actions [25]. Increasing prevalence of resistance has been reported in many 

pathogens over the years in different regions of the world including developing countries 

[26]. This has been attributed to changing microbial characteristics, selective pressures of 

antibiotic use, and societal and technological changes that enhance the development and 

transmission of drug-resistant organisms. Although antibiotic resistance is often enhanced as 

a consequence of infectious agents’ adaptation to exposure to antibiotic used in humans or 

agriculture and the widespread use of disinfectants at the farm and the household levels[28, 

29].  

Bacteria have evolved several mechanisms of rendering antibiotics inactive such as the 

enzymatic hydrolysis of antibiotics, group transfer and the redox process [30]. 

Microorganisms have increasingly become resistant to ensure their survival against the 

antibiotics to which they are bombarded. They achieved this through different means but 

primarily based on the chemical structure of the antibiotic and the mechanisms through 

which they act. The resistance mechanisms therefore depend on which specific pathways are 

inhibited by the drugs and the alternative ways available for those pathways that the 

organisms can modify in order to survive [26]. Resistance can be described in two ways: 

a) Intrinsic or natural whereby microorganisms naturally do not posses target sites for the     

drugs and therefore the drug does not affect them or they naturally have low permeability 

to those agents because of the differences in the chemical nature of the drug and the 

microbial membrane structures especially for those that require entry into the microbial 

cell in order to effect their action [26] . 

b)  Acquired resistance whereby a naturally susceptible microorganism acquires ways of not  

being affected by the drug [26, 31]. Acquired resistance mechanisms can occur through 

various ways as described below :  

(1) By prevention of the antimicrobial from reaching its target by reducing its ability to 

penetrate into the cell (Figure 1.4). For example; Pseudomonas aeruginosa against 

imipenem (a beta-lactam antibiotic) [32]. 
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Figure 1.4  Prevention of antibiotic from reaching its target site [33]. 

 

(2) By expulsion of the antimicrobial agents from the cell via general or specific efflux pumps 

(Figure 1.5). For example; Escherichia coli against tetracyclines[34]. These efflux pumps 

are variants of membrane pumps possessed by all bacteria, both pathogenic and non 

pathogenic, to move molecules in and out of the cell [29].  

 

 

Figure 1.5 Expulsion of the antimicrobial agents from the cell via efflux pumps [33] 

 

(3) By inactivation of antimicrobial agents via modification or degradation (Figure 1.6). For 

example; Enterobacteriaceae against chloramphenicol (acetylation) [35]. 
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Figure 1.6 Inactivation of antimicrobial agents via modification or degradation [33] 

 

(4) By modification of the antimicrobial target within the bacteria (Figure 1.7). For example; 

Mutations in DNA gyrase of Shigella spp. resulting in resistance to quinolones [36]. 

 

Figure 1.7 Modification of the antimicrobial target within the bacteria [33] 

1.8. MULTIDRUG AND TOXIN EXTRUSION (MATE) PROTEINS  

One of the mechanisms that bacteria utilize to evade the toxic effects of antibiotics is the active 

extrusion of structurally unrelated drugs from the cell [27]. Multidrug efflux is an important 
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mechanism of biocide and antimicrobial agent resistance in bacteria. Efflux is the pumping of a 

solute out of a cell. Efflux pump genes and proteins are present in both antibiotic-susceptible and 

antibiotic-resistant bacteria [37]. Poole in 2005, reported that efflux was first used as a 

mechanism of resistance to tetracycline in Escherichia coli[38]. These pumps have been divided 

into various groups (Figure 1.8), which include the Major Facilitator Superfamily(MFS), the 

Small Multidrug Resistance (SMR) family, the Resistance Nodulation and Cell Division (RND) 

family, the ATP Binding Cassette (ABC) family, and the Multidrug And Toxin Extrusion 

(MATE) family [39].  

 

Figure 1.8 Diagrammatic comparison of the five families of efflux pumps [37]. 

Multidrug and Toxin Extrusion (MATE) proteins form a class of proteins that function as drug 

and proton antiporters. Initially, due to the presence of 12 transmembrane helices, they were 

designated as the member of MFS family. Shortly afterwards, it was reported that they showed 

no sequence identity to other known multidrug transporters, therefore, categorized as a new 

family of multidrug transporters, and are widely propagated in all realms of living beings [40]. 

MATE proteins have been characterized as important transporters that mediate the final 

excretion of cationic drugs into bile and urine [41]. In plants, transporter proteins from the 
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MATE family are essential in metabolite transport, which directly changes crop yields. In 

bacteria and mammals, these MATE transporters facilitate multiple-drug resistance (MDR), thus 

regulating the efficacy of many pharmaceutical drugs used in curing a variety of diseases [42]. 

MATE family transporters are conserved in the three pinion domains of life (Archaea, Bacteria 

and Eukarya), and export xenobiotics using an electrochemical exchange of H+ or Na+ across 

the tissue layer. MATE transporters confer resistance to bacterial pathogens and cancer cells, 

thus causing critical reductions in the curative efficacies of antibiotics and anti-cancer drugs, 

respectively [43]. An example of one such protein is NorM, of Vibrio parahaemolyticus which 

isa multidrug Na+-antiporter, and was found to confer resistance to dyes, fluoroquinolones and 

aminoglycosides[44, 45]. 

Multidrug and toxin extrusion protein (MATE1) is another type of efflux transporter identified 

quite recently, which is expressed in the kidney and liver, being localized at the apical 

membranes facing the lumen of the renal tubules and bile canaliculi, respectively. It mediates the 

excretion of organic cations, such as TEA and cimetidine, involving transmembrane proton 

gradient as a driving force [46]. Although MATE1 has been characterized as an organic 

cation/H
+
 antiporter, it has recently been shown that human MATE1 (hMATE) can also transport 

some organic anions and amphoteric compounds [47].  

As reported, MATE family efflux pumps depend upon Na+/H+ gradient for transport and have 

three major branches: the NorM branch, a branch containing several eukaryotic proteins and a 

branch containing E. coli DinF [44]. MATE protein length varies from 400 to 700 residues 

comprising of 12 transmembrane helices (Figure 1.9). In MATE proteins, there is no conserved 

consensus sequence; however they share ~40% sequence similarity[40]. It has been noted that 

extremely conserved regions of varied length ranging from 17 to 25 amino acid short stretch are 

located near close to transmembrane helix 1 (TM1) and TM7; in extracellular loops between 

TM1 and TM2, and TM7 and TM8; in cytoplasmic loops between TM2 and TM3, and TM8 and 

TM9; and in loops between TM4 and TM5, and TM10 and TM11 [40].  
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Figure 1.9 Typical secondary structure of a MATE-type transporter. Shown is a secondary 

structure model of human MATE1 [38]. Hydropathy analysis of typical MATE-type transporters 

predicts 12 transmembrane domains. A glutamate residue, E273, which is essential in human 

MATE1, is circled. The regions that are relatively well conserved among all known MATEs 

(Figure 1) are delineated by broken lines and colored as follows: TM1 and TM7 (green); 

extracellular loops between TM1 and TM2, and TM7 and TM8 (purple); cytoplasmic loops 

between TM2 and TM3, and TM8 and TM9 (orange); and loops between TM4 and TM5, and 

TM10 and TM11 (blue) [40]. 
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1.8.1. MATE and Diarrhea 

Vibrio cholerae, an important gram-negative enteric pathogen, is the causative agent of the 

severe diarrheal disease cholera [27]. Colmeret al. in 1988, identified VceAB, a multidrug 

resistance pump that provides V. cholerae with resistance to several toxic compounds, such as 

deoxycholate and the antibiotics nalidixic acid and chloramphenicol [48]. Coupling with Na
+
 and 

substrate is an interesting characteristic of MATE-type efflux pumps, and this phenomenon has 

been reported in most MATE-type efflux pumps from several diarrheal pathogens which 

includes NorM from V. parahaemolyticus, VcmA from V. cholerae non-O1, VmrA from V. 

parahaemolyticus and VcrM from V. cholerae non-O1 [49]. NorM and its Escherichia coli 

homolog YdhE mediate resistance to dyes, hydrophilic fluoroquinolones, and aminoglycosides 

and thus facilitate the bacterial growth [27]. Mdtk, a MATE type efflux system have been 

reported in Salmonella enterica which is are responsible for causing acute gastroenteritis and 

typhoid [50]. A MATE type MDR pump was identified for Clostridium difficile also, but no 

member of this family has yet been described  in other gram-positive bacteria [51].  

Granting to the studies, it has been reported that sequence information for very few MATE 

proteins is available till date. Also, due to its primary structure heterogeneity, it is hard to 

recognize these proteins based on sequence similarity. To combat the problem of drug resistance, 

it is all important to extensively understand and identify multidrug resistance proteins at a faster 

pace. 

1.9. ANTIBIOTIC RESISTANCE IN TRAVELER’S DIARRHEA 

Among all pervading diarrheal types, Travelers’ Diarrhea (TD) is one of the most frequent 

illness among individuals travelling to developing countries [52]. It usually begins within the 

first week of travel and usually resolves within 3 to 5 days [53].However, symptoms can be 

severe enough to force a change in travel plans and to result in confinement to bed or, rarely, 

hospitalization [54].  It is induced by an infection acquired by consuming contaminated food or 

drinks or due to climatic conditions [55] . It brings heavy economic costs, both to the people who 

travel and to developing countries through loss of tourism income and loss of business 

investment opportunities caused by the threat of disease [53]. Various pathogens including 

Enterotoxigenic E.coli (ETEC), Enteroaggregative E.coli (EAEC) and Campylobacter have been 
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identified as the pathological agents of traveler’s diarrhea (TD), with Shigella spp. being one of 

the most common etiological agents. Other bacteria that cause diarrhea, such as Salmonella, 

Yersinia, Aeromonas, and Plesiomonas spp., are isolated less often [56]. Several antibiotics such 

as quinolones (ciprofloxacin, norfloxacin), rifaximin and azithromycin were reported to be 

effective and safe to use against travelers’ diarrhea [53]. But it has been found that Shigella spp. 

acquired resistance to these clinically important antibiotics [57]. In the treatment of enteric 

infections, antibiotic resistance is becoming increasingly important, particularly those due to 

Shigella, Vibrio cholerae, enterotoxigenic Escherichia coli (associated with traveler's diarrhea), 

and Salmonella typhi. The rate of resistance is highest in the regions, where the use of antibiotics 

is relatively unrestricted [58]. In the last few years, a dramatic escalation has been seen in the 

antibiotic resistance profile of Shigella spp. [59]. Increased antibiotic resistance is a great 

impediment in control of the traveler’s diarrhea and thus results in greater disease burden 

globally [60]. Of greatest immediate concern is the need for an effective, inexpensive antibiotic 

that can be used safely as treatment to Travelers diarrhea due to Shigella, primarily Shigella 

dysenteriae type 1 and Shigella flexneri [58]. Emerging resistance to fluoroquinolones such as 

ciprofloxacin has been studied in several bacteria, such as in Staphylococcus aureus, 

Streptococcus pneumoniae, Pseudomonas aeruginosa, and Mycobacterium tuberculosis [61]. 

Fluoroquinolones are one of the most commonly prescribed classes of antibacterials in the world 

and are used to treat a variety of bacterial infections in humans [62]. These agents generally 

consist of a 1-substituted-1, 4-dihydro-4-oxopyridine-3-carboxylic acid moiety combined with an 

aromatic or hetero-aromatic ring fused at the 5- and 6-positions [63]. They interact with 2 

bacterial targets, the related enzymes DNA Gyrase A (GyrA) and topoisomerase IV (ParC), both 

of which are involved in DNA replication [64]. Fluoroquinolones form complexes of these 

enzymes with DNA, complexes that block movement of the DNA-replication fork and thereby 

inhibit DNA replication. DNA gyrase is the only bacterial enzyme that introduces negative 

superhelical twists into DNA, which is responsible for initiation of DNA replication [65]. 

Removal of  positive superhelical twists that accumulate ahead of the replication fork or as a 

result of the transcription of certain genes is also facilitated by DNA Gyrase [65, 66]. 

Fluoroquinolones inhibit enzymes by stabilizing the DNA-DNA gyrase complex [64, 67], 

causing formerly reversible DNA-enzyme complexes to become irreversible due to inhibition of 

replication fork movement [68]. Damage to DNA and the generation of DNA-strand breaks then 
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trigger a set of events, as yet poorly defined, that follow the rapid inhibition of DNA synthesis 

and result in eventual cell death [66, 67]. Topological stress that arises from the translocation of 

transcription and replication complexes along DNA is relieved by DNA gyrase; wheras 

topoisomerase IV (ParC) being a decatenating enzyme resolves interlinked daughter 

chromosomes following DNA replication [69]. In last few years, large numbers of studies related 

to resistance mechanism have been reported, but structural level analysis revealing the mode of 

interaction of GyrA and ParC with fluoroquinolones yet needs to be explored. A study reported 

structural insights into the fluoroquinolone resistance mechanism of Mycobacterium tuberculosis 

DNA gyrase at atomic level [70]. This analyzed the functional, biophysical and structural studies 

of the two individual domains constituting the catalytic DNA gyrase and thus identified original 

mechanistic properties of quinolone binding that represent relationships between amino acid 

mutations and resistance phenotype [70]. Due to its ability to control the topological state of 

DNA molecule during replication process [71], DNA gyrase plays a significant role in survival 

of Shigella flexneri . In some of the bacteria like Shigella flexneri, Escherichia coli etc., DNA 

gyrase acts as the primary target for quinolones [72]. Therefore, it is a suitable candidate to study 

the effect of mutations on quinolone resistance. 
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ABSTRACT 

Diarrhea occurs world-wide and is most commonly caused by gastrointestinal infections 

which kill around 1.7 billion people globally each year, mostly children in developing 

countries. We describe here dbDiarrhea, which is currently the most comprehensive catalog 

of proteins implicated in the pathogenesis of diarrhea caused by major bacterial, viral and 

parasitic species. The current release of the database houses 820 proteins gleaned through an 

extensive and critical survey of research articles from PubMed. The major contributors to this 

compendium of proteins are Escherichia coli and Salmonella enterica. These proteins are 

classified into different categories such as Type III secretion system effectors, Type III 

secretion system components, and Pathogen proteins.  There is another complementary 

module called „Host proteins‟. dbDiarrhea also serves as a repository of the research articles 

describing 1) trials of subunit and whole organism vaccines 2) high-throughput screening of 

Type III secretion system inhibitors and 3) diagnostic assays, for various diarrheal pathogens. 

The database is web accessible through an intuitive user interface that allows querying 

proteins and research articles for different organism, keywords and accession number. 

Besides providing the search facility through browsing, the database supports sequence 

similarity search with the BLAST tool. With the rapidly burgeoning global burden of the 

diarrhea, we anticipate that this database would serve as a source of useful information for 

furthering research on diarrhea. The database can be freely accessed at 

http://www.juit.ac.in/attachments/dbdiarrhea/diarrhea_home.html. 

 

2.1 INTRODUCTION 

Diarrhea is an increase in the frequency of bowel movements or a decrease in the form of stool. 

Diarrhea is a neglected tropical disease despite being a global scourge and international health 

challenge. Diarrhea exacts large tolls of morbidity and mortality among all age groups and is 

particularly endemic in developing countries. It causes about 1.7 billion deaths worldwide [1]. 

Diarrheal disease is the leading infectious cause of childhood morbidity and mortality [2] and is 

responsible for killing around 7,60,000 children every year [1].  

The most diarrhea episodes are self limiting and dehydration can usually be controlled with oral 

rehydration therapy [3, 4], which  is the key to management of acute watery diarrhea, whereas 
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antimicrobial agents are indicated for acute invasive diarrhea, particularly shigellosis and 

amebiasis to reduce the duration of the disease. Though current treatments for diarrhea have 

made significant strides in reducing deaths, the associated contraindications coupled with 

escalating resistance of pathogens to existing anti-microbial agents [5, 6] have underscored the 

need for the search of more effective drugs and novel vaccine candidates. Understanding the 

burden of pathogen specific diarrheal disease and the variation by region is important for 

planning effective control programs for the overall reduction of diarrhea disease among persons 

of all ages [3]. This warrants increased attention and directed research efforts toward 

understanding the diarrheagenic mechanisms of different pathogens. In furtherance of this goal, 

we have developed dbDiarrhea to serve as a central compendium of the critical protein players 

central to the etiology of diarrheal diseases. It also houses research articles related to vaccine and 

diagnostic trials for various diarrheal pathogens. 

2.2 METHODOLOGY 

2.2.1 Construction and Architecture of the Database 

The database entries were manually curated by thoroughly searching research articles from 

PubMed as well as proteins from Uniprot, T3SEdb and GenBank using various keywords like 

„diarrhea‟, „cholera‟ and the names of various diarrheal pathogens (Figure 2.1).  

This search was carried out by exploring the articles available in PubMed published during the 

period from 1990 to 2012. The result page showed a number of articles which were then filtered 

out to retrieve the relevant data with respect to each diarrheal pathogen and proteins involved in 

the pathogenesis. This was followed by the inclusion of additional information about the 

corresponding protein, Pfam domain using Pfam [7] database, functions and PDB identifiers 

wherever available. The complete protein information was extracted from GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/) database and the related protein structure information 

from the PDB [8] database.  Each protein was assigned to one of the following functional 

categories: adhesin, invasin, toxin, signal transduction, transporter, proteases and iron acquisition 

system protein. The information regarding T3SS effectors was retrieved from T3SEdb [9] 

database using in-house PERL script. Few reports have also indicated that T3SS inhibitors have 

the potential to be developed into novel antibacterial therapeutics [10, 11]. In this context, it was 

tenable to include proteins for Type III secretion system (T3SS) effectors and T3SS components. 
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These were retrieved from PubMed as well as the T3SEdb database [9] The database has been 

compiled through an extensive and thorough survey of the literature to include all the 

information available till date. The database can be easily updated by limiting the search using 

publication date using the „Limits‟ option in NCBI. 

The assembled proteins were categorized into different modules including module I called 

„Pathogen Proteins‟. In complementation to this is module II called „Host Proteins‟ which refer 

to the human proteins involved in diarrhea infection. The modules III and IV include T3SS 

components and effectors respectively. 

The modules V, VI and VII entail the studies describing (1) vaccine trials for whole organism as 

well as subunit vaccines. These vaccine candidates are also compared with the other vaccine 

databases such as VIOLIN [12] and it was found that many candidate strains such as SC599, 

WRSS1, WRSs2, and WRSs3 from Shigella sp. and 116E, MMU18006 from Rotavirus and 

many more are present in dbDiarrhea but untouched in VIOLIN and also VIOLIN doesn‟t cover 

the pathogens like Clostridium difficile and Norovirus which are the part of dbDiarrhea. 

Moreover, dbDiarrhea is focused only on the diarrheal pathogens but this is not the case with 

other databases that constitutes other pathogens also. (2) high-throughput screening of Type III 

secretion system inhibitors and (3) diagnostic assays respectively, for various diarrheal 

pathogens. Tables 2.1 to 2.3 enumerate the distribution of the proteins and research articles for 

different organisms in every module. Each entry in the modules I, II, V, VI and VII is linked to 

PubMed records corroborating the significance of the protein/vaccine strain in the context of 

diarrhea. 
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Figure 2.1 dbDiarrhea database schema. The protein sequences were collected by keyword 

search from different databases including PubMed, Uniprot, T3SEdb and GenBank. Value 

addition included the incorporation of Gene ID, PubMed ID, PDB, protein accession numbers, 

Pfam domain and homologs. The database includes modules containing proteins and research 

articles respectively. The proteins are grouped into four categories: Pathogen Proteins, Host 

Proteins, Type III secretion system (T3SS) components and T3SS effectors. The research articles 

include those covering vaccine trials, diagnostic assays and T3SS inhibitor studies 

.Table 2.1  Organism-wise distribution of proteins in the database 

 

 

 

 

 

 

 

Organism  

Number of Proteins in the 

database 

Escherichia coli 421 

Shigella flexneri   88 

Shigella dysenteriae     5 

Shigella boydii     3 

Shigella sonnei     3 

Salmonella enteric 162 

Yersinia enterocolitica 

Cryptosporidium 

  34 

    2 

Vibrio cholerae 

Vibrio parahaemolyticus 

Aeromonas hydrophila 

Rotavirus 

Campylobacter jejuni 

Clostridium difficile         

  27 

  16 

    7 

  20 

25 

    7 

 Total number of proteins           820 
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Table 2.2  Category-wise distribution of proteins in the database 

                                                           Categories 

 

        Organisms       Pathogen Proteins     Host proteins        T3SS Components    T3SS  Effectors 

 

   

Escherichia coli 72 142 5 202 

Shigella flexneri 19   32 21   16 

Shigella dysenteriae   2     0 0 3 

Shigella boydii   1     0 0 2 

Shigella sonnei   0     0 0 3 

Yersinia enterocolitica   5     0 13 16 

Salmonella enterica 46     0 2 114 

Cryptosporidium parvum                     2     0 0     0 

Vibrio cholerae  27     0 0     0  

Vibrio parahaemolyticus  12     0 0     4 

Aeromonas hydrophila    3     0 0     4 

Rotavirus    6   14 0     0 

Campylobacter jejuni                     25     0 0     0 

Clostridium difficile    7     0 0     0 
 

Total                                      227                       188                          41                        364    
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Table 2.3 List of total number of articles in the database describing vaccines candidates, Type 

Three Secretion System Inhibitors and Diagnostic assays, for various diarrheal pathogens present 

in the database 

 

dbDiarrhea is implemented as a MySQL database, which is connected to the HTML front-end 

through PHP using Microsoft IIS web server (Figure 2.2). 

 

 

 

           Organisms                Live attenuated                    Subunit vaccines              T3SS  inhibitors       Diagnostic assays 

                                    No. of   Strains    No. of        No. of   Strains    No. of            No. of articles        No. of articles 

                                                               References                           References     

Escherichia coli 25 46 20 27 18 43 

Shigella dysenteriae 4 4 0 0 0 7 

Shigella flexneri 10 10 4 4 3 0 

Shigella sonnei 5 5 0 0 0 0 

Salmonella enterica 4 4 1 1 9 14 

Salmonella typhimurium             15 15 8 8 0 0 

Yersinia enterocolitica 1 1 0 0 9 6 

Campylobacter jejuni                    1 1 2 5 0 5 

Clostridium difficile         0 0 8 11 0 5 

Vibrio cholerae 24 39 13 20 0 6 

Vibrio parahaemolyticus 0 0 0 0 0 2 

Rotavirus 11 19 2 2 0 14 

Norovirus 0 0 2 3 0 10 

Aeromonas hydrophila                            0 0 0 0 0 0 

Cryptosporidium                       0 0 0 0 0 3 

Entamoeba histolytica 0 0 0 0 0 3 

Giardia lamblia 0 0 0 0 0 1 
 

   Total                                         100            146              6 0                       81                       39                       119 
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           Figure 2.2 Snapshot of the database: dbDiarrhea. 

2.3 RESULTS AND DISCUSSIONS 

dbDiarrhea is the first web-based database that collects and compares diverse types of 

information about the virulence factors of multiple diarrheal pathogens. The database is openly 

accessible at http://www.juit.ac.in/attachments/dbdiarrhea/diarrhea_home.html. A user-friendly 

interface allows easy browsing and querying of information in various ways. The web query 

form allows users to selectively retrieve records from any module or functional category, for a 
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single or multiple species tabulating brief information for every protein or vaccine trial as shown 

in Figure 2.3. 

 

 

Figure 2.3 Snapshot of the search page of dbDiarrhea 

The hyperlinks to each record further consolidate information on gene, protein, sequence and 

structure wherever available. The database may be queried with user-defined keywords, 

accession numbers and/or organism name. dbDiarrhea is integrated with BLAST (Basic Local 

Alignment Search Tool)  [13] to provide sequence similarity search. Thus dbDiarrhea allows a 

researcher to identify the key players in the pathogenesis of diarrhea and search for the effective 

drugs and novel vaccine candidates. It would allow comparative analysis between different 

species, e.g. a protein responsible for diarrheal pathogenesis from one species like Shigella 
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dysenteriae might be closely related to some other pathogen protein whose function is not yet 

deciphered. 

Many proteins in the database represent potential drug targets. The database enlists the PDB 

codes for the ones with solved three dimensional structures; for those with hitherto unsolved 

structures, we have modeled the eight proteins (aer, afa1, CDT-I, csgC, hlyA, paa, ssph1, Trh 

and Trk) using the Modeller module of Discovery Studio version 3.5 [14]. These models have 

also been uploaded on the web server. The accuracy of these models was validated using 

Ramachandran plot where the models with >98% residues in the allowed regions were selected 

as the final models. These models may be utilized by the user for the virtual screening of these 

models against compound libraries. 

In future, dbDiarrhea will continue to be updated and refined with increased data so as to make it 

more worthwhile for the general users and also for the researchers working in this field. 

2.4  CONCLUSION 

The proteins in the database represent potential drug targets and/or vaccine candidates against 

the principal causal agents of diarrhea; some of these have already shown promise while others 

are still undergoing experimental investigation and many remain to be explored. We believe that 

this database will provide useful information portal for researchers working on diarrhea and 

various diarrheal diseases to translate the currently available knowhow into novel management 

and intervention strategies. 
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ABSTRACT 

The growth and spread of drug resistance in bacteria have been well established in both mankind 

and beasts and thus is a serious public health concern. Due to the increasing problem of drug 

resistance, control of infectious diseases like diarrhea, pneumonia etc. is becoming more 

difficult. Hence, it is crucial to understand the underlying mechanism of drug resistance 

mechanism and devising novel solution to address this problem. Multidrug And Toxin Extrusion 

(MATE) proteins, first characterized as bacterial drug transporters, are present in almost all 

species. It plays a very important function in the secretion of cationic drugs across the cell 

membrane. In this work, we propose SVM based method for prediction of MATE proteins. The 

data set employed for training consists of 189 non-redundant protein sequences, that are further 

classified as positive (63 sequences) set comprising of sequences from MATE family, and 

negative (126 sequences) set having protein sequences from other transporters families proteins 

and random protein sequences taken from NCBI while in the test set, there are 120 protein 

sequences in all (8 in positive and 112 in negative set). The model was derived using Position 

Specific Scoring Matrix (PSSM) composition and achieved an overall accuracy 92.06%. The 

five-fold cross validation was used to optimize SVM parameter and select the best model. The 

prediction algorithm presented here is implemented as a freely available web server MATEpred, 

which will assist in rapid identification of MATE proteins. 

3.1 INTRODUCTION 

Multidrug efflux is an important mechanism of biocide and antimicrobial agent resistance in 

bacteria. They have been divided into various groups, which include the Major Facilitator Super 

(MFS) family, the Small Multidrug Resistance (SMR) family, the Resistance Nodulation and 

Cell Division (RND) family, the ATP Binding Cassette (ABC) family, and the Multidrug And 

Toxin Extrusion (MATE) family [1]. Multidrug and Toxin Extrusion (MATE) proteins form a 

class of proteins that acts as drug and proton antiporters. MATE family members are organic 

cation exporters that excrete metabolic or xenobiotic organic cations from the body [2].  

Multidrug And Toxin Extrusion proteins are mediating the excretion of several antimicrobial 

drugs as well as other organic compounds into bile and urine, thereby contributing to drug 

disposition [3]. MATE family transporters are conserved in the three pinion domains of life 

(Archaea, Bacteria and Eukarya), and export xenobiotics using an electrochemical exchange of 
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H+ or Na+ across the tissue layer. Transporter proteins from the MATE family are vital in 

metabolite transport in plants, directly affecting crop yields worldwide. MATE transporters also 

mediate Multi Drug Resistance (MDR) in bacteria and mammals, modulating the efficacy of 

many pharmaceutical drugs used in the treatment of a variety of diseases [4]. The first MATE 

transporter NorM from V. parahaemolyticus and its homologue YdhE from Escherichia coli 

were identified in 1998 [5]. The X-ray structure of the MATE transporter NorM revealed a 

unique topology of the predicted 12 transmembrane helices which is a distinctive feature from 

any other known Multi Drug Resistance (MDR) transporter [4]. As reported MATE proteins play 

major role in conferring resistance to multidrug in several pathogenic bacteria, it is therefore 

important to enhance our understanding of the role of MATEs in drug extrusion and to identify 

these proteins at a faster pace. Owing to the time limit and cost of experiments, there is a demand 

to have computational methods to rapidly examine and interpret relevant data 

3.2 METHODOLOGY  

3.2.1 Datasets Generated for Training 

MATE proteins (assigned as positive set) and all other types of proteins (assigned as negative 

set) were collected through a broad and critical study of research articles from PubMed. Using 

CD-HIT (http://weizhong-lab.ucsd.edu/cd-hit/) [6] program the redundancy in both the sets was 

scaled down to 40%. So we had two datasets positive and negative, each comprising of 63 and 

126 sequences, respectively. 

3.2.2 Benchmark Datasets for Testing  

For checking the efficiency of the SVM model generated, its performance was tested on 

independent datasets consisting of 8 positive sequences and 112 negative sequences, obtained 

after scaling down its redundancy to 40% against NR database.  

3.2.3 ANN and SNNS 

The Artificial Neural Network (ANN) consists of nodes or neurons that receive signals through 

interconnecting arcs [7]. Signals are passed between neurons through connection links which 

carry an associated weight [8] as shown in (Figure 3.1). These neurons are organized in input, 

hidden and output layers. Each neuron applies an activation function to its net input to determine 

it output signal. 



Chapter 3 
 

TAMANNA Ph.D Thesis, Jaypee University of Information Technology, 2017 42 

 

 

Figure 3.1  Basic Artificial Neural Network[9]. 

ANN was implemented using Stuttgart Neural Network Simulator (http://www.ra.cs.uni-

tuebingen.de/SNNS/), SNNS version 4. The feed-forward back propagation type of neural 

networks was trained on different protein features. The number of hidden nodes, weights, 

number of cycles and other learning parameters were optimized for each network. The output 

unit consisted of target value 1 or -1, referring to positives and negatives respectively. The final 

number of cycles was determined where the Sum of Squared Error function (SSE) was the least. 

3.2.4 SVM Algorithm 

Support Vector Machine (SVM) is a supervised machine learning method first introduced by 

Vapnik in 1995 [10]. Support Vector Machines are based on the concept of decision planes that 

define decision boundaries. A decision plane is one that separates between a set of objects having 

different class memberships.  

Figure 3.2 shows the basic idea behind Support Vector Machines. Here the original objects (left 

side of the schematic) mapped, i.e., rearranged, using a set of mathematical functions, known as 

kernels. The process of rearranging the objects is known as mapping. The mapped objects (right 

side of the schematic) is linearly separable and, thus, instead of constructing the complex curve 
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(left schematic), an optimal line is to be found that can separate the GREEN and the RED 

objects. 

 

 

Figure 3.2 Schematic respresentation of Support vector machine  

SVM in combination with kernel functions is used to map input data to some vector space. In 

order to avoid over fitting, SVM then finds a hyperplane separating the positive data from the 

negative ones in high dimensional space[11]. 

SVM in this approach was implemented using LibSVM package 

(http://www.csie.ntu.edu.tw/~cjlin/libsvm/) [12] which allows us to optimize a number of 

parameters [13] and to use kernels (e.g. linear, polynomial, radial basis function, sigmoid ) for 

obtaining the best hyperplane [14]. LIBSVM supports various SVM formulations for 

classification, regression, and distribution estimation [15]. In this study Radial Basis Function 

(RBF) kernel was used. This kernel nonlinearly maps sample into high dimensional space so it, 

unlike the linear kernel can handle the case when the relation between the class labels and 

attributes is non linear [12].  

3.2.5 Five-Fold Cross Validation 

For evaluating the performance of modules generated in this study, we used five-fold cross 

validation in which the data is first partitioned into 5 equal sized datasets. Later, five iterations of 

training and validation are done such that within each iteration, a different fold of the data is 

held-out for validation while the remaining four folds are used for learning [16]. Several 

performance measures were then applied to evaluate the best parameters (γ and C) and then 

averaged to bring forth an overall assessment of the model [8]. 
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3.2.6 Performance Measures  

Applying the following equations accuracy, sensitivity, specificity and Matthew Correlation 

Coefficient (MCC) were calculated for evaluating the performance of SVM classifiers: 

1) Sensitivity: It is determined as the percentage of MATE that is correctly predicted as MATE. 

 

2) Specificity: It is the percentage of non-MATE that is correctly predicted as non-MATE. 

 

3) Accuracy: It is the percentage of correct predictions out of the total number of predictions. 

 

4) Matthews correlation coefficient (MCC): It is a measure of both sensitivity and specificity. 

MCC = 0 is the indication of completely random prediction, while MCC = 1 indicates perfect 

prediction. 

 

5) F-score: It is the harmonic mean of precision and recall. The best value for F-score is 1 and 

worst score is 0.  

 

 

 

3.2.7 Feature Selection 

3.2.7.1 Composition based SVM classifiers 

a) Amino Acid Composition (AAC): It is the fraction of each of the 20 amino acids present in 

a protein sequence and generates an input vector of 20 dimensions. 

b) Dipeptide Composition (DPC): It is the fraction of a dipeptide divided by the total number 

of possible dipeptides and gives information in the form of 400 dimensions (20*20). 
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c) Charge Composition (CC): It is the fraction of charged amino acids divided by the total 

length of the protein.  The fractions of positively and negatively charged amino acids yields a 

fixed length input vector of 20 dimensions. 

d) Hydrophobicity Composition (HC): Based on their hydrophobicity properties, the amino 

acids may be classified into five groups [17].  Moments of the positions of the five groups 

were calculated using the formula as below with r varying from 2 to 5. This yields a fixed 

length input vector of 25 dimensions. 

 

Where Xm = mean of all positions of hydrophobic amino acids, Xm = Xi/N;  

Xi =  position of i
th

 hydrophobic amino acid and N =  total number of hydrophobic amino 

acids in the sequence [14]. 

e) Multiplet Composition (MPC): Multiplets are homopolymers (Y) n and yield an input 

vector of 20-dimensions. 

Where, Y is any amino acid repeated n times with n≥2. 

f) Position Specific Scoring Matrix (PSSM) profile 

A Position Specific Scoring Matrix (PSSM) is a table that contains probability information of 

amino acids or nucleotides at each spot of an ungapped multiple sequence alignment. In such a 

table, the rows represent residue positions of a particular multiple alignment and the columns 

represent the names of residues or vice versa. The values in the table represent log odds scores of 

the residues calculated from the multiple alignments. PSSM consists of a set of 20 substitution 

scores at each position along the motif—one for each of the amino acids, thus generating an 

input vector of 400 dimensions. In this case, PSI-BLAST iterative search was performed against 

the non-redundant NCBI database, with a cut-off E-value of 0.001. In each of the 3 iterations, a 

profile or PSSM (Position Specific Scoring Matrix) is generated from a multiple alignment of the 

high scoring hits by calculating position specific scores for each position in alignments. After 

three iterations, PSI-BLAST generates a PSSM having the highest score. Sigmoid function ( f(x) 

=1/1+e
-x

) was used to normalize each element of the PSSM matrix whereby each element f(x) 

was scaled to a range of 0-1. 
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 To make a SVM input of fixed length, we summed up all the rows in the PSSM corresponding 

to the same amino acid in the sequence, followed by division of each element by the length of 

the sequence. The steps followed to generate PSSM matrix with 400 dimensions is shown in 

Figure 3.3 [18]. Position-Specific Iterated BLAST (PSI-BLAST) provides an automated facility 

for constructing, refining, and searching PSSMs. 

 

Figure 3.3 The steps used to convert PSSM profiles generated by PSI-BLAST into a training 

vector of 400 dimensions [18]. 
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3.2.8 Flowcharts of the Experimental Procedure 

a) Artificial Neural Network (ANN) based Approach 
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b)  Support Vector Machine (SVM) based Approach 
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3.2.9 ROC Plot 

LibSVM package was used to obtain the Receiver Operating Characteristic (ROC) plot for the 

SVM classifier developed in the study. 

3.3  RESULTS AND DISCUSSION 

3.3.1 Performance of ANN Based Networks 

Different compositional features i.e .Amino Acid Composition (AAC), Dipeptide Composition 

(DPC), Charge Composition (CC), Hydrophobicity Composition (HC), Multiplet Composition 

(MPC) and Position-Specific Scoring Matrix (PSSM) were extracted from the positive and 

negative dataset sequences. Different ANNs were generated for the different types of features, 

while optimizing the learning parameters including activation function, number of hidden 

neurons, learning rate etc. The approach was to keep the number of hidden neurons and the 

number of training cycles as low as possible while simultaneously achieving good accuracies in 

threefold cross-validation. The training was carried out for different cycles and learning 

terminated when SSE (Sum of Squared Errors) was minimum. Random weights were used for 

initializing the network and Standard Backpropagation algorithm was used to minimize the 

differences between the computed output and the target value. The best ANN for each feature are 

described below and tabulated in Table 3.1. 

Table 3.1 Performance of ANN classifiers in threefold CV 

Network Threshold Accuracy (%) Specificity (%) Sensitivity (%) MCC 

AAC 0.4 84.45 99.20 64.90476 0.705 

DPC 0.4 39.80 76.56 12.98 -0.051 

CC 0.9 54.08 56.34 38.09 -0.053 

HC 0.1 59.5 61.9 42.83 0.045 

MC 0.9 76.16 32.5 84.12 0.177 

PSSM 0.3 78.63 67.46 66.67 0.324 

3.3.2 Performance of Alignment Based Techniques 

In total 100 MATE sequences were collected through extensive survey of research articles from 

PubMed. Pfam and BLAST analysis were then performed on these protein sequences. The Pfam 

database contains one Pfam domain „MatE‟ having Pfam ID PF01554.13 and it was found that 
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only 27 proteins out of the 100 MATE protein sequences showed presence of this Pfam domain. 

Position Specific Iterated (PSI) BLAST was also performed on a positive dataset comprising of 

63 MATE protein sequence in a Leave-One-Out-Cross Validation (LOO CV) manner where 

once each sequence was used as the query sequence while the rest were used as the reference 

database at a threshold of 0.001. This process was repeated over each sequence present in a 

positive dataset. It was found that 21 sequences did not find any significant hit. As none of these 

similarity based search methods were sufficient to identify all the MATE proteins, therefore we 

explored SVM approach on various protein features for identification of MATE proteins.  

3.3.3 Performance of Composition based SVM classifiers 

Fivefold cross validation of Amino Acid Composition (AAC), Dipeptide Composition (DPC), 

Charge Composition (CC), Hydrophobicity Composition (HC), Multiplet Composition (MPC) 

and Position-Specific Scoring Matrix (PSSM) was performed and all were trained using the 

Radial Basis Function (RBF) kernel. The kernel function was then optimized to obtain the best C 

and γ corresponding to the highest values of sensitivity, specificity and accuracy. 

 It was found that the Charge Composition (CC) model has an accuracy of 78.84%, 85.71% with 

Dipeptide Composition (DPC) and 65.08% with Multiplet Composition (MPC) based model. 

The Amino Acid Composition (AAC) model was found to exhibit over-fitting as it performed 

remarkably well (accuracy = 90.47%) in cross validation, but failed to perform well in testing set 

(accuracy = 50%). This suggests that amino acid composition used as an independent property is 

not enough to discriminate between MATE and non-MATE proteins. 

3.3.4 Performance of Hybrid SVM Models 

To enhance the prediction accuracy, we further developed several hybrid models with the 

combination of features. We obtained an accuracy of 72.75% with CH (hybrid of Charge and 

Hydrophobicity) based, 82.53% with DCP (hybrid of Dipeptide, Charge and PSSM) based and 

74.60% with ACP (hybrid of Amino acid, Charge and PSSM) based model. But all of these 

hybrid models failed to perform well on independent test sets. 

3.3.5 Performance of PSSM Profile Based SVM Classifier 

PSSM profiles generated using PSI-BLAST provides valuable information about conserved 

residues present within the protein sequence. PSSM profiles for the training set sequences were 
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generated by performing the PSI-BLAST search against NR database. We employed PSSM 

profiles as a feature for training SVM. It was scaled between 0-1 and normalized using logistic 

function. This model was best among all the models and yielded an accuracy of 92.06%, with the 

sensitivity and specificity of 100% and 89.42% respectively along with an MCC of 0.82 and F-

score of 0.83632 (Table 3.2) in 5-fold cross validation. 

Table 3.2 Performance of different SVM classifiers in Five-Fold CV (Where SN- Sensitivity, 

SP- Specificity and MCC- Matthews correlation coefficient). 

 

3.3.6 Performance on benchmarking datasets 

Table 3.3 represents prediction results of the SVM model on a benchmark dataset yielding an 

overall accuracy of 72.22%. 

Table 3.3  Performance on Benchmark DatasetsCV (Where SN- Sensitivity, SP- Specificity and 

MCC- Matthews correlation coefficient). 

Model SN (%) SP (%) Accuracy (%) MCC F-score 

PSSM 100 89.4 92.5 0.6772 0.6677 

 

3.3.7 Receiver Operating Characteristic (ROC) Plot 

To evaluate the performance of the best model the ROC curve was used which shows the trade-

off between true positive rate (sensitivity) and false positive rate (specificity) over their entire 

Model C γ SN (%) SP (%) Accuracy (%) MCC F-score 

AAC 5 0.06 73.02 99.92 90.47 0.78765 0.83632 

DPC 4 0.01 68.25 94.44 85.71 0.67006 0.76111 

CC 30 0.1 48.43 94.4 78.84 0.50581 0.60784 

MPC 20 0.25 47.62 73.81 65.08 0.21428 0.25806 

CH 25 0.9 27.34 96 72.75 0.34112 0.40462 

ACP 10 5 76.8 89.09 74.60 0.65548 0.76042 

DCP 2 6 73.68 86.36 82.53 0.59204 0.717794 

PSSM 13 0.01 100 89.42 92.06 0.82436 0.86301 
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range of possible values. The PSSM classifier had Area Under Curve (AUC) of 0.865 (Figure 

3.3). This analysis confirmed the efficacy of the model. 

 

Figure 3.3 ROC curve of PSSM classifiers: ROC plot depicts relative trade-offs between true 

positive and false positives. 

3.3.8 Web Implementation 

The SVM classifier presented in this study is implemented as a freely available web tool 

'MATEpred' to predict MATE proteins.  The tool is openly accessible at 

http://www.bioinformatics.org/matepred_hos (Figure 3.4) and connected to the HTML front-end 

through PHP using the Apache web server.  
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Figure 3.4 Snapshot of the prediction tool Matepred. 

The prediction is made using PSSM classifier. The server accepts protein sequence in FASTA 

format as an input. The output is sent back to the user through e-mail which gives sequence 

number, predicted score and decision of the model as shown in Figure 3.5. 

 

Figure 3.5 Results from MATEPred. 
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3.3.9 Application of MATEpred 

Vibrio parahaemolyticus and Shigella are two of major contributors in the epidemiology of 

diarrhea. We used the PSSM model to scan the proteomes of these organisms for the presence of 

MATE proteins. Initially, the model reported eight and sixteen positives for each of these 

species, respectively. Out of these predicted MATEs, seven proteins from Vibrio 

parahaemolyticus (Accession no. O82855, Q87FN2, Q87IY5, Q87HE9, Q87MO9, Q87FV4, and 

Q87QD3) (Table 3.4) and one protein from Shigella (Accession no Q323U7) (Table 3.5) are 

having 12 transmembrane helices predicted using HMMTOP [19] server. These were assigned as 

„MATE-like‟ proteins that could be investigated for their role in drug resistance  [14]. We also 

analyzed for the presence of Pfam and PROSITE which suggested that out of seven proteins, 

four proteins from Vibrio (Q87FN2, Q87HE9, Q87FV4, and Q87QD3) (Table 3.6 and 3.8) and 

one from Shigella (Q323U7) [Table 3.7 and 3.9] are the members of MFS family, and two more 

proteins from Vibrio (O82855 and Q87MO9) (Table 3.6) belongs to matE family, hence these 

represent potential MATE proteins. Out of the total predicted positives, there were some false 

positives also. We also performed BLAST [20] analysis for the predicted proteins against 

positive dataset employed for training and it was found that five proteins from Vibrio (O82855, 

Q87IY5, Q87HE9, Q87MO9 and Q87FV4) and one from Shigella (Q323U7) showed significant 

sequence similarity with the known MATE proteins. From all these analyses, it was observed 

that out of the total predicted proteins, two proteins from Vibrio with Accession number 

(O82855, Q87MO9) are MATE family proteins while two others with Accession numbers 

(Q87HE9 and Q87FV4) from Vibrio and one from Shigella (Q323U7) are the potential MATE 

candidates that can be further taken for experimental verification to study their role in drug 

resistance. 
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Table 3.4 Transmembrane regions of predicted proteins from Vibrio parahaemolyticus. 

Sr. No  Accession 

No  

Protein Name  Transmembrane 

Helices  

 Transmembrane 

Region  

1  O82855  Multidrug resistance 

protein NorM 

12  17-36, 49-70, 91-107, 120-

143, 160-179, 194-213, 244-

262, 275-296, 317-334, 349-

369, 390-406, 419-437  

2  Q87FN2  Multidrug resistance 

protein D 

12  9-28, 45-62, 75-92, 99-118, 

131-155, 164-182, 213-237, 

250-267, 280-297, 302-321, 

334-357, 364-383  

3  Q87IY5  Multidrug efflux 

membrane fusion 

protein 

12  12-31, 342-361, 368-387, 

396-415, 446-465, 474-498, 

535-554, 866-887, 894-917, 

926-943, 974-993, 1002-

1026  

4  Q87HE9  Multidrug resistance 

protein E  

12  7-24, 45-62, 71-88, 101-118, 

131-148, 161-178, 209-227, 

240-257, 270-287, 300-318, 

331-348, 353-370  

5  Q87MO9  Multidrug resistance 

protein  

12  12-34, 43-65, 86-109, 130-

149, 158-179, 188-210, 231-

250, 263-286, 311-330, 349-

373, 382-400, 409-428  
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6 Q87FV4 Multidrug resistance 

protein MdtL  

12 6-25, 40-59, 70-88, 97-116, 

129-152, 159-178, 211-235, 

244-263, 270-289, 298-317, 

330-354, 361-380 

7  Q87QD3  Multidrug resistance 

protein  

12  25-44, 59-82, 95-113, 124-

141, 154-171, 184-203, 234-

258, 269-288, 303-320, 327-

350, 363-382, 391-409 

 

Table 3.5  Transmembrane regions of predicted proteins from Shigella boydii 

Sr. No Accession No Protein Name Transmembrane 

Helices 

Transmembrane Region 

1 Q323U7 Multidrug 

transporter MdfA 

12 17-36, 53-72, 85-102, 113-

130, 143-162, 171-188, 221-

240, 257-275, 288-307, 316-

335, 348-365, 382-399 

 

Table 3.6  Pfam results for Vibrio parahaemolyticus 

Sr. 

No 

Accession 

No. 

Protein Name Family Description 

1 O82855 Multidrug resistance protein NorM MatE MatE 

2 Q87FN2 Multidrug resistance protein D MFS_1 Major Facilitator 

Superfamily 

3 Q87IY5 Multidrug efflux membrane fusion ACR_tran AcrB/AcrD/AcrF family 
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protein 

4 Q87HE9 Multidrug resistance protein E MFS_1 Major Facilitator 

Superfamily 

5 Q87MO9 Multidrug resistance protein MatE MatE 

6 Q87FV4 Multidrug resistance protein MdtL MFS_1 Major Facilitator 

Superfamily 

7 Q87QD3 Multidrug resistance protein MFS_1 Major Facilitator 

Superfamily 

 

Table 3.7Pfam results for Shigella boydii 

Sr. No  Accession No.  Protein Name  Family  Description  

1  Q323U7  Multidrug 

transporter MdfA  

MFS_1  Major Facilitator 

Superfamily  

 

Table 3.8 PROSITE Results for Vibrio parahaemolyticus 

Sr. 

No 

Accession 

No. 

Protein Name PROSITE 

ID 

FAMILY 

1 O82855 Multidrug resistance protein NorM PS50156 MATE 

2 Q87FN2 Multidrug efflux membrane fusion 

protein 

PS50850 MFS 

3 Q87HE9 Multidrug resistance protein PS50850 MFS 

4 Q87FV4 Multidrug resistance protein MdtL PS50850 MFS 

5 Q87QD3 Multidrug resistance protein PS50850 MFS 
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Table 3.9 PROSITE Results for Shigella boydii 

Sr. No  Accession No.  Protein Name  PROSITE ID  Family  

1  Q323U7  Multidrug 

transporter MdfA  

PS50850  MFS  

 

3.4 CONCLUSION 

MATEpred efficiently distinguishes MATE sequences from non-MATE sequences on the basis 

of PSSM profile. In future, MATEpred will continue to be updated with the inclusion of 

additional MATE sequences, which will further enhance the efficiency of MATEpred. This will 

make it more worthwhile for the general users and also for the researchers working in this field.  
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ABSTRACT  

Traveler’s Diarrhea (TD) is an important public health concern that can result from a variety of 

intestinal pathogens including bacteria, parasites and virus. Large numbers of antibiotics are 

being employed to cure traveler’s diarrhea, but due to widespread use of these antibiotics the 

pathogens are becoming resistant to it. In this work, we performed docking studies of DNA 

gyraseA (GyrA) and topoisomerase IV (ParC) of Shigella flexneri and its mutants with two 

different fluoroquinolones, ciprofloxacin and norfloxacin to understand its resistance mechanism 

at structural level. Shigella flexneri strains with mutations at serine 83 to leucine and aspartic 

acid 87 to glutamate or asparagine of GyrA and that of serine 80 to isoleucine in ParC have 

decreased susceptibility to fluoroquinolones. This analysis has revealed weaker interaction of 

ciprofloxacin/norfloxacin with all the mutants as compared to the wild type. The study highlights 

the importance of aspartic acid and serine in GyrA and that of serine in ParC forming bonds with 

ciprofloxacin/ norfloxacin, which may play a crucial role in antibiotic resistance. The work 

presented here co-relates very well with the experimental outcomes and gives a good explanation 

for fluoroquinolone resistance in Shigella flexneri. 

4.1  INTRODUCTION 

Traveler’s Diarrhea (TD) is an important public health concern. Various pathogens including 

Escherichia coli (ETEC), Salmonellaspp. and Campylobacter have been identified as the 

pathological agents of traveler’s diarrhea (TD), with Shigella spp. being one of the most 

common etiological agents. Several antibiotics such as quinolones (ciprofloxacin, norfloxacin), 

rifaximin and azithromycin were reported to be effective and safe to use against travelers’ 

diarrhea [1] . But it has been found that Shigella spp. acquired resistance to these clinically 

important antibiotics [2]. In the last few years, a dramatic escalation has been seen in the 

antibiotic resistance profile of Shigella spp. [3]. Increased antibiotic resistance is a great 

impediment in control of the traveler’s diarrhea and thus results in greater disease burden 

globally. Fluoroquinolone, one of the most effective second-line drugs are antibacterial 

compounds used to treat various kinds of bacterial infections [4, 5]. Fluoroquinolones, 

ciprofloxacin and norfloxacin have a broad spectrum of antibacterial activity and are used for 

treatment of large number of infectious diseases. But due to widespread use of these antibiotics 

the pathogens are becoming resistant to it. These mainly target DNA gyrase and Topoisomerase 
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IV [6]. DNA gyrase plays an important role in the regulation of DNA topology especially DNA 

super coiling activity DNA gyrase helps in the survival of bacteria inside the host cells. 

Topological stress that arises from the translocation of transcription and replication complexes 

along DNA is relieved by DNA gyrase; wheras topoisomerase IV being a decatenating enzyme 

resolves interlinked daughter chromosomes following DNA replication [7, 8]. Resistance to 

quinolones in DNA gyrase occurs through mutations in the Quinolone Resistance-Determining 

Region (QRDR) [9]. DNA gyrase and topoisomerase IV acts as the target for fluoroquinolones 

[10]. Therefore, these are suitable candidate to study the effect of mutations on fluoroquinolone 

resistance. Emerging resistance to quinolones such as ciprofloxacin has been studied in several 

bacteria, such as in Staphylococcus aureus, Streptococcus pneumoniae, Pseudomonas 

aeruginosa, and Mycobacterium tuberculosis [11]. In last few years, large numbers of studies 

related to resistance mechanism have been reported, but structural level analysis revealing the 

mode of interaction of GyrA and ParC with fluoroquinolones yet needs to be explored. 

A group of researchers working at the National Institute of Health Korea reported 

fluoroquinolone resistant Shigella flexneri isolates from a patient who had travelled to India 
9
.  In 

this study, it was reported that in the susceptibility test of fluoroquinolone family antibiotics, 

Shigella flexneri isolates with some mutations showed resistance to ciprofloxacin, norfloxacin, 

ofloxacin and nalidixic acid whose minimal inhibitory concentrations (MICs) are 8 μg/mL, 32 

μg/mL, 8 μg/mL and 256 μg/mL [5] respectively. These mutations were Ser83→Leu and 

Asp87→Asn in gyrase A and Ser80→Ileu in parC. A third mutation corresponding to 

Asp87→Gly in gyraseA was also reported in another Shigella flexneri isolate from a Korean 

patient [5] . Here, we studied the aforesaid mutations to investigate the resistance mechanism at 

structural level. 

4.2  METHODOLOGY 

The interaction study was carried out using LEADIT v2.1.6 package from BiosolveIT and 

Accelyrs Discovery Studio client 3.5 [12] was used for molecule preparation. 

4.2.1 Ligand Preparation 

The structures of the two ligand molecules ciprofloxacin (Figure 4.1 (A)) and norfloxacin 

(Figure 4.1 (B)) were taken from Pubchem (https://pubchem.ncbi.nlm.nih.gov/) having 
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identification numbers 2476 and 4359, respectively. The ligands were then prepared in 

Discovery Studio [12] and minimized by applying CHARMm force field and saved in MOL2 

format for the further use in docking studies. 

 

A. Ciprofloxacin      B.Norfloxacin 

 Figure 4.1Chemical structures of (A) Ciprofloxacin (CID 2476) and (B) Norfloxacin   (CID 

4539) 

4.2.2 Protein Preparation 

4.2.2.1 Homology Modeling 

The protein sequence of GyrA and ParC from the Shigella flexneri reference strains 2a 

(Accession number CEP59053.1) and 5a (Accession number EID62675.1), Shigella sonnei 

(Accession number CSP72916.1), Shigella boydii (Accession number WP_039060309.1) and 

Shigella dysenteriae (Accession number WP_001281279.1) showed 99% identity with the 

Shigella flexneri isolate used in this study. 

The X-ray crystal structure of the target protein GyrA and ParC of Shigella flexneri was not 

available in the Protein Data Bank (PDB). The sequence of the protein GyrA (Accession number 

WP_001281258.1) and ParC (Accession number KFZ98372.1) from Shigella flexneri was 

retrieved from NCBI protein database (www.ncbi.nlm.nih.gov). The sequence homology of 

Shigellaflexneri DNA gyarse A and Escherichia coli (strain K12) determined using NCBI 

BLAST [13] against the PDB database was about 98%, and that of Shigella flexneri ParC and 

Escherichia coli was 99%, signifying that both the sequences are almost identical. Escherichia 

coliK12 originated form a stool sample of a diarrhea patient had shown susceptibility to various 

drugs such as ampicillin, norfloxacin, ciprofloxacin, nalidix acid and erythromycin [14]. Also, 
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similar mutations at same positions in Escherichia coli GyrA and ParC had conferred resistance 

to two fluoroquinolones, ciprofloxacin and norfloxacin [4, 15, 16]. Therefore, crystal structure of 

Escherichia coli gyrase A (PDB_IDs: 1AB4) and Escherichia coli ParC (PDB_ID: 1ZVU) was 

retrieved from PDB (www.rcsb.org) and used as a template for homology modelling. 

 

Figure 4.2Crystal structure of Escherichia coli used as templateA) Gyrase A  B) parC. 

The protein structure was then modeled using Accelrys Discovery Studio v3.5. The length of the 

protein sequence retrieved after modelling was 875 amino acid residues and 752 amino acid 

residues for GyrA and ParC respectively. The best models chosen according to the lowest values 

of DOPE score were further evaluated using 3D verify (Accelrys Discovery Studio v3.5) [12] 

and ERRAT [17] program. This protein structure was referred in the study as wild type. 

http://www.rcsb.org/
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Figure 4.3Screenshot of the homology modelling performed using Discovery Studio 

4.2.2.2  Mutated Protein Structures 

Amino acid substitution corresponding to the mutation of Ser 83 to Leu and Asp 87 to Gly or 

Asn was introduced in the wild type protein structure of GyrA using Accelrys Discovery Studio 

v3.5 [12]. Since in our study, we had taken only N terminal sequence of Shigella flexneri DNA 

gyrase A so the positions corresponding to mutations Ser 83 and Asp 87 in the modeled wild 

type structure were residues 54 and 58 respectively. Hence two mutated structures were 

generated, one having mutations at Ser 54 to Leu and Asp 58 to Asn and was designated as 

mutant1. The other has mutations Ser 54 to Leu and Asp 58 to Gly and it was designated as 

mutant2. 

Amino acid substitution corresponding to mutation Ser 80 to Ile was introduced in the wild type 

protein structure of ParC using Accelrys Discovery Studio v3.5 [12]. This mutated structure was 

designated as ParC mutant. 
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4.2.2.3  Structure Preparation and Minimization 

The wild and mutated protein structures were then prepared and energy minimized using 

Conjugate Gradient and CHARMm force field with a gradient of 0.1 in Accelrys Discovery 

Studio v3.5. 

4.2.3 Molecular Docking Studies 

After ensuring the correct conformations of protein and ligands, molecular docking of the ligands 

to the wild and mutated structures was performed using BiosolveIT (version 2.1.6) [18] FlexX 

algorithm [19]. The binding site consists of 40 amino acids starting from 31
st
 residue to 70

th
 

residues for both wild type and mutated molecules of Shigella flexneri gyrA, whereas in case of 

ParC binding site consists of 30 amino acids starting from 61
st
 residue to 90

th
 residues for both 

wild and mutated molecules. The reason behind choosing this site is that it encompasses all the 

reported residues involved in the interaction of these antibiotics with GyrA and ParC of Shigella 

flexneri. A total of 100 structures with best poses based on score and hydrogen bonds were 

screened out. Single best pose for each ligand was then chosen for further analysis. 

 

 Figure 4.4Screenshot of the LeadIT interface used for docking of the proteins to ligand 

molecules. 
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4.2.4 Flowchart of the Experimental Procedure 
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4.3 RESULTS AND DISCUSSION 

The results of ciprofloxacin and norfloxacin with respect to wild and two mutated GyrA are 

discussed below in terms of score and hydrogen bonds. 

4.3.1 Ciprofloxacin Binding with Wild Type GyrA 

The docking of ciprofloxacin with wild type protein showed energy of “-21.8005 kcal/mol” 

(Table 4.1), involving five hydrogen bonds via residues Asp 58, Ser 68, Arg 62 and Gln 65 as 

shown in Figure 4.5A. Also, fluorine atom of ciprofloxacin made close contact with the residue 

Val61 and also hydrophobically interacts with Asp 58. In general a high docking score (more 

negative value) reflects a strong interaction between the ligand and protein molecule. The 

docking score here suggested a strong binding between target protein and ciprofloxacin 

 

Mutated structures derived 

 

Molecular docking studies using Lead 

IT software 

 

Structure verification 

 

Protein preparation and minimization 
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Table 4.1 Residues and bonds involved in interactions of wild type and mutated protein molecule 

of Shigella flexneri DNA Gyrase A with ciprofloxacin and norfloxacin respectively 

S.No Compound 

Name* 

Lead-IT 

Score 

(kcal/mol) 

No of H-

bond 

Amino Acid H-bond 

length (Å) 

1 Ciprofloxacin-

wild type 

-21.8005 5 Asp58OD1 

Asp58OD2 

Gln65 

Arg62 

Ser68 

2.22 

2.05 

1.88 

2.16 

2.36 

2 Ciprofloxacin-

Ser 54 to Leu 

and Asp 58 to 

Asn 

-18.3914 3 Asp58OD1 

Gln65 

Arg62 

 

2.14 

1.89 

1.75 

3 Ciprofloxacin- 

Ser 54 to Leu 

and Asp 58 to 

Gly 

-17.2574 2 Ala 55 

Thr 59 

 

1.59 

1.56 

 

4 Norfloxacin-

wild type 

-22.7593 5 Asp58OD1 

Asp58OD2 

Gln65 

Arg62 

Ser68 

2.09 

2.14 

1.99 

2.14 

2.53 

5 Norfloxacin-

Ser 54 to Leu 

and Asp 58 to 

Asn 

-18.1598 3 Asp58OD1 

Gln65 

Arg62 

 

2.17 

1.93 

2.08 

 

6 Norfloxacin- 

Ser 54 to Leu 

and Asp 58 to 

Gly 

-18.3914 3 Leu54 

Gln65 

Arg62HE21 

Arg62HH21 

 

2.02 

2.12 

1.91 

2.57 
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4.3.2 Ciprofloxacin Binding with GyrA Mutants 

Decrease in the docking score was observed in both the structures,  mutant1 (Score = -18.3914 

kcal/mol) and mutant2 (Score = -17.2574 kcal/mol) involving only three bonds via residue Asp 

58, Arg 62 and Gln 65 in case of mutant1 and two hydrogen bonds in mutant2 structure 

involving residues Ala 55 and Thr 59 (Figure 4.5B and 4.5C respectively). Also, interacting 

amino acids in mutant 2 were different from those in wild type. The major change noted here is 

the loss of two hydrogen bonds via residue Asp 58 and Ser 68 which showed the vital 

importance of these bonds in the binding of ciprofloxacin to GyrA of Shigella flexneri. Also, in 

this case there is a considerable shortening of hydrogen bond length (Table 4.1) which resulted in 

the distortion of some residues and their geometry.  

 

Figure 4.5Interaction of ciprofloxacin with Shigella flexneri DNA Gyrase A. A) with wild type. 

B) with mutant 1 C) with mutant 2. 
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4.3.3 Norfloxacin Binding with Wild Type GyrA 

The docking of norfloxacin with wild type protein showed score of “-22.7593”, involving five 

hydrogen bonds via residue Asp 58, Ser 68, Arg 62 and Gln 65 (Figure 4.6A). This suggested a 

strong binding affinity between target protein and the ligand molecule. 

4.3.4 Norfloxacin Binding with GyrA mutants 

In this case also, it was observed that there is a considerable decrease in the docking score in 

both the mutated structures, mutant1 (Score = -18.1598 kcal/mol) and mutant2 (Score = -18.3914 

kcal/mol) (Table 4.1) involving only three bonds via residue Asp 58, Arg 62 and Gln 65 in 

mutant1 and four hydrogen bonds in mutant2 structure involving residues leu 54, Arg 62 and Gln 

65 (Figure 4.6B and 4.6C, respectively). Here also, in mutant1 hydrogen bond loss was observed 

involving two residues Asp 58 and Ser 68. In case of mutant2 amino acids involved in 

interaction were different from those in wild type and there are only four hydrogen bonds 

participating in this particular interaction. These lost hydrogen bonds might be of great 

importance and play a significant role in binding of these residues with norfloxacin. Here also, in 

mutant type significant bond displacement was observed in some of the residues such as Asp 58 

OD1 (where OD1 is the inner oxygen of the residue Asp forming hydrogen bond with 

corresponding ligand molecule), Gln 65 and Arg 62 (Table 4.1). 
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Figure 4.6 Interaction of norfloxacin with Shigella flexneri DNA Gyrase A. A) with wild type. 

B) with mutant 1 C) with mutant 2 

4.3.5 Ciprofloxacin Binding with ParC 

The docking of ciprofloxacin with wild type protein showed energy of “-13.8863 kcal/mol” 

(Table 2), involving two hydrogen bonds via residues Ser 80 and Glu 84 as shown in Figure 

4.7A. The docking score suggested a strong binding between target protein and ciprofloxacin.  

After introducing mutations in wild type structure of ParC, remarkable decrease in the docking 

score was observed (Score = -2.6835 kcal/mol) involving single bond via residue Gly 78 (Figure 

4.7B). It was observed that unlike Ser 80, substituted Ile residues do not make direct hydrogen 

bond with ciprofloxacin and also there is increase in the hydrogen bond length in ParC mutant. 

From these findings, it is clear that Ser 80 being directly hydrogen bonded to the ciprofloxacin in 

wild type protein plays a crucial role in the fluoroquinolone binding with ParC. This decreased 

docking score in mutant type accounts for increased resistance against fluoroquinolones. 
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Figure 4.7 Interaction of ciprofloxacin with Shigella flexneri parC. A) with wild type B) with 

mutant type. 

Table 4.2 Showing residues and bonds involved in interactions of wild type and mutated ParC 

protein molecule with ciprofloxacin and norfloxacin respectively 

Sr. No Compound Name Lead-IT 

Score 

(kcal/mol) 

No. of H-

bond 

Amino Acid H-bond 

length (Å) 

1 Ciprofloxacin-wild 

type 

-13.8863 2 Ser80 

Glu84 

 2.92 

1.75 

2 Ciprofloxacin-parC 

mutant 

-2.6835 1 Gly78 

 

3.01 

3 Norfloxacin-wild 

type 

-11.4378 2 Ser80 

Glu84 

2.74 

2.12 

4 Norfloxacin- parC 

mutant 

-7.6866 1 Ala81 2.75 
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4.3.6 Norfloxacin binding with ParC 

The docking of norfloxacin with wild type protein showed score of “-11.4378 kcal/mol”, 

involving two hydrogen bonds via residue Ser 80 and Glu 84 (Figure 4.8A). This suggested a 

strong binding affinity between target protein and the ligand molecule. 

Mutation of Ser 80 with Ile resulted in the considerable decreased docking score of -7.6866 

kcal/mol involving only one hydrogen bond via residue Ala 81 as shown in figure 4.8B. Loss of 

Ser 80 in mutant type suggests a vital importance of this residue in norfloxacin binding with 

ParC. 

 

Figure 4.8 Interaction of norfloxacin with Shigella flexneri parC. A) with wild type   B) with 

mutant type 

 

4.4  CONCLUSION  

The current computational studies provide insight into the interactions between target ligands 

(ciprofloxacin and norfloxacin) with Shigellaflexneri GyrA and ParC and its mutants using 

molecular docking to calculate binding energies and identifying key residues participating in 

interactions. From the results obtained it was evident that the decrease in docking score is more 

considerable in ParC than GyrA. This decreasing order of binding suggested that mutations in 
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ParC are more remarkable than mutations in GyrA, leading to induced resistance against the 

fluoroquinolones, ciprofloxacin and norfloxacin. This study reveals the relationship between the 

amino acid residues of the Shigella flexneri GyrA and ParC and the resistance mechanism to 

fluoroquinolones. Fluoroquinolone resistance takes place due to different mechanisms such as 

target site modification, by expulsion of the antimicrobial agents from the cell via general or 

specific efflux pumps or by plasmid-mediated fluoroquinolone resistance. Here we have studies 

the resistance mechanism due to modification of target binding site in bacteria.  It was observed 

that both the mutations Ser 54 and Asp 58 in GyrA and Ser 80 in ParC are responsible for 

decreased interactions between fluoroquinolones, ciprofloxacin/norfloxacin and of Shigella 

flexneri DNA gyrase A. The amino acid residue Asp 58 in GyrA and Ser 80 in ParC makes direct 

hydrogen bonds with both ciprofloxacin and norfloxacin (wild type), so the mutations at this 

point leads to drastic changes in molecular interactions. The mutants have lower docking scores 

relative to the wild type proteins. These are not only due to hydrogen bond but also due to 

hydrophobic interactions that take place between these fluoroquinolones and active site residues 

of Shigella flexneri. In case of mutation Ser 54 to Leu in GyrA, Leucine being a bulkier molecule 

poses greater steric hindrance due to its side chain. From the above findings it is apparent that all 

the substitutions account for a decrease in the docking score and less efficient binding, ultimately 

leading to fluoroquinolone resistance in Shigella flexneri strains which were earlier sensitive to 

drugs. The molecular docking studies showed good correlation with experimental studies, hence 

provides a possible explanation for antibiotic resistance in Shigella flexneri. Further, these 

observations can be exploited to develop new drugs against the resistant strains of this pathogen. 

Here, computational analysis on the experimentally proven mutations in Shigella flexneri GyrA 

and ParC against the two fluoroquinolones, ciprofloxacin and norfloxacin were performed and 

the results correlates very well with that of experimental results. The limitations to the studies are 

the inherent limitations of the docking algorithm. Some of these are: receptor flexibility, 

modelling cofactors, effectors and solvation effects[20]. Hence, the docking algorithms need to 

be further improved in these directions for an increased reliability of the results. 
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CONCLUSION  

Diarrhea is a very common term and is caused by different pathogens. It has long been 

considered as a major public health concern because of the morbidity and mortality it causes 

among all group of ages. In developing countries, where illnesses that cause diarrhea are more 

common and where health care is less readily available, diarrhea is a major health concern 

because of its potential to cause severe, life-threatening dehydration. Infants and the elderly are 

more prone to dehydration from diarrhea. Though the antibiotics and vaccines available to tackle 

diarrhea are effective to reduce the severity of the diseases but resistance of bacteria to these 

antibiotics has reached alarming levels in many parts of the world. Therefore, there is a continual 

need to develop new techniques and vaccine candidates that will be useful to reduce the burden 

of the disease.  

In this work, known biological information, available sequence data and other associated 

information of diarrheal pathogens is used to develop novel methods in order to combat the 

increasing diarrheal disease. Future prospects and the practical applications of our approaches 

are also discussed briefly to provide new directions for the diarrhea related research. 

Important findings of this thesis are summarized below: 

 The database “dbDiarrhea” has been developed with an objective to provide all the relevant 

information about the diarrheal pathogens on a single platform. It is the first user-friendly 

interface that allows easy browsing and querying in various ways, thus selectively retrieving 

records from any module or functional category. dbDiarrhea provides important proteins 

from various diarrheal pathogens that could further be taken for experimental evaluation to 

identify new drugs or vaccine antigens against the major causative agents of diarrhea. 

 In our second objective, for the rapid identification of Multidrug and Toxin Extrusion 

(MATE) proteins two approaches were applied. First is the Artificial neural Network (ANN) 

based approach and second is the Support Vector Machine (SVM) based approach. Different 

ANNs and SVM models were generated for the different types of features. But the results 

obtained using ANN approach were not as good as that of SVM based approach. So the web 

server “MATEPred” has been developed based on PSSM profiles using Support Vector 

Machine (SVM) approach yielding an overall accuracy of 92.06%, with the sensitivity and 
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specificity of 100% and 89.42% respectively along with an MCC of 0.82 and F-score of 

0.83632. 

 MATEPred efficiently distinguishes between MATE and Non-MATE sequences. Current 

MATE identification methods include experimental determination which require enormous 

efforts. The study presented here represents an initiative towards easy identification of 

MATEs from other proteins based on its PSSM profile. 

 We further used the MATEPred server to scan the proteomes of two diarrheal species Vibrio 

parahaemolyticus and Shigella boydii. Initially it reported eight and sixteen positives for 

each of these species, respectively. But in order to confirm whether these are actually MATE 

proteins or not, different types of analysis such as transmembrane helices prediction, Pfam 

domain and PROSITE analysis and BLAST analysis were performed. From all these 

analysis, five new potential MATE candidates (four from Vibrio and one from Shigella) are 

observed that can further be taken for experimental verification to study their role in drug 

resistance. 

 The tool is expected to accelerate the identification of MATE proteins, thus providing new 

insights to find out the important therapeutic targets against resistant bacteria.  

 As mentioned, the final study focused on performing molecular docking analysis of Shigella 

flexneri DNA Gyrase A and Topoisomerase IV with a fluoroquinolones, ciprofloxacin and 

norfloxacin. Both of these ligands showed stable interaction and the best binding affinity was 

calculated. The binding modes of ciprofloxacin and norfloxacin are quite similar with both 

the drugs showing strong interactions with wild type structures of Shigella flexneri GyrA and 

ParC as compared to that of mutants.  

 The molecular docking studies presented are in good agreement with the experimental 

studies and provides a possible explanation for observed fluoroquinolone resistance. Further, 

the analysis of interaction can be exploited for better and more efficient design of new drugs 

against the resistant strains of this pathogen. 
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FUTURE PROSPECTS 

 It is anticipated that this web based comprehensive resource “dbDiarrhea” would serve as a 

valuable accompaniment for analyzing proteins from major diarrheal pathogens and will also 

contribute scientific knowledge and help those working in this field. In future, dbDiarrhea 

will continue to be updated and refined with increased data so as to make it more useful. 

  Five new potential MATE candidates from diarrheal pathogens identified using prediction 

server can be further taken for experimental verification. 

 Interaction studies presented here will help in designing of new drug with some 

modifications in order to combat the problem of antibiotic resistance. 
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