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ABSTRACT 
 

Environmentally Persistent Pharmaceutical Pollutants (EPPPs) along with Personal 

Care Products (PPCs) poses great challenges to human health and aquatic ecosystem. 

Numerous reports have indicated their presence in the river, surface water, ground 

water and wastewater treatment plants (WWTPs) of India. The tendency of 

pharmaceutical products to remain active in the waterbodies even in the low 

concentrations, make them very dangerous for the human health and the ecosystem. 

Conventional WWTPs are not able to completely degrade these pollutants and hence, 

there is an urgent need to develop effective ways for the bioremediation of these 

pollutants from the ecosystem. Several studies have reported, key enzymes that are 

able to biodegrade these pollutants. Laccases, multicopper oxidases from microbes 

like bacteria and fungi are shown to eradicate some concentration of pharmaceutical 

pollutants. Hence, study of interaction of laccases with different pharmaceutical 

pollutants in necessary. In this study, we have screened pharmaceutical pollutants and 

studied their interactions with the target enzyme. After that we predicted the synthetic 

pathways of biodegradation for target compound, carbamazepine. This study will help 

us in predicting the potential targets. This research by leveraging in-silico tools will 

help also help us in predicting biodegradation pathways for various recalcitrant 

pollutants. 
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CHAPTER-I 

INTRODUCTION 
 

Pharmaceutical and personal care products have become an essential part of our 

lives[1]. They include prescribed drugs for humans and animals, hygiene products like 

creams, deodorants and also disinfectants. Pharmaceutical products have always 

played an important role in the human society by controlling spreading of the diseases, 

and hence improving the life expectancy of humans[2]. Hence, pharmaceutical 

industries rapidly expanded along with the expansion of the global population[1]. 

However, lately these industries have also become the source of contamination in 

aquatic environment. Despite stringent regulations, these industries often discharge 

effluents containing active elements of drugs into the ecosystem leading to 

contamination. Currently, wastewater treatment plants are not able to completely 

eradicate these small active elements and so, they are directly discharged into nearby 

water streams without any treatment[2]. Hence, post use-PPCPs are causing significant 

threat to both humans and the ecosystem. Contamination by these PPCPs affects every 

water body including groundwater also[1]. Figure 1 depicts how PPCPs reaches to the 

entire ecosystem [3]. 

 

 

Figure 1- PPCPs pathways in the environment. (El-Gammal et al. 2022) 

As PPCPs are personal used products so they are frequently found in faeces and urine. 

Hence, among many sources of PPCPs, discharge from the domestic sewage is 
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considered the main source of environmental contamination. PPCPs in microbial 

organisms can disrupt their metabolic pathways which could affect their enzymatic 

properties, degradation properties and also give rise to antibiotic resistance in them. 

Hence, there is an urgent need to find effective ways for bioremediation of these PPCPs 

as existing systems are incapable of treating majority of pharmaceutical compounds 

[4] [5]. 

Many studies have reported that biological treatment of these pharmaceutical 

contaminants could be a better way than a physical treatment; because by using 

biological ways we can modify the metabolites which would be degraded by the 

microbes present in the environment. Whereas, in physical treatment pharmaceutical 

pollutant will be converted from aquatic phase to solid phase[4]. 

It has been long established that the intrinsic degradation property of microbes can be 

utilised in degradation of environmental pollutants. This intrinsic property is applied 

in bioremediation process where, microbes via their metabolic processes degrades and 

converts the pollutants into less toxic substances. Despite this impressive ability of 

microbes, bioremediation has many limitations like, incomplete breakdown of organic 

pollutants, low efficiency of microbial remediation and remediation process only 

effective for biodegradable contaminants[6]. Hence, present methodologies of 

bioremediation and biodegradation is not completely effective in mitigation of 

hazardous pollutants. It is because we cannot determine comparative toxicity, 

environmental consequences and complete information on overall biologically 

transformed compounds with conventional bioremediation technologies[7]. These 

limitations of microbial bioremediation processes can be improved by the synthetic 

biology, which could be achieved by using molecular and computational tools that 

creates the new genetic architecture of a microbe. This new genetic architecture 

consists of a series of new components (gene promoters, transcription factors, enzymes 

etc.) that together build new metabolic pathways with end products that could be 

studied and even re-build [8]. 

For bioremediation of pharmaceutical pollutants, we can successfully predict their 

chemical properties, metabolic pathways of degradation by using in-silico tools. We 

can also simultaneously evaluate degradation specificity of many substrates. This 

prediction for bioremediation of pharmaceutical pollutants can be done by molecular 

docking studies. With the help of in-silico now, we can evaluate many things like 

microbial interactions, biodegradation methods, chemical structures of metabolites, 

toxicity levels and the interrelationships of microorganisms with each other [9]. 

Various studies have reported that use of molecular docking have given new insights 

in the field of bioremediation. Another important thing in the field of bioremediation 

is, to develop high accuracy pathway prediction algorithms for the better 

understanding of degradation pathways of many pollutants. Result of these tools is 

based on various aspects like, substrate features, sites of enzyme binding, structural 

modifications in enzyme-substrate pairs and the distance between substrate and 

product in a degradation pathway [10]. 
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1.1 Thesis outline 

Pharmaceutical products cause great damage to the aquatic system because of their 

tendency to persistently remain in the ecosystem. Conventional wastewater treatment 

systems are not able to eradicate them completely. The aim of this study is to identify 

potential targets through molecular docking for degradation by the laccase enzyme of 

Bacillus subtilis. Then, pathway prediction tool is utilised to predict the biodegradation 

pathway of the target carbamazepine.  
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CHAPTER -2 

LITERATURE REVIEW 

 

PPCPs are defined as “any substance used by consumers for personal health or 

cosmetic purposes or by agribusiness to enhance the growth or health of livestock” by 

the US Environmental Protection Agency (EPA). Nowadays, there has been a growing 

interest in the field of PPCPs and their impact on human and environmental health. It 

has been established that Asian nations such as India, Bangladesh, Pakistan, and China 

are the Emerging Pharmaceuticals Manufacturing Countries (EPMCs), not the western 

developed countries. Furthermore, these Emerging Pharmaceuticals Manufacturing 

Countries (EPMCs) are also home of the world’s biggest pharmaceutical consumers. 

More than 60% of the world's supply of active pharmaceutical chemicals, such as 

organic acids, antibiotics, and biotech goods, comes from China. Meanwhile, 20% of 

the world's supply of generic medications comes from the Indian pharmaceutical 

industry [11]. Following the consumption of pharmaceutical compound into the human 

body, they undergo various biotransformation processes that made them more soluble, 

helping in their excretion from the body. Therefore, wastewater treatment plants 

(WWTPs) may receive them either in metabolized form or unmetabolized form [12].  

Due to the high toxicity of pharmaceutical compounds and the inability of wastewater 

treatment plants in treating them, there is an urgent need for the efficient wastewater 

treatment technology. It has been found that microorganisms can eradicate these 

pharmaceutical pollutants. Hence, microbial wastewater treatment has become an 

emerging solution to this problem. Studies have reported that various species of white-

rot fungus and bacteria, like Rhodobacter sphaeroides, as well as combined bacterial 

and fungal therapies, can effectively eradicate these pollutants from the ecosystem. 

These can do so by aiding in degradation and mineralization of pharmaceutical 

pollutants into harmless molecular compounds [12]. For example, it has been 

discovered that Bacillus bacteria contribute to floc production, a microbial aggregation 

that accelerates the breakdown of nonylphenol polyethoxylate surfactants (NPEOs). 

As their only source of carbon and energy, Bacillus helps two other bacteria grow on 

NPEOs. The breakdown of NPEOs is aided by this mechanism [3]. List of some 

commonly found pharmaceuticals compounds and their occurrence in environment is 

listed in Table 1. 

Table 1 - Commonly used pharmaceutical compounds that are also listed as emerging 

contaminants. (R. B. González-González et al.) 

TYPE ENVIRONMENTAL OCCURRENCE 

Anti-inflammatory 

analgesics  

Effluent & drinking water 

 Ibuprofen Surface, drinking water, river, and effluent 
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 Paracetamol  Hospital effluent and drinking water 

 Diclofenac Effluent & drinking water 

 Naproxen Effluent & drinking water 

 Ketoprofen Effluent & drinking water 

 Ciprofloxacin Effluent & drinking water 

Sulfamethoxazole 

  

Erythromycin 

 

 Ofloxacin 

  

Levofloxacin 

  

Oxaliplatin 

  

Cisplatin 

  

Tamoxifen 

 

5-fluorouracil (5-FU) 

  

Metformin 

  

Carbamazepine 

  

Fenofibrate 

  

Atenolol 

Effluent & drinking water 

 

Effluent & drinking water 

 

Surface, drinking water, river, and effluent 

 

Effluent 

 

Predicted Effluent 

 

Predicted Effluent 

 

Hospital Effluent 

 

Hospital Effluent 

 

Hospital Effluent 

 

Surface, drinking water, river, and effluent 

 

Effluent 

 

Effluent 

 

2.1 Pharmaceutical Pollutants 

Various researches have indicated that wastewater is the home to various classes of 

pharmaceutical pollutants. These pharmaceutical classes of pollutants include 

antibiotics, antiepileptics, anticoagulants, analgesics and anti-inflammatories[13]. 

Nonsteroidal anti-inflammatory drugs (NSAIDs), antibiotics, antidepressants, 

antihypertensives, lipid regulators, hormones, and anticonvulsants are among the 

commonly utilized medications, according to current demographic trends. In clinical 

practice, NSAIDs are among the most commonly recommended drugs. Antibiotics are 

employed to treat and prevent those infections caused by bacteria that are associated 

with chronic diseases, burns, cancer treatment, surgeries and transplantations. The 
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main pharmaceutical treatment for patients with depression is antidepressant 

medication. Anticonvulsants are used to treat seizures. These drugs also aid in 

discomfort and anxiety relief and enhance the quality of sleep [14]. 

 

Figure 2-Classes of pharmaceuticals present in environment. (Chhaya, T. Raychoudhury et 

al.) 

 

 

Table 2- Names, compound classifications, and WWTP effluent concentrations from the 

literature for the PPCPs. (El-Glammal et al.) 

PPCP Classification WWTP effluent concentration 

(ng per litre) 

Chlorophene Antiseptic 750 

Biosol Antiseptic 250 

Biphenylol Antiseptic 900 

Diclofenac NSAID 110 

Fluorouracil Anticancer Not detected 

Ibuprofen NSAID 1900 

Triclosan Antiseptic 800 
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Three main factors that contributes to the complicated problem of pharmaceutical 

residues contaminating our ecosystems: the manufacture of pharmaceuticals, animal 

and human excretion, and inappropriate medication disposal [2].  

The industry itself, where these compounds are produced on a large scale, is the first 

major source of pollution related to pharmaceuticals. Manufacturing facilities 

frequently discharge effluents directly into wastewater streams in spite of strict laws.  

When suitable treatment techniques are either not followed or are inadequate, these 

effluents—which are heavy in APIs—find their way into aquatic habitats. This 

problem is made worse in areas where pharmaceutical production is concentrated, 

leading to extreme localized pollution[15].  

Human and animal excretion of pharmaceutical residues is the second major source of 

pharmaceutical pollution, and it affects almost every household. It is far more 

widespread. The body does not completely metabolize all APIs that are ingested; a 

sizable portion are eliminated through urine and feces, which eventually find their way 

into sewage systems. The use of veterinary medications exacerbates this problem 

because residues from these drugs might enter the environment directly through the 

application of manure to agricultural land. Because of these factors, human and animal 

waste is a common and difficult source of pharmaceutical contamination to address[2]. 

 Finally, improper disposal of not required drugs also causes significant damage to the 

ecosystem. Unused medications are routinely dumped in the family trash or poured 

down the sink or toilet. Because of this approach, these chemicals end up directly in 

home wastewater or landfill leachate, without any chance of getting treatment from 

wastewater plant. These untreated are also one of the biggest reasons of deteriorating 

quality of environmental health. When one considers the quantity of drugs utilized 

globally in addition to this relatively insignificant conduct, it becomes evident that 

pharmaceutical pollution is a significant and widespread issue [2]. 

High levels of pharmaceuticals have been found in a number of Indian water bodies, 

such as rivers, groundwater, hospital effluents, and wastewater treatment facilities 

(WWTPs). The research revealed alarming results, showing that antibiotic 

concentrations (sulfamethoxazole, ofloxacin, ciprofloxacin, norfloxacin, and 

amoxicillin) in Indian wastewater treatment plants (WWTPs) were higher than those 

found in Europe, Australia, North America and other Asian countries. Additionally, 

high concentrations of carbamazepine, ibuprofen, trimethoprim, atenolol, caffeine and 

acetaminophen were detected. Discharge of Post -use PPCPs into the water bodies also 

contaminates the terrestrial systems. Veterinary drugs also enter the environment 

through treatments for pasture animals, aquaculture, and manure application from farm 

facilities. Currently, over 4,000 pharmaceuticals are employed for various reasons, 

making the risks posed by PPCPs innumerable. Although PPCPs are typically found 

in low amounts in aquatic environments, their biological activity presents significant 

health risks. It has also been found that these compounds tend to accumulate in many 

non-target species [16]. 
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2.2 Impact of Pharmaceuticals on human health and ecosystem 

Among the emerging pharmaceutical pollutants, antibiotics constitutes one of the 

major classes that have harmful effects on both the humans as well as animals. 

Antibiotics have a widespread use therefore they are very commonly found in many 

environmental spaces. Depending on the drug class, 40–90% of prescribed antibiotics 

are excreted in their active form through urine and faeces, eventually finding their way 

into the environment and polluting plants, waterways, and soils. Later on, this  same 

contaminated waterway is used irrigation to irrigate the crops leading to agro-

ecosystem contamination. The extensive use of antibiotics in animal husbandry further 

leads to more contamination. Another major worry is the incorrect disposal of unused 

drugs, which involves flushing them into sewage systems [17]. Hence, there is an 

urgent need for the analysis of sources from which antibiotics are being discharged, 

Figure 3.  

Worldwide researchers have reported finding antibiotics in quantities measured in 

micrograms per Liter (μg/L) in sewage treatment plant effluents, surface water, 

groundwater, marine environments, hospital discharges, and even drinking water in 

recent years [18]. Human and animal excretion of partially digested medicines is the 

main source of environmental antibiotics. Waste from pharmaceutical production 

procedures and the disposal of leftover antibiotics are two more important sources. 

Furthermore, it is known that commercial institutions, such as hospitals, and 

residential care facilities, as well as residential areas, such as private homes, dorms, 

hotels, and other lodgings, contribute antibiotics to municipal wastewater [18]. Some 

concentrations of antibiotics and the sources is reported in table [19]. 

 

Figure 3 - Antibiotics in the environment from discharge to analysis and environmental risk 

analysis 
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Table 3 – MOA of selected drugs 

 

2.2.1 Amoxicillin 

Amoxicillin comes into the category of penicillin. It has a β-lactam structure in it. It 

works successfully against a variety of diseases caused by gram-positive and gram-

negative bacteria. Because of its pharmacological and pharmacokinetic properties, 

amoxicillin is used in the treatment and prevention of bacterial infections that affect 

the gastrointestinal, urinary, cutaneous, and respiratory systems [18]. Furthermore, 

amoxicillin is also employed for diseases in animals. Additionally, it also serves as a 

role of growth promoter for various farm animals, including fish, cattle, dogs, cats, 

pigeons etc. The structure of the amoxicillin is depicted below, figure 4. 

 

Antibiotic Mechanism 
of Action 

Water 
Source 

Use Country Amount/concentration 

Clarithromycin Inhibition of 
proteins 
synthesis 

Hospital 
wastewater 

Respiratory-
tract, skin and 
soft-tissue 
infections. 

Switzerland 1280 ± 840 ng L⁻¹ 

Erythromycin Inhibition of 
proteins 
synthesis 

Hospital 
wastewater 
 
Aquaculture-
- ponds 

Prevent 
bacterial 
protein 
synthesis. 

Portugal 
 
 
Taiwan 
 

575 ng L⁻¹ 
 
 
57.4 ng L⁻¹ 

Ofloxacin Inhibition of 
DNA 
replication 

Hospital 
wastewater 
 
Domestic 
wastewater 

Bacterial 
exacerbations- 
of chronic 
bronchitis 

Portugal 
 
 
 
China 

6543 ng L⁻¹ 
 
 
 
2794 µg m⁻³ 

Sulfamethoxazole Inhibition of 
dihydrofolate 
synthesis 

Hospital 
wastewater 

Urinary tract 
infections 

South 
Korea 

25300 ng L⁻¹ 
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Figure 4 - molecular structure of amoxicillin 

Antibiotics can cause severe allergic reactions in species that are susceptible to them, 

including humans, if they end up in drinking water. Antibiotic-resistant bacteria 

(ARBs) can arise from soil and water polluted with antibiotics, even at low 

concentrations. Approximately 75% of antibiotics that animals consume are eliminated 

through their urine and faeces. Furthermore, amoxicillin's breakdown products, or 

metabolites, are frequently more persistent and dangerous than the parent drug [20].  

Bacteria in the aquaculture environment and bacteria in the terrestrial environment, 

such as animal microbes and human diseases, have been found to exchange genes for 

antibiotic resistance lately. Consequently, the aquatic environment's exposure to 

antibiotics may cause human infections that are a component of its microbiota to 

develop resistance [18]. bioaccumulation of amoxicillin in fish tissues, which can be 

eaten and have negative effects on humans such as immunoallergic reactions and can 

cause the Fish tissues include genes resistant to germs. Research on bacteria, such as 

Clostridium, Lactobacillus, Escherichia coli, and Enterococcus, has demonstrated that 

in reaction to the stress of drugs such as ciprofloxacin, erythromycin, penicillin, 

amoxicillin, and sulfamethoxazole,  alter the metabolic processes of the bacterium 

[20]. 

Wastewater treatment plants are the hotspots for the spreading of antibiotic resistance 

genes in the ecosystem. Several studies have supported the fact that the environment 

inside the wastewater treatment plants help in proliferation of antibiotic resistance 

bacteria and antibiotic resistance genes. The antibiotics come into the category of 

recalcitrant pollutants and hence it’s very difficult to eradicate them [20]. Antibiotics, 

other pharmaceutical residues, and heavy metals in the wastewater remain in constant 
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contact with bacteria throughout wastewater treatment, which could put selection 

pressure on resistance genes [21].  

2.2.2 Tetracycline 

One of the most often utilized classes of antibiotics worldwide is tetracycline. It is 

useful in both human and veterinary therapy due to its broad-spectrum efficacy against 

a variety of bacterial illnesses. Tetracycline is suggested for the treatment of infectious 

diseases such as pneumonia, infections of the bones and joints, skin infections, 

infections contracted through sexual contact, and infections of the gastrointestinal 

tract. Tetracycline is an effective medication against the pathogens known as 

"biothreats," which include Yersinia pestis, Bacillus anthracis, and Francisella 

tularensis. These pathogens are responsible for causing some of the deadliest diseases. 

For many infectious illnesses, tetracycline-class pharmaceuticals are typically the first-

choice course of treatment. Like Amoxicillin, tetracycline pollution reason is due to 

its low metabolism in both human and animal organisms and its low stability [22]. The 

phytotoxic effects of tetracycline on plants that can result in chromosomal 

abnormalities, stoppage of  growth, and decreased amounts of carotenoid and 

photosynthetic chlorophyll in plants [17]. The structure of tetracycline is depicted 

below, figure 5. 

 

Figure 5 - molecular structure of tetracycline 

Since pharmaceuticals chemical structure is naturally soluble in water, they cannot 

dissociate themselves in an aqueous solution. Pharmaceuticals are primarily designed 

to perform physiological and biochemical processes for the treatment of diseases and 

because of this characteristic, they are able to pass through biological barriers and 

remain in the human body throughout time. The ability of a pharmaceutically active 

substance to build up and have a harmful effect on non-target species raises serious 

problems. According to the published researches, PPCPs have significant effect 
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on  the bacterial communities and other living species in both the terrestrial and aquatic 

environments. The majority of microbial communities have acquired resistance to 

antibiotics due to the widespread presence of antibiotics in waste water and natural 

water bodies. These antibiotics include ceftazidime, fluoroquinolones, bacitracin, 

sulphonamides, cefotaxime, tetracycline, cefepime, erythromycin, colistin, beta-

lactams, amoxicillin, cefpodoxime, bacitracin, aztreonam, doxycycline, penicillins, 

trimethoprim, lincomycin, cephalosporin, chloramphenicol, and many more [16]. 

2.3 Biodegradation  

Biodegradation of PPCP is the ability to get degraded via the microbes like bacteria 

and fungi present in the environment. Also, degradation of a compound can also occur 

co-metabolically. When there is complete transformation of a compound into water 

and carbon-dioxide then it is called mineralization. Mineralization can be the outcome 

of the degradation process. There is another type of biodegradation known as partial 

biodegradation in which, the molecules is converted into metabolites conjugated with 

sulfate or glucuronic [3]. The process of biodegradation is considered as most 

important process in the removal of most xenobiotics, including pharmaceuticals [23]. 

During the process of biodegradation of the pharmaceuticals, microbes in the 

environment came in contact with many active molecules [23].  

Over the past few decades, it has been reported that several bacterial species have the 

ability to produce enzymes. Many of these bacterial enzymes have shown their role in 

the mitigation or elimination of complex environmental pollutants [24]. Enzymes are 

highly efficient biological catalysts and they can transform the toxic compounds into 

simpler non-toxic compounds. Thereby, bacteria utilized these enzymes in their 

metabolic cycle for the effective removal of the pollutants from the contaminant sites. 

Among the major classes of enzymes, oxidoreductases and hydrolases are the classes 

that have been most extensively researched for their property of degrading toxic 

compounds into environmentally safer compounds. This is due to the fact that these 

enzyme classes possess very high catalytic activity and ability to target wide ranges of 

substrates including recalcitrant pollutant compounds [25].  

A pollutant biodegradability is based on its physical and chemical properties. Some 

pollutants are easily biodegradable because of their properties and some are not. It has 

been proved that those pollutants that have a very branched chemical structure are 

more susceptible to microbial degradation as they provide many sites for their 

microbial action to act on. Highly complex pollutants are termed as recalcitrant 

pollutants. Pollutants containing monocyclic aliphatic compounds in their structures 

are more biodegradable than the pollutants containing polycyclic aliphatic compounds. 

Furthermore, presence of functional groups in structure of pollutants also affects the 

biodegradability [3]. 
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2.4 In-silico methods  

With the increase in global population, there is also tremendous rise in the numbers of 

anthropogenic pollutants. Experimental bioremediation is a good way for assessing the 

toxicity and fate of these compounds but it is struggling to keep up with the rapid 

increase of these compounds. As a result, the in-silico method is becoming more and 

more popular as an appropriate replacement for the bioremediation study of 

the different environmental pollutants. This technique enables a marvellous fest - 

virtual screening. Through the virtual screening of interactions between pollutants and 

enzymes, we can solve the limitations of traditional bioremediation. Thus, 

Computational biology methodology provides a simpler and more effective method 

for identifying bioremediation targets than the wet lab methods. The in-silico 

techniques utilise specific microbial model systems that mimics biological conditions 

to predict the chemical qualities of target molecules, the metabolic degradation 

pathways for new emerging contaminants, and biotransformation processes. By 

predicting substrate specificity, it helps evaluate the chances of biodegradation. The 

extensive use of docking and molecular dynamics simulations has expanded to 

predicting bioremediation targets, offering new insights for improving current 

bioremediation practices. Visualizing the computational interactions between dyes and 

enzymes provides a deeper understanding of the biodegradation process. Relevant and 

new computational algorithms are utilized in molecular docking experiments to 

perform virtual screenings of protein-ligand interactions. Through substrate specificity 

prediction, it helps in determining the probability of degradation. The extensive use of 

docking and molecular dynamics simulations has expanded to predicting 

bioremediation targets, offering new insights for improving current bioremediation 

practices. Visualizing the computational interactions between specific pollutants and 

enzymes provides a deeper understanding of the biodegradation process which further 

aids in understanding the way an enzyme interacts with the ligand. Relevant 

computational algorithms are utilized in docking assays to perform virtual screenings 

of protein-ligand interactions [26]. 

These in-silico methods are able to accurately predict the chemical characteristics of 

xenobiotic compounds, the processes by which they degrade, and the 

biotransformation of novel recalcitrant compounds. Some of these in-silico tools for 

researching and understanding the fate and degradation mechanisms include molecular 

docking, quantitative structure-activity relationship (QSAR) modeling/algorithms, and 

homology or comparison modelling. Molecular docking has proven by many 

researchers to be an efficient technique for mitigating pollutants through 

biodegradation processes in recent times. Molecular docking has become an 

indispensable tool in environmental monitoring because it is a very relevant and 

economical technique that facilitates understanding the reaction processes of ligands 

with accurate enzyme binding. Through the use of molecular docking assays, the 

formation of robust and stable docked complexes between ligands (xenobiotics) and 

enzymes can be studied. Recently, numerous studies have focused on the application 
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of docking in bioremediation. Similar to docking studies, researchers all over the world 

are now able to more accurately identify potential degradation routes thanks to recent 

developments in pathway prediction tools and related databases. There are numerous 

novel approaches available right now in the field of bioremediation of environmental 

contaminants. Here are few instances: PathPred, MetaRouter, Envipath, BIOWIN, 

OASIS, EPI suite (Estimation Programs Interface); pesticide target interaction 

database (PTID); Biodegradation Network-Molecular Biology database (Bionemo); 

Biodegradative Oxygenases Database (OxDBases); Microbial Genome Database 

(MBGD); BioCyc and MetaCyc; EAWAG-BBD Pathway Prediction System (PPS). 

These innovative web resources are compatible with Linux and Windows operating 

systems and preserve heterogeneous knowledge about microbial bioremediation [27]. 

Figure represents A schematic diagrramtical overview of the in-silico bioremediation 

approach involves the following flow: starting with the screening of pollutants, 

followed by the prediction of degradation pathways on a specialized computer system. 

This process utilizes various tools and techniques, including databases, molecular 

docking, molecular dynamics simulation, and high-performance computing strategies 

[28]. 

 

Figure 6 - Overview of how in-silico degradation method works 
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Microbial enzymes are the most important part of the bioremediation, this process is 

dependent on their functioning as they are sustainable, efficient, and some of them are 

fast. Therefore, it is crucial to screen for microbial enzymes capable of degrading 

pollutants. Molecular docking is used in the remediation of recalcitrant molecules to 

screen for enzymes or proteins capable of effectively degrading a targeted xenobiotic 

[10]. This is done by selecting the most favorable position with the lowest possible 

conformation energy during complex formation by assessing the binding positions of 

individual molecules in relation to one another [29]. For over a decade, molecular 

docking has been effectively used to do the biodegradation of pollutants that are 

increasingly released into the environment from industrial, anthropogenic, and natural 

sources during remediation [24]. Molecular docking simulates the atomic-level 

interactions between a contaminant and an enzyme or protein, enabling the description 

of xenobiotic behaviors at the targeted enzyme or protein's binding sites and 

elucidating the xenobiotic's catalytic activity. This method is a computational tool that 

accelerates the process of selecting and optimizing the enzyme characteristics for a 

particular xenobiotic. It is capable of accurately predicting how an enzyme will be 

bound to and perform when absorbing or degrading a pollutant, hence highlighting the 

relationship between an enzyme and a pollutant. Site-directed mutagenesis testing is 

guided by an identifiable active site and its binding properties, so that the outcomes 

may be confirmed in a lab setting.  

We calculate the association of a target compound and a protein by investigating 

several docking points. If we do not know the docking locations, blind docking is done 

in that case [29]. Docking experiments is based on the famous lock and key 

hypothesis, according to which the ligand and receptor are both rigid bodies that fit 

into each other like a key into a lock. This was later improved by Koshland's induced 

fit theory, which said that a protein's active site is dynamically changing due to 

molecular interactions with ligands. This suggests that while doing docking 

experiments we should choose both ligands and receptors to be flexible, not rigid, as 

this will provide a more accurate description of the binding event. There are two steps 

in the docking process: 1. Estimating the ligand's structural information, orientation, 

and its location; 2. calculate the binding energy. 

During the docking process, specialized computer algorithms are used to compute the 

potential active location or binding position in the enzyme structure from the protein 

sequences to find out the properties of the active site. These algorithms then aim to fit 

the ligand into the protein's or enzyme's active region and generate energy scores for 

the most favorable ligand-protein pairings. The most appropriate chemical 

pairings and the computed energy score can subsequently be used to predict the 

process of enzymatic breakdown of pollutants [30]. Hence, the docking technique is 

used to screen pollutants that bind with the suitable enzyme during degradation, 

thereby enhancing our understanding of catalysis process. In bioremediation, docking 

proves invaluable in saving time and costs, as it facilitates routine screening of 

environmental pollutants to identify the enzymes capable of degrading them. 
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Numerous pollutants have emerged as a result of human anthropogenic activities, 

posing serious risks to the environment and public health. The hazardous pollutants 

cannot be adequately addressed by current bioremediation techniques. They often lack 

the complex capacity to offer comprehensive information regarding biodegradation 

and compounds that have been modified altered. As a result, research into substitute 

methods for reducing the harmful impacts of pollution is always necessary. Several in-

silico methods have been applied in bioremediation projects, together with 

computational frameworks. These methods seek to eliminate pollutants, evaluate 

toxicity, and estimate the probability of breaking down of recalcitrant pollutants[26]. 

The roles played by a few in-silico methods in predicting the dangerous chemicals' 

degradation routes were discussed below in the table 4. 

Table 4 – Applications and MOA of selected computational techniques. 

Sr 

no. 

In-silico 

technique 

Applications Mode of action 

1 Molecular 

docking 

approach 

To predict the binding 

properties of proteins a

nd ligands involved in i

n silico bioremediation

 processes. For the inv

estigation of protein-

protein interactions as

 well as nucleic acid-

protein interactions. It i

s used in protein engin

eering. Determines the

 mechanism of enzyma

tic reactions. Identificat

ion of molecular docki

ng sites (blind docking)

. 

Complementarity (the docking proce

ss has two parts: geometry and ener

gy). Determine the most stable prote

in-ligand configuration. 

2 Molecular 

dynamic 

simulation 

approach 

Information used to p

redict changes and mo

difications in the confo

rmation of a protein-

ligand complex or enzy

me over time. 

It explores the multiple dynamic 

conformational changes of a protein 

to identify the most probable 

configuration. Simulation under 

different conditions can be compared 

to identify the active or inactive 

conformation. 

3 Pathway 

Prediction 

System 

(PPS) 

It is used to predict dif

ferent ways of converti

ng toxic substances or 

pollutants into non-

toxic substances accor

ding to biotransformati

on rules. 

It is based on the identification of f

unctional groups in organic molecul

es that are the targets of microbial d

egradation reactions. 
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4 Biodegrad

ation 

Network 

Prediction 

Software 

(BNPS) 

It is used to predict pos

sible metabolic links an

d metabolic processes f

or bioremediation. 

Identifies the routes to the 

biodegradation network with the use 

of reaction rule 

5 Metabolic 

engineerin

g 

Identify millions of vir

uses through biomolec

ule and DNA engineeri

ng. 

It improves the bioremediation proc

ess of engineered microorganisms 

and increases their degradation cap

acity. 
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CHAPTER -III 

METHODOLOGY 

Enzymes including laccases have the potential of eliminating pharmaceutically active 

compounds, and this has drawn a lot of attention—especially in recent years. Laccase 

mediated degradation follows a series of processes: first a compound is broken down 

by a laccase, an electron is moved from the molecule to the laccase. This 

electrostabilized the copper atom in the active core of the enzyme. The Copper 

molecule then undergoes regeneration by way of a coupled reaction with molecular 

oxygen that produces water.  Elements including the existence of linked bonds, 

heterocyclic or anaromatic rings, electron-donor groups, and readily oxidizable 

substituents are important in determining how much degradation occurs [31]. 

3.1 Preparation of enzyme and reference molecule 

Microbial and fungal enzymes, laccases have been found in various literature for their 

importance in removal of pharmaceutical products from the aquatic system [31]. In 

this research, protein sequence of of CotA laccase complexed with syringic acid (ID – 

7Y8B) from Bacillus subtilis subsp. subtilis str. 168 is used. 3D structure of laccase 

fig was retrieved in PDB format from the protein data bank (https://www.rcsb.org). 

The laccase molecule was then cleaned of all residual ligands and water molecules 

using PyMOL software, and the receptor molecule was then modified by adding 

hydrogen atoms using AutoDock Tools (ADT) software.  

 

Figure 7-3D structure of laccase enzyme 
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IJP which was the ligand (3,5-dimethoxy-4-oxidanyl-benzoic acid) was used as a 

reference molecule for the validation of the autodocking studies. Its 3D structure was 

retrieved in SDF format which we later convert into PDB format by the online tool, 

online smiles translator, nci.nih.gov/translate/. The 3D structure files of all the 

pharmaceutical pollutants were also retrieved in SDF format which later converted into the 

PDB format. All pollutants and reference were converted into the PDB format before 

the autodocking.  

Below is the figures which illustrated the 2D and 3D structure of the IJP as well as its 

chemical characteristics. 

 

Figure 8 - 2D and 3D structure of reference molecule 

 

Figure 9 - summary of chemical components of the reference molecule 

3.2 Analysis of active site of protein 

The CASTp (Computed Atlas of Surface Topography of Proteins) 

(http://sts.bioe.uic.edu/castp/index/.html?1ycs) is an online platform utilized in this 

http://sts.bioe.uic.edu/castp/index/.html?1ycs
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research for identifying, outlining, and computing the geometric and topological 

attributes of protein structures. This is used for the active site analysis of our protein 

structure. After the analysis of active site of the protein, molecular docking of the 

enzyme protein with various ligands is performed. The figures below illustrated the 

active binding region in protein and the residuals that have involvement in active 

binding sites (highlighted by grey colour). 

 

 

 

 

Figure 10 - active binding site in protein 
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Figure 11- grey residues that are involved in active binding 

3.3 Molecular Docking 

Laccase which is the one of the important enzymes in the process of biodegradation of 

pharmaceutical pollutants was subjugated to the molecular docking analysis. But 

before doing this, validation of our autodocking method is important. Hence, before 

the virtual screening of our pollutant substrates through the process of molecular 

docking, we tested our docking process with the re-docking of our reference molecule 

IJP. We did this to check the proper coordinates of our docking pose of the molecule. 

Our process was validated when we observed that the laccase crystal structure was 

superimposed by the reference docked molecule. 

We used AutoDock Vina for the docking experiments. The grid centre for the docking 

study was set to X=9.871, Y=0.414, Z=3.751 with grid box size of 40,40 and 40 for 

X,Y and Z coordinates respectively. The exhaustiveness level was set at eight as a 

standard. Both the receptor and the ligand were prepared by allocating polar hydrogen 

atoms and Kollamen charges. The pollutant compounds were set flexible during the 

molecular docking process, while the enzyme stayed stable. For every ligand, this 

software produced nine distinct bound conformations based on the ligand's propensity 

for binding. For further examination, the conformation with the least binding energy 

was selected as the ideal one. The PyMol software was used to study the 3D interaction 

of enzyme-substrate complex. 

Seven pharmaceutical compounds were selected as ligands for autodocking studies – 

Aspirin, Ibuprofen, Ketoprofen, Naproxen, Diclofenac, Clofibric acid and 

Carbamazepine. Each of their 2D and 3D structures were downloaded from the 
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PubChem database, https://pubchem.ncbi.nlm.nih.gov/. Below figures shows the 2D 

structures of the selected pharmaceutical compounds – 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 - Structure of Aspirin (left) and Ibuprofen (right) 

 

Figure 13 - Structures of ketoprofen (left) and Naproxen (right) 

https://pubchem.ncbi.nlm.nih.gov/
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Figure 14 - structures of diclofenac (left) and clofibric acid (right) 

Figure 15 - structure of carbamazepine 
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3.4 Synthetic pathway prediction 

After obtaining the structural information and the interaction between the protein 

molecule (enzyme) and ligands (pharmaceutical pollutants), prediction of potential 

biodegradation pathways was done using the database PathPred, 

https://www.genome.jp/tools-bin/pathpred/pathpred.cgi. PathPred uses the KEGG 

data for its knowledge-based prediction framework. This service provides possible 

reactions and the prediction of probability of a compound's transformation based on 

previously available data. The predicted or modified chemical molecules could be seen 

and is displayed as a graph in the form of a tree. Chances of accurate predictions of 

those pathways of the compounds are very high, whose identical structures are already 

present in KEGG compounds [26]. 

PathPred database predicts reference biodegradation pathways for two types of 

molecular compounds – 1. For the microbe-based breakdown of environmental 

pollutants and; 2. For the formation of secondary metabolites. On the basis of these 

requirements, the user can select any of the two compound types. Users predicting for 

the biodegradation or transformation of pollutants can use the following format as 

input – 1. MDL Mol file, 2. SMILES format and 3. KEGG compound identifier. 

Whether the enzymes for these reactions are known or unknown, the PathPred server 

provides new and possible reactions [26]. The below figure illustrates the homepage 

of the PathPred site – 

 

 

Figure 16 - Homepage of Pathway Prediction server 

 

https://www.genome.jp/tools-bin/pathpred/pathpred.cgi
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Elements are shown as compounds (nodes) and reactions (edges) in the 

projected pathway diagram. The compounds indicated in black with CX numbers are 

not found in the KEGG database, whereas the compounds labeled in blue with C 

numbers are those that are known to be involved in KEGG pathways. Nodes with light 

colors indicate that the same component is present in other places along the pathway. 

In the bi-directional prediction, the compound is indicated in red upon reaching the 

terminal. Predictions based on successive reference reactions within the KEGG 

pathway are indicated by consecutive edges of the same hue. The reaction score of the 

edge indicates the probability of the expected reaction, which is correlated with its 

thickness. In cases where the predicted pathway fails to bridge the initial and final 

compounds in the bi-directional prediction, the outcome is displayed as two separate 

trees [32]. 

To evaluate each anticipated pathway's plausibility, scientists have created two rating 

systems. Reaction score is used to find the probability of a predicted reaction by 

comparing the atoms of the query compound with those of the matched compound. 

Reaction score is based on the Jaccard coefficient. Since RDM atoms are thought to 

be very important for the reaction, this score is given three times the weight at those 

atoms in comparison to other atoms. The pathway score, on the other hand, 

represents the average of individual reaction scores within the pathway. To focus the 

search for possible transformation reactions, compounds with high route scores are 

given priority as queries for next prediction cycles. The similarity between generated 

compounds and those in other projected paths is additionally taken into account in bi-

directional prediction situations. As a result, the ranking of compounds is determined 

by adding up the highest similarity score between molecules in the opposite direction 

and the pathway score [32]. 

 

 

Figure 17- query compound 
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Figure 18- compound search in KEGG 
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CHAPTER -IV 

RESULT 

The docking analyses of laccases were done with Aspirin, Ibuprofen, Ketoprofen, 

Naproxen, Diclofenac, Clofibric acid and Carbamezapine. The output of the docking 

analysis revealed the following things – energy and RMSD values (RMSD lower 

bound and RMSD upper bound). The predicted binding affinity is calculated in 

Kcal/mol. RMSD values are computed on the optimal mode only and it involves 

motion of two heavy atoms. RMSD value is the metric to check whether the docking 

simulation is accurately predicted or not. If the value of RMSD is ≤ 2 Å then, docking 

simulation is accurately predicted [33]. 

4.1 Results of molecular docking analysis 

 1. Aspirin  

 

Best binding affinity: -6.2 kcal/mol 

Aspirin shows moderate binding affinity with consistent modes. 

2. Ibuprofen 

 

Best binding affinity: -5.7 kcal/mol 
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Ibuprofen shows moderate binding affinity with consistent modes. 

3. Ketoprofen 

 

Best binding affinity: -6.6 kcal/mol 

Ketoprofen shows a relatively strong binding affinity compared to aspirin and 

ibuprofen. 

4. Naproxen 

 

Best binding affinity: - 6.9 kcal/mol 

Naproxen has one of the strongest binding affinities among the pollutants, with a stable 

primary binding mode. This suggests it interacts favourably with the laccase enzyme. 
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5. Diclofenac 

 

Best binding affinity: -6.7 kcal/mol 

Diclofenac also shows strong binding affinity and stability in its primary binding 

mode. 

6. Clofibric acid 

 

Binding affinity: -6.5 kcal/mol 

Clofibric acid  also has a strong binding affinity, although slightly lower than naproxen 

and diclofenac. 

7. Carbamezapine 
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Binding affinity: -7.0 kcal/mol 

Carbamazepine exhibits the strongest binding affinity among the pollutants, indicating 

it has a highly favorable interaction with the laccase enzyme. 

 

4.2 Structural and visualization analysis of enzyme and pollutants 

 

 

Figure 19- interaction of laccase with the ligand asprin 
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Figure 20 - interaction of laccase with ligand ibuprofen 

 

 

Figure 21 - interaction of laccase with ligand ketoprofen 
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Figure 22 - Interaction of laccase with ligand naproxen 

 

 

Figure 23 - interaction of laccase with ligand diclofenac 
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Figure 24 - interaction of laccase with ligand clofibric acid 

 

 

Figure 25 - interaction of laccase with ligand carbamazepine 
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4.3 Predicted pathways by PathPred 

Following the molecular docking studies, pollutant carbamazepine showed the highest 

binding affinity of -7.0 kcal/mol against all the pollutants. This strong binding affinity 

suggests that there is a strong interaction and carbamazepine could be the potential 

substrate of the enzyme laccase. To further understand the molecular degradation 

pathways of carbamazepine pollutant, PathPred tool is used. In the below figure, 

pathway prediction tree is illustrated. 

 

Figure 26 - the predicted pathway tree of Carbamazepine biodegradation 
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Figure 27 - Path list of biodegradations of carbamazepine 

Herein, is biodegradation pathway prediction, from carbamazepine to 2-

Hydroxyiminostilbene (C16604). Also, it shows other pathways that lead to the 

modification in the structure of carbamazepine - 3-Hydroxycarbamazepine (C16602) 

and 2-Hydroxycarbamazepine (C16601). In the below figure an example of pathway 

prediction is depicted. 
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Figure 28 - Pathway from query compound to C16604 is depicted 

With the help of the identification of metabolites and degradation pathways our 

understanding of the degradation process will be better. 
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CHAPTER -5 

FUTURE PROSPECTS 

The approach of in-silico mediated bioremediation using laccase enzyme mediated 

molecular docking and use of pathway prediction tools for the prediction of a 

biodegradation pathway of a targeted compound holds immense value. Using in-silico 

approach is more economical and sustainable to the world. With the rapid 

advancements in computational sciences, the quality and precision of results given by 

the molecular docking processes and pathway prediction tools will be greater. In near 

by using high-end computational algorithms and software we will be able to accurately 

predict the enzyme-substrate interactions and identify more pollutants that can be 

effectively biodegraded by laccase enzymes. By using these tools, we can study the 

dynamics of protein-ligand complex stability in bioremediation process.  Using in-

silico tools for the study not only saves the time but also accelerate the process of 

screening of compounds. By combining big data analytics and molecular docking 

approaches, we can analyse a much larger dataset of environmental pollutants and 

enzymes together, find out places that are hotspots for the pollution and also adapt our 

bioremediation strategy in a very minute level also to meets the requirements of local 

ecosystem and microbial communities present there. There is a need to Fastly develop 

high-throughput in-silico techniques so we can effectively analyse those enzymes from 

the various classes that have a role in bioremediation and biodegradation of pollutants. 

High-throughput will fasten the search of enzymes for our target pollutants. 

Nowadays, many researchers have also started incorporating artificial intelligence and 

machine learning in the field of bioremediation and biodegradation. These 

technologies will further help in modifying the microbial pathways for the degradation. 

These techniques can also help in improving the enzyme structures. Furthermore, we 

will be able to explore and the knowledge of our understanding of microbial pathways 

will increase. We will be better in approaching the problem of biodegradation. 

Synthetic biology-based biosensors are already there for the determination of real-time 

pollutant level in the environment. If we integrate in-silico technologies with these 

biosensors we will be able to get pollutant level throughout the time. This will aid in 

understanding the microorganisms and pollutant interaction and we will be able to use 

this knowledge as feedback and apply it in our computational models and more 

effectively mimic the biological surroundings around the pollutants. 

Hence, by more incorporating in-silico bioremediation strategies we will be able to 

effectively solve this problem in economical ways. The future of molecular docking-

based studies will improve as more technological advancements are coming in near 

future. Environmental pollution is a global problem and is cause of many health-

related diseases, therefore, researchers all over the world are studying how 

technologies can be employed for bioremediation strategies. 
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CHAPTER-6 

CONCLUSIONS 

In this study we investigated laccase mediated bioremediation of seven selected 

pharmaceutical compounds – Aspirin, Ibuprofen, Ketoprofen, Naproxen, Diclofenac, 

Clofibric acid and Carbamazepine. The results of molecular docking, visualization 

analysis was presented. Predictive design of synthetic pathways  of carbamazepine is 

also shown. Our findings suggest that laccase enzyme has the capability to degrade 

these pharmaceutical pollutants. This in-silico study also helps in exploring the 

enzyme-substrate interactions. 
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