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ABSTRACT

Arsenic pollution in water is a major problem that has been observed in many
underdeveloped nations across the world. Arsenic (As) contamination has recently drawn
major attention to the environmental destiny and behavior of As in Southeast Asian
nations including Bangladesh, India, China, Chile, and Japan. Water contamination with
As is brought on by a number of natural and anthropogenic processes, both direct and
indirect. Because it causes As poisoning in humans, arsenic-contaminated water poses a
serious hazard to humanity. Therefore, it is essential to handle polluted water as such and
provide clean water to the public at this time. Different approaches have been suggested
for treating As-contaminated water. Bioremediation is one such strategy to reduce
environmental contamination. Despite the fact that heavy metals kill microorganisms,
some bacteria, such as arsenic-tolerant bacteria, are resistant to heavy metals. Bacteria
limit the toxicity of arsenite and arsenate by either reducing ingestion, actively exporting
the arsenicals, or by chemically altering them to produce versions that are relatively less
dangerous. As (V) is a hundred times less poisonous than As (111), as is well known. As
a result, the arsenic bioremediation techniques involve a two-step process: first, As (1)
is biologically oxidized by arsenite oxidizing bacterial strains, and subsequently the As
(V) that results is eliminated. It has been documented that a broad variety of bacteria
isolated from diverse polluted environments had the capacity to manufacture Arsenite
oxidase, that then catalyzes different enzymatic oxidations of As3+ to As5+. It has been
discovered that one of the Alcaligenes faecalis bacterial strains has the enzyme Arsenite
Oxidase. This Arsenite Oxidase enzyme underwent sequence alignment analysis as a
result of which As3+ to As5+ enzymatic oxidation has been described. It has been
discovered that one of the Alcaligenes faecalis bacterial strains has the enzyme Arsenite

Oxidase. We used Uniprot to perform sequence alignment analysis on the Arsenite



Oxidase enzyme sequence of A. faecalis against the bacterial strains present in the
Macromolecular Characterization Unit Laboratory, Dept. of Biosciences and
Bioengineering, 11T Roorkee, and we discovered homologous protein sequences in the
various strains. In the project a gene which was found to be homologous to arsenite
oxidase was amplified from Comamonas testosteroni KF1 bacterial strains and clones
into cloning vectors E. coli DH5a. Successful cloning was obtained in E. coli DH5a host
cells. However, protein of 104 kDa could not be confirmed by SDS PAGE analysis and
hence, the protein may not have purified due to various reasons. 3D structure of arsenite

oxidase was predicted from AlphaFol2 and analyzed on Pymol

Vi
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CHAPTER 1
INTRODUCTION

Water is the most prevalent element on earth. It is essential for the survival of species in
all kingdoms. Humans depend heavily on water, and problems with water directly affect
society and quality of life. Water contamination may be caused by both natural and man-
made factors, such as industrial and agricultural operations, poor waste management, and
urbanization. Water pollution may have a variety of negative consequences for both
individuals and the environment. Contaminated drinking water, for example, can cause
health problems such as diarrhea, cholera, and typhoid fever. Polluted water is also
harmful to aquatic plants and animals, resulting in population and biodiversity losses.
Water pollutants come in a variety of forms, including chemical pollutants (such as
pesticides, heavy metals, and therapeutic purposes), biological pollutants (like viruses and
bacteria), and physical pollutants (such as plastic debris) [1].

Water is essential for both our survival and day-to-day operations. It covers the majority
of our planet, yet not all of it is suitable for human consumption. Therefore, it is essential
for humans to utilize this transparent chemical substance. On the basis of the origin of the
water level it is identified into two types: Ground water and Surface water. “Ground
water" is underground liquid that forms when all of the pores in soil or other materials
including rock are saturated. "Surface water" refers to bodies of water like seas, streams,
lakes and rivers. The drinking water of most of the communities and municipalities is
obtained from the surface sources only. Also, the large amount of waste water from
domestic sources, industries, agriculture as well as from sewage treatment plants of
municipality are received by rivers and lakes [2]. This water, which contains substances
which cannot be identified, get typically mixed in drinking water. Drinking water of a
high standard can be consumed without endangering one's health. Such water is referred
to as "potable” when it is free of both inorganic and organic materials, aesthetically
pleasing, and free from offensive colors, tastes, odor and turbidity. A measurement of
water quality compares the condition of the water to the requirements of one or more

human use and/or any biotic species or purpose.



Water quality criteria should be agreed upon in connection with water quality standards
issued by the government board and representing legal requirements. There are three
types of criteria in general: in-stream, drinking water, and wastewater discharge. Each
kind has its own set of requirements, which are all measured in the same method. The
World Health Organization (WHO) has established minimum drinking water standards
that all countries should claim toward. Water quality is crucial for human health, social
and economic growth, and the environment. As populations grow and natural habitats
deteriorate, securing enough and secure water sources to everyone becomes extremely
challenging. The term "pollution” frequently refers to human activities as the source of
contamination, despite the reality that natural processes also have an impact on water
quality. The goal is to reduce pollution and enhance wastewater management. Water that
has been tainted by domestic, industrial, and commercial activity is called wastewater.
Because of this, it is impossible to define the composition of any wastewater because it
is constantly shifting and are very variable [3][4]

If wastewater is not adequately handled, it could have negative effects on the environment
and people's health. These effects may include harm to animal and fish populations,
reduction in oxygen levels, closure of beaches and other restrictions on recreational water
use as well as there will be limitations on the harvesting of shellfish and fish, and also it
will cause contamination of drinking water. Domestic wastewater is formed by activities

such as toilet use, bathing, food preparation, and washing [5].

Water pollution is a critical global problem that requires ongoing observation. A body of
water, such as an ocean, ponds, lake, river, stream or even the water below the ground,
becomes contaminated and polluted when sewage leaks, agricultural runoff, or chemical
spills contaminate it. Water that has been contaminated makes it unhealthy for humans to
consume since it includes harmful or poisonous compounds as well as germs and
organisms that can cause health problems. Growing populations and growing enterprises
strain water supplies while introducing nutrients and physical contaminants (such as

plastic waste products) into water sources [6].
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Figure 1.1: Causes of water pollution

Groundwater contamination leads to a decrease in water supply as a result of the growing
worldwide population and water demand. The primary source of drinking water is
groundwater, which may be found below the earth's surface in rock crevices and between
soil granules. Metals and groundwater can have a complicated connection. Heavy metal
contamination in water can have severe impacts. In India, groundwater provides 85% of

the country's drinking water and around 60% of its agricultural needs [7].

It is well recognized that heavy metals can interfere with normal bodily biochemistry and
metabolic functions. When consumed, they get changed to their stable states of oxidation
(Cd?*, Zn?*, As?*, Pb?*, Hg?*, As**and Ag") in acidic conditions of the stomach, where
they mix with the biomolecules of a human body — for example proteins and enzymes -

for establishing stable and strong chemical interactions [8].

The heavy metals are a class of metallic elements having high atomic weights, such as
lead, mercury, cadmium, arsenic, and chromium. Excessive levels of some metals in
groundwater, on the other hand, can be harmful to human health. Similar to high lead
levels, contaminants in drinking water, including mercury, cadmium, and arsenic, can
have a variety of negative health effects. To prevent and reduce heavy metal pollution in
water, it is important to implement regulations and best practices to limit the release of

heavy metals into water bodies. This entails keeping an eye on and assessing the quality

3



of the water, cutting back on or doing away with the use of heavy metals in industrial
operations, and appropriately disposing of hazardous waste. Efforts can also be made to
remediate areas that have been affected by heavy metal pollution, such as cleaning up
contaminated sediment and restoring degraded ecosystems. Various health issues are
brought on by the environmental toxicity of heavy metals. Reactive oxygen species are
produced when heavy metals stress bacteria physiologically [9].

Bioremediation has become a crucial strategy for pollution avoidance due to the growing
negative consequences of pollution nowadays. By using biosystems of naturally
occurring or artificially created microbes, contaminants are either removed from the
environment, destroyed, or converted into less hazardous forms. Even though the
presence of heavy metals harms microorganisms, certain toxic metal variations have
genetic resistance factors that enable them to withstand larger concentrations of the toxic
chemicals. Numerous bacterial resistance mechanisms to poisonous metals have been

thoroughly investigated at the molecular level.

As is a metalloid that is present in the environment naturally as well as through human
activity. Being toxic and carcinogenic, it can be fatal to human health at even minute
quantities. More than 150 million people globally are at risk due to arsenic contamination
of drinking water. As a result, it is crucial to remediate As-contaminated water. An
overview of chemistry, distribution, and toxicity is given at the outset of the current
investigation. These three concepts are crucial to comprehend in order to develop
remediation strategies. We review the advantages, drawbacks, and most recent
developments of the most popular As removal techniques (chemical precipitation,
adsorption, ion exchange, membrane filtering, phytoremediation, and electrocoagulation)
[10][11].

Arsenic is a widely distributed hazardous metalloid with a high solubility potential.
Arsenic's toxicity has long been recognized, and arsenic salts have long been used as
poisons. It is a common element found in many minerals, primarily as Nickel, Copper
and Iron salts or as Arsenic Sulphide or Oxide. The most prevalent forms of arsenic in
water are arsenate As (V), Arsenite As (I11) and methylated arsenic compounds produced
by biological activity. “The toxicity of arsenic depends heavily on its oxidation state;
trivalent arsenicals are at least 100 times more toxic than pentavalent derivatives”. Both

versions have the capacity to cause different kinds of cellular harm, which accounts for
4



their extreme lethargicness.

Arsenic-resistant microorganisms resist the harmful effects of arsenite and arsenate by
reducing ingestion, forcefully exporting the arsenicals, or chemically modifying them to
fewer toxic forms. Arsenite oxidation via the arsenite oxidase enzyme is a possible
detoxifying method. Arsenite oxidase is a protein that catalyzes the conversion of As** to
As®*. Because this enzyme converts arsenite to arsenate, which is less harmful than
arsenite, this bacterial approach can be used as a biological solution to the problem of
arsenic contamination. In Alcaligenes faecalis, arsenite oxidase enzymes have already
been identified, purified, and characterized [12]. In this project we have amplified arsenite
oxidase gene from the strain Comamonas testosteroni KF1.



CHAPTER 2
LITERARTURE OF REVIEW

2.1 ARSENIC TOXICITY

Arsenic mobilization in water sources endangers the health of 100 million people across
the world. Many companies discharge heavy metal contaminants into river waterways.
Mobility and toxicity in aquatic environments are highly influenced by its oxidation state.
As® has a higher propensity for surface absorption than As®*, which prefers to stay in the
aqueous phase [4]. As is hazardous to life in both forms; however, As®* is 100 times more
toxic than As®* [13]. Arsenate (As (V)) is a hazardous 357 analogue for inorganic
phosphorylating activity, whereas Arsenite (As (Il1)) demonstrates toxicity through
attaching to the protein sulfhydryl groups [4]. Ultimately, As®* interacts with cysteine
groups, glutathione, glutarodoxin, and theoredxin found on the active sites of several
enzymes for controlling the equilibrium of intracellular redox, protein folding, Sulphur
metabolism, synthesis and repair of DNA as well as for detoxification of xenobiotic.
Arsine gas binds to RBCs, resulting in hemolysis and membrane damage [5]. There are
four oxidation states of arsenic: As®*, As®*, As® and As® and the two higher oxidation

states are the most widespread in nature, whereas the two lowest are uncommon.

2.2 ARSENIC RESISTANT BACTERIA & THEIR MECHANISM

Bacteria indigenous to arsenic contaminated environment employ several different
strategies to resist arsenic toxicity. Primary mechanism is the prevention of uptake.
Different defense systems are initiated once arsenic enters the organism. Many research
studies conducted in the last several years have revealed a plethora of As- transforming
bacteria in a diversity of pollution environments [14] — [18].

Some examples of As resistant bacteria include Pseudomonas putida, Herminiimonas
arsenicoxydans, Thiomonas arsenivorans and several strains of Bacillus, Agrobacterium,
Pseudomonas, Acinetobacter, Crenarchae, Stenotrophomonas, Archromobacter,
Citrobacter, Rhodobium, etc. They have been reported to show high tolerance level of

Arsenicals [1].



Studies on Arsenic polluted environments have depicted that bacteria interact with A

using a sequence of mechanisms. There are mainly 4 strategies that bacteria utilize to

resist arsenic toxicity:

a)

b)
c)

d)

Efflux of Arsenicals or minimization of arsenic intake by increasing the phosphate
uptake specificity [As(V)] and the glycerol transporter (aquaglyceroporin) [As (I11)]
[4] [19] [20] Faecalis.

Reduction of As (V) to As (I11) by arsenate reductase enzymes (Azurin)

Methylation of Arsenite catalyzed by SAM (S-adenosyl methionine
methyltransferases)

Oxidation of As (I11) to As (V)

The following diagram shows several mechanisms of As metabolism of prokaryotes:

@ As uptake
As(llny As

(Aguaglyceroporin) (PO, * fransporters)
@As extrusion

., As(lll) As(V)
-~
ArgAIB ~ —_— .-'/ Ars \

-
[ As methylati 1]
I@ s mathylation / DMA '-""--..f"'_“*-"’"}q .
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&
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As(V) reduction

Asilil)

As(V)

Figure 2.1: Mechanisms of Arsenic metabolism of Prokaryotes [39]

Arsenate (As°*) enters the cells through the phosphate, once it penetrates the cell,
As® is reduced then to As®* by the process of cytoplasmic As®* Reductase.
Subsequently, after reduction As** is disposed out from the cell by arsB efflux pump.
In an anaerobic environment, As®* is then utilized as a terminal acceptor of electrons
during the process of respiration.

The periplasmic AIO (Arsenite Oxidase) system can act to oxidase As®* to act as an
electron donor or a bacterial resistance mechanism. The aquaglyceroporin channel
allows the entry of As®" into the cell and is further expelled out directly from the cells

with the help of another As®* transporter known as acr3p.
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e Additionally, methylated is used to modify inorganic As into organic species.

Several chemolithotrophic bacteria with a respiratory As®* oxidation system may use
arsenite as an energy source, however certain heterotrophic organisms can only use As**

for detoxification without receiving any energy [21]-[23][13].

2.3 ARSENITE OXIDASE

The Aio (arsenate oxidase) System in bacteria represents a potential detoxification
technique Arsenite Oxidase catalyzes the conversion of As®* to As®*. Since these enzymes
has property of converting arsenite into less toxic arsenate form, this bacterial technique
can be utilized as a biological way to evade the problem of Arsenic pollution. This
arsenite oxidase enzymes has already been isolated, purified and characterized in strains

of Alcaligenes Faecalis.

The enzyme is present on the outer surface of the inner membrane and possesses the
ability to oxidase arsenite in the presence of azurin and cytochrome C as the acceptor of
electron. The purified protein has the molecular weight of 85KDa and its further residues
as the monomer with various metal centers, including most likely both [4 Fe- 4S] i.e.,
HiPIP (High Potential Iron Protein) as well as the Rieske- types [2 Fe-2S] centers. And
the protein — molybdenum cofactor present is an arsenite-sensitive molybdenum- protein

helps in proper functioning of this enzyme system.

2.4 STRUCTURE AND MECHANISM OF ARSENITE OXIDASE

The crystal structure of Arsenite Oxidase enzyme has been already revealed through X
ray diffraction technique [12] and the genes for the two structural subunit polypeptides
have also been sequenced. The structure of enzymes of arsenite oxidase depicts two sub-
units: 1) a larger 88kDa polypeptide consisting the Mo-pterin cofactor and 2) a HiPIP
3Fe”4S center and a smaller 14kDa subunit having the Rieske2Fe”2S center. The Mo-
pterin cofactor contain two pterin, aligned respectively up and down to each other in the

protein.

A plain funnel shaped split is present on the large subunit that enables entrance of Arsenite
(AsO3H2-) and after oxidation facilitates the release of arsenate (AsO3H2-) from the

protein in reserve direction.
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Figure 2.2: Structure and proposed reaction mechanism of Arsenite Oxidase [40]

The proposed reaction mechanism includes following steps:

a)

b)

d)

f)

First arsenite (ASo3H2-) binds to the enzyme by bonding closely with the oxidized
co-factor of value Mo(VI), enabling a direct attach of the nucleophile and by
transferring two electrons.

Two electrons are then transferred from arsenite to Mo, after which oxidizing As (I11)
to As(V) takes place and finally reducing the Mo (V1) to Mo (V) occurs.

This results into release of arsenate, AsO4H2-

Simultaneously, two electrons are transferred from Mo (IV) to HiPIP 3Fe-4S center
which is 14 A away from the atom of Mo, therefore it requires an electron pathway
that consists of several intermediates. This step is responsible for the regeneration of
Mo (VI) center.

Subsequently, two electrons are then transferred from the center of HiPIP 3Fe-4S of
the larger sub-unit to the Rieske center of 2Fe-2S of small sub-unit.

Finally, electrons are one of the most potent environment biocatalysts and can be used

as an effective tool in bioremediation.

2.5 MOLYBDOPTERIN OXIDOREDUCTASE

The Molybdopterin Oxidoreductase enzyme from Comamonas testosteroni KF1 has been

shown to be a soluble, protein with a molecular weight of approximately 104 kDa. The

enzyme requires molybdenum, iron-sulfur clusters, and heme for its activity, and it

exhibits a broad pH range for optimal activity. Comamonas testosteroni KF1 is a gram-

negative bacterium that has been widely studied for its ability to assimilate nitrogen from
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various sources. Molybdopterin Oxidoreductase from Comamonas testosteroni KF1 has
been cloned and characterized in several studies.

It has been studied for its potential use in bioremediation and biocatalysts applications.
Overall, the Molybdopterin Oxidoreductase enzyme from Comamonas testosteroni KF1
IS a promising target for further research and development in the field of biotechnology

and environmental science.
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CHAPTER 3
MATERIALS AND METHODS

3.1 BIOINFORMATIC ANALYSIS

In addition to being a key tool for routine DNA analysis, bioinformatics is a crucial
resource for molecular biology research. There are a massive number of sequences from
several species, including the human genome, which is being stored in genetic databases.
The NCBI BLAST is among the most valuable bioinformatics resources that allow
comparing a DNA sequence with all the other sequences which are stored within a
database of DNA for example, GenBank, EMBL, DDBJ, etc.

The comparative modelling, or homology modelling, aims to predict the structure of a
protein by comparing it with structures of related or homologous proteins. A generalized

process for homology modelling of a target protein including following steps:

a) Identification of related proteins having similar protein sequence using search tools
such as BLAST and FASTA. The 3D structure of these related proteins serves as a
template for model.

b) The sequence of target protein is aligned with the template protein sequences using
multiple alignment tool such as CLUSTAL o to look for regions of target that are
highly conserve across all the templates and those which are less conserved.

c) By superimposing the template structures and identifying structurally conserved
sections, a model structure is constructed. A core for the model is formed by aligning
the template backbone with conserved fragments of structure.

d) Following the modelling of the core loops using various computational techniques,
such as choosing the optimal loop from a database of known loop conformations, etc.

e) Following the creation of this core structure, the positions of the side chain atoms are
established using various techniques, such as rotamer library search, etc.

f) Finally, the quality of structure constructed through this process is evaluated via

different software.

In this project the structure prediction was done through AlphaFold2. Additionally, the

Swiss-Model was used to examine the Ramachandran Plot's structural integrity.
11



3.1.1 Sequence Analysis

Sequence of Arsenite Oxidase enzymes of A. faecalis which has already been isolated,
purified and characterized [24] was taken from UniprotKB database (a protein sequence
database) with primary accession number (Q7SIF4). To find out homologous sequences
for this protein sequence, protein BLAST was done against PDB database (a protein

structure databases) for bacterial strains already available in the lab.

3.1.2 Structure Prediction by AlphaFold2

To search for the template in homology modelling for Arsenite Oxidase, protein BLAST
was done and from the results of BLAST we found protein showing structural and
functional similarity to Arsenite Oxidase from A. faecalis (PDB 1G8K). Thus, we close
this protein as template for comparative modelling of Arsenite Oxidase. From AlphaFold2
the protein was modelled and then aligned with 1G8K template in PyMOL [25].

3.1.3 Multiple Sequence Alignment

The process of Multiple sequence alignment was done for sequences of Arsenite Oxidase
from A. faecalis and Molybdopterin Oxidoreductase from C. testosteroni KF1 by
CLUSTAL OMEGA.

3.2. CLONING OF ARSENITE OXIDASE

A gene is isolated from an organism and placed into a vector for replication in a process
known as molecular cloning. These molecular clones can be used to produce several copies
of DNA for gene sequence analysis and/or to express the appropriate protein for study or
use in understanding the function of the protein after being extracted. In this project we
have attempted to produce molecular clones of an enzyme that was found to be
homologous to Arsenite Oxidase [26]. Once cloned and expressed, further research on this
protein can be done to find out its activity; structure through crystallography, and/or its

mutants.

3.2.1 Isolation of genomic DNA from C. testosteroni KF1 cells.

e Principle: The separation and purification of gDNA from cells marks the transition
12



from cell biology to molecular biology. In gDNA isolation the total DNA content is
separated from the RNA, protein, lipids, etc. For this first the cell membranes are
disrupted through SDS, after which Mg?* (an important cofactor for nucleases) are
removed by chelating with EDTA to protect DNA from degrading. To degrade the
RNA and protein, RNase and proteases are added. Phenol and chloroform play role in
denaturing and separation of the proteins from DNA. The denatured proteins are then
eliminated by centrifugation. Finally, the DNA released from disrupted cells is

precipitated cells is precipitated using cold ethanol.

SDS
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‘ Proteinase |
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A « ’/ \ (DNA)

DNase — Inter phase
;, —
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—J

Figure3.1: Schematic representation showing principle of gDNA isolation [41]

Requirements:

a) Sample and Reagents: Cell culture for DNA isolation, Qiagen Genomic DNA
extraction Kit.

b) Apparatus & Equipment’s: Eppendorf Centrifuge 5810R and 5418, VVortex mixer,
Micropipettes, micro tips, microcentrifuge tubes, etc.

Procedure:

a) Pipet out 1ml of bacterial culture into a microcentrifuge tube of 1.5 ml, and then
centrifuge it at 12000 rpm for the duration of 5 min. Throw away the excess liquid.

b) Now, add a buffer ATL to a pellet to a total volume of 200 pl.

c) 20 ul proteinase K is added and is the mixed with the help of vortexing it is then
incubated at a temperature of 56°C until the tissue gets lysed completely. To enable
efficient analysis, a swaying platform or a water bath should be used.

d) Short spin the tube for removing the extra drops from the walls and lid.

e) Firstadd 20 pul 20mg/ml RNAse A, mix for 15 sec using the pulse-vortexing, and
then incubate it at room temperature for 2 min. Further, you can short spin the tube
(optional step)

f) After this, 200 pl AL Buffer (lysis buffer) is added. VVortex the mix for 15 sec, and
13



9)
h)

)

K)

incubate it at the temperature of 70°C for 10 min. Then, shortly centrifuge the MCT
tube.

To this sample add absolute ethanol of 200 ul and mix it for 15 sec by vortexing.
The sample from last step is then applied to the Q1Aamp Mini spin column without
letting the rim get wet and then centrifuged for 1 min at 8000 rpm. The column if
transferred to new collection tube and then the process of centrifugation is
performed again at around 6000 x g (8000 rpm) for reducing the noise.

Now, add to the QIAamp Mini spin column 500 pl buffer AW1 and centrifuge it
for 1 min at 6000 x g (8000 rpm). With the help of the filtrate discard the collection
tube.

After this, carefully open the QlAamp Mini spin column and pour 500 ul buffer
AW?2 into it without dampening the rim followed by the process to centrifuge at
full speed (14,000 rpm) for 3 min. Discard the collection tube.

Place the column in a new 2 ml collection tube. To eliminate the buffer AW2 carry
over, briefly spin the tube at full speed for 1 min and discard the collection tube
containing the filtrate.

The spin column is then placed into a clean1.5 ml MCT. Cautiously open the
column and then add 200 pl Buffer AE (Elution buffer) to it. Further incubate the
solution for 5 min at room temperature, and then centrifuge it at 8000 rpm for 1

min.

m) Repeat step (k).

Precautions:

a)
b)

c)

Use plastic containers and reagents devoid of DNase.

Use of cut tips is advised to prevent mechanical damage to the DNA.

You shouldn't elute more than 200 L of elute into a 1.5 mL microcentrifuge tube
because the spin column will come into touch with the elute and cause the

centrifugation to produce aerosols.

3.2.2 Primer Design for PCR

For selective amplification of the desired genes in PCR, the primer designing is the most
crucial factor. The DNA Sequence of the target gene is used to generate two primers
called amplimers that are specific to the flanking sequences of the target DNA sequence
[27].
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To design primers, it is essential to consider certain factors:

a) Primer Length: When the primers are short in length they may produce unwanted

amplification products, while longer primers produce higher specificity for a

particular target. However, every longer primer promotes higher specificity for a

particular target. However, very long primers (more than 18-20) nucleotides are also

not ideal since very long primers (more than 18-20) nucleotides are also not ideal

since very long primers interferes with the rate at which the primer hybridized to the

template DNA.

b) Nature of sequences: The two primers should not have any self complementarily or

complementarity to each other to prevent dimer or hair pin structure formation.

¢) Tm Values: The melting point of primers, or Tm, is the temperature at which half of

the DNA strands are double-stranded.

d) Base Composition: The GC content should lie between 40 to 60%.

Based on the above aspects Primer Designing was done with help of NEB cutter and

Oligo Analyzer Primer Quest Tool For this tBLASTn was done to find out the nucleotide

sequence for our protein and using NEB cutter zero cutters were identified. After this we

took around 10 nucleotides to design forward primer and similarly 10 nucleotides from

the last of its reverse complement to design reverse primer through Oligo Analyzer. Oligo

Analyzer was also used for further evaluation and designing of Primers.

L
NEBcutter BioLabs NEBcutter’

Nitrate reductase

pr—

Create New Project

Show flanks

Figure3.2: NEB Cutter Webpage [42]
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3.2.3 Gene Amplification by PCR

A specific DNA fragment (target DNA) is amplified using the Polymerase Chain
Reaction (PCR) from the template DNA. The PCR is divided into three phases, each

having a set of timings and temperatures:

a) Denaturation by heating the reaction to 90°C,
b) Annealing primers to each original strand in order to synthesize additional strands.

c) The new DNA strands created by the primers are extended.

The extra oligonucleotide primers can attach to their complementary sites flanking the
target DNA after annealing, which aids in their ability to hybridize. Annealed
oligonucleotides serve as primers for DNA polymerase because they provide it a 3'

hydroxyl group [28].

Tagq DNA Polymerase, Phusion, and other thermostable DNA polymerase enzymes carry
out the "extension” stage of DNA synthesis. Once the new strands have been extended
along and past the target DNA to be amplified, DNA synthesis continues from both
primers. A region at the new strands' 3' end will be complimentary to the other primer.
The amount of DNA created will therefore expand exponentially because the new strands

will serve as templates alongside the old strands in a subsequent round.

Component Concentration Volume ()
(25 pl x 4)

Nuclease free water (Mili Q) 66 ul
GC Buffer 5X 20 pl
dNTPs 10mM 2.5 ul
Template (JDNA C. testosterone KF1) 25- 50ng 2.5 ul
DMSO 100% 4.0 pl
Forward Primer 10 pM 2.0 ul
Reverse Primer 10 uM 2.0 ul
Phusion Enzyme 1 unit/ 50 pli 1.0ul
TOTAL 100 pl

Table 3.1;: PCR Formulation
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Step Temperature & Time Cycle
Initial Denaturation 98°C, 1min. 1
Denaturation 98°C, 30 sec. 35
Annealing 72°C, 1:30 min. 35
Extension 72°C, 1:30 min. 35
Final Extension 72°C, 5 min. 1
Hold 4°C,

Table 3.2: PCR program for amplification

105.0 °C 02:10:08
e T

Method: NewMethod

| ! 1 e ‘
i =i o) I i

\
4 ’ Pause Run View Method
§ Information

Figure 3.3: Thermo-scientific Thermal Cycler showing PCR program

3.2.4 Analysis of Gene Amplification by Gel Electrophoresis

A technique called gel electrophoresis is used to separate macromolecules like DNA,
proteins, and other molecules, as well as their fragments, according to their molecular
size and charge. Due to its phosphate backbone, DNA is negatively charged when an
electric field is applied. Because DNA has a constant mass/size ratio, it separates in gel
in a pattern where the larger the fragment, the shorter the distance traversed [29].

Therefore, the rate at which DNA moves on the gel depends upon following factors:

a) size of DNA
b) concentration of Agarose (determines pore size and molecular sieving properties of
gel)
c) voltage applied
d) presence of EtBr, etc.
e Requirements (for 1% Agarose Gel):
1x TAE (40 mM Tris-acetate, 1 mM EDTA), EtBr 0.5ug/ml, Agarose low EEO,

loading dye, DNA ladder.
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Figure 3.4: Agarose Gel Electrophoresis apparatus

Protocol:

a)

b)

c)
d)

9)
h)

)

Take 0.4g Agarose EEO and put into an Erlenmeyer flask. Now add 40 ml of the
running buffer TAE into the flask containing Agarose.

Microwave the agarose for intervals of 30 to 40 seconds to melt it. Stir it, then let
it to cool.

Now add a little drop EtBr (0.5ug/ml) to the mix

Insert the gel tray into the casting device with the proper combs. To make molds,
pour the melted agarose right now.

Permit the gel to cool and solidify. Put the tray in the gel box after removing the
combs.

Include loading dye in the DNA sample preparation process. Load the samples in
wells.

Set the desired voltage (1-5V/cm between electrodes) on the power supply.
Cover the gel with buffer and connect the gel box's leads to the power source.
Turn on the power supply. Run the gel until dye reaches appropriate distance.
After electrophoresis is completed, take out gel from the box by removing excess
buffer.

On the UV transilluminator, apply the gel. Orange bands would represent DNA
bands. Take a photo for later research.
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3.2.5 PCR Purification

PCR Purification is a critical procedure. Since nucleotides, enzymes, buffer and
primers components must be removed before using the DNA, purification is thought

to be important for downstream applications.

A reaction mixture including DNA and binding buffer, a chaotropic agent that can
break up hydrogen bonds, denature proteins, and promote DNA binding to the
column'’s silica membrane, is put into a purification column. A purification column
is filled with a reaction mixture containing DNA and binding buffer [30]. For
optimum DNA binding, the binding buffer also features a color indication that makes
it straightforward to monitor the pH of the solution. Impurities are eliminated using
a straightforward wash method. The pure DNA is subsequently removed from the
column using the elution buffer. The DNA that's been retrieved is now suitable to be

used in downstream applications.

e Requirements:

e Thermo Scientific™ Gene JET Gel Extraction and DNA Cleanup Micro Kit
containing
a) Binding Buffer
b) Extraction Buffer
c) Prewash Buffer (conc.)

d) Wash Buffer (conc.)
e) Elution Buffer
f) DNA Purification Micro Column & Collection Tube
e PCR samples.
e Protocol:

e Add 1:1 volume of binding buffer to the PCR mixture to be purified.

e Now add 1:2 volume of neutralizing buffer (100% lIsopropanol) to the combined
mixture. (i.e., for 100ul PCR mix add 100 pl Binding Buffer and 100 pl of
Isopropanol)

e Transfer up to 800 pl of the above solution into the Gene JET Purification
Column. Centrifuge for 1.5 min at 12000 rpm. Discard the flow-through after

using it.
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e Now add 700 pl of Wash Buffer (Ethanol) to the column and centrifuge again at
12000 rpm for 1.5 min.

e Throw away the flow-through after using it. To get rid of any remaining buffer,
centrifuge the empty column for one minute. Discard the flow-through. Give it a
minute to dry.

e Add roughly 30-35 ul of warm elution buffer and the Gene Jet filter to a fresh,
clean microcentrifuge tube. Keep it for 3-4 min.

e Now Centrifuge for 1min. Throw away the column, then keep the DNA at -20°C.

3.2.6 Plasmid Isolation

Plasmids are remarkably useful tools in molecular biology and genetics, especially
in the field of genetic engineering. Plasmids are circular extrachromosomal DNA
molecules that contain genes for conjugation, antibiotic resistance, and the
metabolism of 'abnormal’ substrates. Plasmids that can be extensively reproduced by
bacteria like E. coli are excellent vectors. Several artificial plasmids have been
designed over the years for cloning purposes. These plasmids have several restriction
sites at which they can be cleaved or digested and ligate gene of our choice having
same sticky ends (digested by same restriction enzymes) [32]. The ligated DNA or
rDNA can then be transformed into competent cells of E. coli. Plasmid isolation
involves removal of cell lysate including proteins, lipids, genomic DNA, RNA, etc.
Genomic DNA isolation uses strong lysis, such as the enzymatic or mechanical
breakdown of cell membranes, to release genomic DNA into the solution, whereas
plasmid DNA isolation uses mild alkaline lysis to release plasmid DNA into the
solution alongside genomic DNA. This is the main distinction between genomic DNA
isolation and plasmid DNA isolation. Furthermore, whereas plasmid DNA separation
uses neutralization with potassium acetate to separate plasmid DNA from genomic
DNA, cell lysis allows for the isolation of genomic DNA from lipid membranes and

proteins.

e Requirements:
e Thermo Scientific Gene JET Plasmid Miniprep Kit containing Resuspension
Solution, Lysis Solution, Neutralization Buffer, Wash Buffer, RNase A,
Elution Buffer (10 mM Tris-HCI, pH 8.5), Gene JET Spin Columns and 2ml
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Collection tubes.

Secondary culture of pET28a plasmid containing E. coli cells.

e Procedure:

a)

b)

d)

f)
9)

h)

1)

K)

Pellet down 5ml culture in an Eppendorf tube by centrifugation at 10,000
rpm for 15 mi. Discard the supernatant and collect the pellet.

Resuspend the pellet in 250 ul resuspension buffer and vortex for 15 sec or
resuspend by pipetting up and down.

Pour 250 pL of the Lysis Solution and mix properly by inverting the tube 4
-6 times till the solution turns thick and somewhat transparent. Note: To
prevent shearing of gDNA do not vortex and don't incubate beyond 5 min to
avoid denaturation of supercoiled plasmid DNA.

Now pour 350 pl of the Neutralization Solution and mix properly.
Centrifuge at 10,000 rpm for 15 min. This will pellet down the cell debris
and chromosomal DNA.

Pipette out the supernatant in the plasmid isolation filter and spin for 2 min.
Discard the filtrate. Put in 750 ul. Wash Buffer Solution and centrifuge again
for 1 min.

Discard the filtrate and spin the empty column again to remove residual wash
buffer.

Now take out the filter from the column and put in a new 1.5ml
microcentrifuge tube. Open the cap of filter and let it dry for 5 min.

Add 30-35uL warm Elution Buffer exactly on the filter. Incubate for 2-5 min
at room temperature.

Centrifuge the tube. Discard the column and store the purified plasmid DNA
at -20°C.

3.2.7 Restriction Digestion of amplified gene and plasmid vector pET 28a

The amplified gene and vectors were then digested with the appropriate enzymes

(Ndel and Xhol) in order to make their ends sticky for ligation after successful gene

amplifi

cation and plasmid isolation. The digestion reaction carried out for 3 hours at

37°C. The restriction digestion protocol for Gene and pET28a (+) vector is tabulated

below:
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*The digested gene and vector (plasmid) were then subjected to Agarose Gel Electrophoresis and PCR

purification (to remove restriction enzymes).

Components Volume
CutSmart Buffer 3 uL
Enzyme (Ndel) 1.5puL
Enzyme (Xhol) 1.5puL
Template (Gene) 24 uL
Total 30 pL

(a)

Components Volume
CutSmart Buffer 3 uL
Enzyme (Ndel) 1.5puL
Enzyme (Xhol) 1.5puL
Nuclease free water 4 uL
Template (plasmid) 20 pL
Total 30 pL

(b)

Table 3.3 (a) and (b) Restriction Digestion of gene and plasmid pET28a.

3.2.8 Ligation of digested gene and vector

After digestion, gene and vector having complementary sticky ends (digested by same

restriction enzymes) are ligated. The ligation reaction was carried out for 20 hours. The

protocol for Gene and pET28a vector ligation reaction is given below:

e Requirements

a) Purified plasmid vector, Insert DNA, T4 DNA ligase, T4 DNA Buffer, Nuclease

water.

e Procedure

a) Thaw and resuspend T4 DNA ligase buffer and add it to reaction tube
b) Add vector and insert DNA followed by nuclease free water.
c) Add T4 DNA ligase enzyme.
d) Mix the contents gently, make sure liquid doesn't stick to walls.
e) Incubation is done overnight at 16°C with heat shock at 65°C.
f) After ligation, ligation must be inactivated with heat shock at 65°C
Components Volume
Gene 20 pl
Vector 6 ul
T4 DNA Buffer 3ul
T4 DNA ligase Tl
Total 30wl

Table 3.4. Ligation reaction of pET28a and Gene
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*After ligation the ligated DNA is transformed into competent cells.

3.2.9 Competent Cell Preparation of Cloning Vector E. coli DH5a Cells.

For transforming the rDNA or any foreign DNA into a cell it is important first to make
them competent so that they can take up the foreign DNA from their surroundings.
Calcium chloride heat shock transformation is a potent molecular biology technique
which is used for generating competent cells to fulfil the purpose of introduction of
foreign DNA or plasmid into a host cell. When CaCl; is added to a cell solution, the Ca
ions create a cation bridge between the negatively charged phosphate backbone of DNA
and the negatively charged phosphorylated lipid in lipopolysaccharide, which makes it
easier for foreign DNA to enter the host cell. Upon heat shock treatment the cell
membrane becomes porous, allowing the uptake of DNA into the cell. Thus, this step is
very crucial for transformation of rDNA into the host [33].

¢ Requirements for Competent Cell Preparation:
a) Equipment’s: 37 °C Shaking incubator, 42 °C water bath
b) 1 ml of overnight Ecoli DH5a Cell culture.
100 ml of 0.1 ssM Chilled CaCl»
200 ml of 0.1 M CacCly, with 15% glycerol solution
100 ml fresh LB media.
e Procedure:
a) Preparation of CaCl, Buffers:
e 1M CaCly: Stock Solution: 11.1g Anhydrous CaCl, + 80ml of dH20 + fill
upto 100ml
e 0.1M CaClz Working Solution: 10ml Stock + 90ml dHO
e 0.1 M CaCl,with 15% glycerol solution: 6 ml 1M CaClz + 9 ml glycerol + 45
ml dH-O.
b) Culture of E. coli DH5« cells: (Primary Culture)
e Inoculate 1ml of LB with E. coli DHS5a. cells.
e Place in shaking incubator at 37°C and 200 rpm for overnight.
c) Generation of Competent cells:
e Transfer 500 pL cells from overnight culture to a fresh LB media tube.

e Place in shaker incubator for approx. 3 hours at 37°C, 190 rpm so as to
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achieve an OD 0.6 to 0.8 nm. (Secondary culture)

e Transfer cells from secondary culture tube to red cap tubes. Centrifuge for 7
min at 4000 rpm, 4°C and pellet down the cells.

e Keep them in ice bucket. Take to laminar hood, decant media and add 4ml
0.1M cold CaCl, and resuspend

e the cells. (Washing Step)

e Now again centrifuge the tubes at 4000 rpm, 4°C for 10 min. Take to laminar
hood and decant the CaClo.

e Add fresh 4 ml CaCl, and resuspend. Repeat last two steps (centrifugation
and resuspension) 4-5 times.

e Incubate in ice for 30 min.

e Centrifuge at 4000 rpm, 4°C for 10 min. Decant the supernatant. Competent
Cells are pelleted down.

3.2.10 Transformation of pET28a plasmid with gene into E. coli DH5a host cells

In order to create several copies of a recombinant DNA molecule, bacterial transformation
is an essential step in the molecular cloning process. Bacterial cells can acquire foreign
DNA (also known as naked DNA) by transformation via horizontal gene transfer.

Transformation can be used for various applications such as:

e for making multiple copies of the desired DNA

e in cloning procedures

o for expression of large amounts of proteins and enzymes
e to generate cDNA libraries

¢ in DNA linkage studies

In this experiment we wanted to make multiple copies of the DNA so we utilized

genetically engineered E. coli DH5a cells to maximize transformation efficiency.

Transformation efficiency is calculated using the formula below:

Number of colonies on plate
Amount of DNA plated (ng)

Transformation efficiency= %1000 Eq (1)
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Characteristics of E. coli DH5a cells:

This strain is a nonpathogenic strain engineered by American biologist Douglas
Hanahan

DH5a cell has three distinct mutations: recAl, endAl.

recAl is a point mutation in the recAl polypeptide that replaces glycine 160 with and
an aspartic acid residue which makes recombinases disabled resulting into inactivation
of homologous recombination that ensures a higher insert stability.

The endAl mutation turns an intracellular endonuclease inactive, preventing it from

digesting the plasmid.

Procedure for transformation:

Resuspend competent cells in 200uL. 0.1M CaCl;

Label the fresh red cap tubes as control and ligated and add 70ul. cells to each.
Add 15 pL ligation product to the tube.

Incubate in ice for 30 min (meanwhile turn on the water bath at 42°C.

1 min heat shock treatment.

Recovery:

Add 1ml LB media (autoclaved) to each tube, and place in a beaker tightly.

Incubate at 37 °C to allow the antibiotic resistance genes to start expression.

After 2-3 hours, melt 200ml LB agar for 10 plates (autoclaved) in microwave. Let it
cool and then add kanamycin.

Pour the media in plates and allow them to cool down in Laminar.

After 20-30 min, with the help of spreader proceed for plating. Add around 70 pL of
cells to the plate and spread evenly using autoclaved spreader.

Label the plates. Incubate at 37 °C.

3.2.11. Analysis of recombinant clones in E. coli DH5a by Colony PCR

Colony PCR is a method for quickly determining whether the desired gene is present in

colonies of transformed bacterial cells that have grown up on selective medium [34]. The

colony PCR reaction is essentially identical to the standard PCR reaction in that it uses

colonies made up of cells that may or may not contain the plasmid containing the desired
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gene as the template, along with primers, polymerase, and dNTPs.

Volume (ul) (25 pL. X 10
Component )
colonies)
Nuclease free water
. 168 pl
(MiliQ)
GC Buffer 50 pL
dNTPs 5uL
Forward Primer SuL
Reverse Primer 5uL
Template
. S5 pL
(Colonies from plate)
DMSO 15 uL
Phusion enzyme 2 ul
TOTAL 250 ul

Table 3.5: Colony PCR formulation for gene.

Step Temperature & Time Cycle
Initial Denaturation 98°C, 5 min 1
Denaturation 98°C, 30 sec 20
Annealing 60 °C, 1:30 min 20
Extension 72°C, 1:30 min 20
Final Extension 72°C, 5 min 1
Hold 4°C, infinite -

Table 3.6: Colony PCR program used.

3.3 EXPRESSION OF ARSENITE OXIDASE.

Once the molecular clones are produced, we have multiple of copies of the gene required.
But, for studying the characteristics of the resultant protein such as its structure, activity
and for other genetic engineering purposes we need to first synthesize the protein encoded
by the gene. Therefore, we transform our cloned gene into a host cell having gene

expression system which is capable of active expression of a foreign gene.
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3.3.1 Isolation of recombinant plasmid pET?28a from E. coli DH5a

After successful cloning of the desired gene in E. coli DH5a cells the recombinant
plasmid is isolated from the cells of colonies that showed positive results for
transformation. For this purpose, cells from colony that showed positive result for
transformation was taken and were inoculated in 10ml LB media in a tube [35]. This tube
was incubated at 37°C and then recombinant plasmid was isolated from it by following

the same procedure given below.

3.3.2 Competent cell preparation of expression vector E. coli BL21(DE3) strain.

Competent Cell preparation of E. coli BL21 (DE3) cells was done following the same

procedure given below.

Characteristics of E. coli BL21(DE3) cells:

e BL21 DE3isaderivative of BL21, that contain the ADE3 lysogen that carries the gene
for T7 RNA polymerase under control of the lacUVS promoter.

e |tis suitable for protein expression as it is deficient in LON protease and hence brings
stability to the expressed proteins.

e OmpT (outer membrane protease) is also absent whose function is to degrade
extracellular proteins.

e Due to the hsdSB mutation in these cells prevents foreign DNA methylation and
disruption in the cells.

e Hence, for the above reasons BL21 DE3 is an excellent expression vector.

Mechanism of Expression of desired gene in BL21 DE3 cells:

Figure 3.5: Plasmid map of pET28a showing restriction sites including Ndel and Xhol, and the

T7 promoter and terminator sites [43].
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As shown in the diagram above the pET28a plasmid vector contains the T7 RNA
promoter gene so when this recombinant plasmid is inserted into the BL21 DE3 host cells
that carries the T7 RNA polymerase (T7TRNAP) gene under control of lacUV5 promoter,
we can induce over expression of the insert gene by using this machinery with help of
IPTG.

IPTG Induction Theory

Isopropyl B D-1 thiogalactopyranoside (IPTG) is a molecular biology reagent which is a
molecular mimic of allolactose, a lactose metabolite that triggers transcription of the lac

operon, and it is therefore used to induce expression of our gene of interest.

When IPTG induction is done, the T7TRNAP produces, this protein binds to the T7
promoter in the plasmid leading to expression of the gene insert under the control of T7

RNA promoter.

£ cou DI = 7 RNA polymerse 110

chromosome ‘

Desired

Figure 3.6. Schematic representation of recombinant protein expression [44].

3.3.3 Analysis of recombinant clones in E.coli BL21.

Colony PCR was done to analyse the expression of recombinant gene in the vector.
Colonies were picked from the LB agar plate and was resuspended in the PCR reaction
mixture.
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Volume (ul) (25 ul. X 10
Component )
colonies)
Nuclease free water
- 168 ulL
(MiliQ)
GC Buffer 50 uL
dNTPs 5ulL
Forward Primer 5uL
Reverse Primer 5uL
Template
) 2-3 uL
(colonies from plate)
DMSO 15 ulL
Phusion enzyme 2 uL
TOTAL 250 pL

Table 3.7: Colony PCR formulation for gene.

Step Temperature & Time Cycle
Initial Denaturation 98°C, 5 min 1
Denaturation 98°C, 30 sec 20
Annealing 60 °C, 1:30 min 20
Extension 72°C, 1:30 min 20
Final Extension 72°C, 5 min 1
Hold 4°C, infinite -

3.3.4 Expression of Arsenite Oxidase by induction with IPTG.

After overnight incubation, positive clones were selected and the culture was inoculated
with positive clones into 100 ml of fresh medium including 500 pL of Kanamycin. The
cells were allowed to grow at 37°C shaking at 200 rpm and growth monitored by
measuring the absorbance at 600 nm (A600). At the log phase of the culture reaches -0.8,
1mM isopropyl-1- thio-p-D-galacto-pyranoside (IPTG) will be added to the culture and
the culture will be incubated at 18°C for 24 hours, shaking 150 rpm to improve the
expression level. Then, the cell will be harvested by centrifugation (8000 rpm, 20 min,
and 4°C) and the pellet was stored at -80°C until purification [36].

Table 3.8: Colony PCR program used.
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3.4 PROTEIN PURIFICATION

For purification of protein first the pellet is resuspended in Binding Buffer (containing
50mM Tris HCL 10% glycerol, 200 mM NaC1 and 2mM DTT, rest water). The Cell
disruption is then performed using Constant Systems CFI cell disruptor. The cell debris
will be eliminated by centrifugation for 30 min at 15,000 rpm and crude extract will be

used for protein purification.

Protein is purified by Ni metal (Ni NTA) affinity chromatography. The supernatant
will be loaded onto 5ml Hi-Trap Chelating column charged with Ni. Protein is eluted with
gradient (using Imidazole and Binding Buffer), and fractions containing purified protein

are pooled and concentrated. The purified protein can be stored at —20 °C until used [37].

To check for successful purification of protein (arsenite oxidase) the purified product

from chromatography is run through SDS PAGE electrophoresis.

by (O
e

Figure 3.7: Different steps of Protein Purification (IPTG induced large culture, Cell Disruptor,
Centrifugation, Purification)
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3.4.1 Ni NTA Chromatography

e Principle

Ni NTA chromatography is a type of affinity chromatography through which recombinant
proteins having His tag. Histidine residues in the His tag attached to our protein that is
being purified, bind to the unoccupied sites in the coordination sphere of the immobilized
nickel ions with high specificity and affinity. This leads to attachment of our protein to
bind to the Ni containing beads bed, so when gradients of imidazole are passed through
the column the loosely bound protein was away first leaving behind our protein. Then at
the final elution step with imidazole our protein is usually purified separately without
noise, which can be monitored through SDS PAGE [36].

e Requirements

Ni- NTA agarose, 5 ml coloum with luer lock on both ends, 10 ml luer lock syringe.

Buffer Composition
Equilibration buffer 20 mM Tris/HCL 200 mM NacCl; pH7.5
Washing buffer 5 mM imidazole + buffer
Elation buffer 1 20 mM imidazole +buffer
Elution buffer 2 60 mM imidazole+ buffer
Elution buffer 3 250 mM imidazole + buffer

Table 3.9: Buffer Compositions for Protein Purification by Ni NTA Chromatography

e Procedure:
First, using the Ni NTA Agarose a bed is created in the column.
The column is equilibrated before use with Equilibration buffer.

Sample is then applied to the column by gravity flow. (Flow through)

1

2

3

4. Washing buffer is passed through the column once sample reaches the bed.

5. Now the bound proteins are eluted with the help of elution buffers E1, E2 and E3.
6

The progress of the purification is monitored by analyzing each fraction by SDS-PAGE
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Figure 3.8: Ni NTA Chromatography Column

3.4.2 SDS Page

SDS PAGE is a technique given by Raymond & Weintraub which is used in separate
proteins based upon the size and relative mol. wt of proteins SDS is an anionic detergent
that linearizes the polypeptide chain B-mercaptoethanol acts by reducing all disulfide

bends and assists in protein denaturation.

The stacking gel is more porous and have a lower pH (pH 6.8) than resolving gel (pH
8.8), this difference in ionic strength and pH between both get is a phenomenon called
isotachophoresis. This leads to concentration of protein samples into a narrow band on
the surface of resolving gel which on application of current separates proteins. The buffers
in both gels have Glycine as a counter ion which at pH 6.8 remains in zwitterion form
(neutral), and Cl ion from buffer moves actively toward the anode with current. So, the
protein samples with dye migrate towards the anode faster than Glycine but slower than

chloride ion making a thin band sandwich [37].

Figure 3.9: SDS PAGE Apparatus
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e Requirements:

e Protein samples

e Protein mol. wt. markers

e SDS Gel Loading Buffer (5x)

Reagent Quantity (for 1ml) Final Concentration
Tris-cl (1M, pH 6.8) 0.25 ml 250 mM
SDS (electrophoresis grade) 80mg 8%
Bromophenol Blue 1mg 0.1%
Glycerol (80% v/v) 0.5ml 40% wiv
Dithiothreitol (DTT) 1M 0.1ml 100mM
Water 0.25 ml

Table 3.10 SDS Gel Loading Buffer

e Protein Stain: 0.1% Coomassie brilliant blue R250 in 50% methanol, 10% GAA

e Destaining solution: (1:1) 10% methanol, 7% glacial acetic acid
e Resolving Gel (12%): (Table 3.11)

For 1 gel 12%
dH:0 1.6 ml

1.5 M Tris pH 8.8 1.3 ml
30% Acrylamide 2.0ml
10% SDS 50 pl
10% APS 50 pl
TEMED 10 uL

Table 3.11 Resolving Gel
e Stacking Gel (for 1 gel): (Table 3.12)

For 1 gel 12%
dH20 1.4 ml
1.5M Tris pH 6.8 250 pl
30% Acrylamide 330 uL
10% SDS 20 pL
10% APS 20 pL
TEMED 10 uL

Table 3.12 Stacking Gel
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Procedure:

e Stacking and Resolving gels are prepared in the caster using given formulations
e Preparation of samples and running the gel:

o Add 10 pl of protein sample and 5 pl of sample buffer and mix by vertexing

o To denature the proteins heat for 5 min at 95-100°C, then keep on ice

o Remove the Teflon comb from stacking gel and load up to 10ul the samples
into the wells

o Run the samples at 200V for 3 hours

e Staining and De-staining:

o The gel is taken out from glass tray, the stacking gel is discarded, and then
the resolving gel is placed in stain solution for 1-3 hours at room temperature
on a rocking platform.

o The gel is soaked in the acetic acid: methanol solution for 6-8hours for de-
staining.

e Store the gels in water and 20% glycerol solutions.
Crystallography Technique

Crystallography is a scientific discipline focuses on understanding crystals and their
atomic or molecular structure. It makes use of a number of approaches to figure out
how atoms or molecules are arranged within a crystal lattice. These methods offer
insightful information about the biological, chemical, and physical characteristics of

materials [37].
Here are a few commonly used crystallographic methods:

X-ray Crystallography, Neutron Diffraction, Electron Crystallography, Synchrotron
X-ray Crystallography, Powder Diffraction, Single-Crystal Electron Diffraction
(SCED).

We are going to use the X-ray crystallography technique in our study.

The most used approach for finding crystal structures is X-ray crystallography. It
entails subjecting a crystal to X-rays and examining the diffraction pattern that
develops as a result of the X-rays' interactions with the crystal's lattice. The diffraction
pattern provides information about the arrangement of atoms or molecules within the
crystal [38].
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Figure 3.10: Crystallization plate for VVapor diffusion technique, X-ray Crystallography

machine and setup.
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CHAPTER 4
RESULTS

4.1 BIOINFORMATICS ANALYSIS

4.1.1 NCBI Blast

Sequence of Arsenite Oxidase was taken from NCBI with accession number (UniProtKB
Q7SIF4.2) (GenBank: EJC61961.1). Protparam Tool results showed that the protein
length is of 826 amino acids, and molecular weight of this Arsenite oxidase enzyme/
protein is of 92kDa and Protein pl (isoelectric point) is 7.03.

Protein BLAST (blastp) was performed and the search was restricted to the sequences in
the database that correspond to the organisms already available in the department
laboratory. Following results were obtained from protein BLAST.

RID 6BRF1BGT013 Search expires on 05-19 16:12 pm Download All v
i ly top 20 will

Program BLASTP@ Citation v Organism only top 20 will appear D exclude
Database o See details v ‘ Type common name, binomial, taxid or group name ‘

=+ Add organism
Query ID Q7SIF4.2
Description RecName: Full=Arsenite oxidase subunit AioA; Short=AO' __ Percent Identity E value Query Coverage
Molecule type amino acid ‘ ‘ to ‘ ‘ | to ‘ ‘ | | to |

Query Length 826

Other reports Distance tree of results Multiple alignment MSA viewer @ m

q x

I Compare these results against the new Clustered nr database @ m ‘
Graphic Summary Alignments Taxonomy

Sequences producing significant alighments Download Select columns ¥ Show (2]

select all 4 sequences selected GenPept Graphics Distance tree of results ~ Multiple alignment MSA Viewer

b iot Scientific N Max Total Query E Per. Acc.
el centiic Name Score Score Cover wvalue Ident Len Accession
-

bifunctional nitrate reductase/sulfite reductase flavoprotein subunit alpha [Rhodococcus jostii Rhodococcus jostii 124 124 74% 4e-29 2543% 1378 WP_011596240.1

nitrate reductase [Comamaonas testosteroni] Comamonas testosteroni 119 119 76% 7e-28 2378% 953 WP_0190427321

mol 1 oxidoreductase [Comamaonas i KF-1] Comamonas testosteroni KF-1 119 119 76%  8e-28 23.78% 963 EED695251

formate dehydrogenase subunit alpha [Comamonas testosteroni] Comamonas testosteroni TAT TAT 82% Te-14 2170% 976 WP_003052008.1

Figure 4.1: BLAST sequence analysis results

Query coverage of 76% was observed in a protein from Comamonas Testosteroni KF1
with sequence identity 23.78% respectively. This protein is non redundant and is similar
to Arsenite Oxidase. In this project, this protein with accession number EED69525.1

was cloned, expressed and purified.
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FASTA sequence for this protein with accession number EED69525.1 was found to be:

>EEDES525.]1 molybdopterin oxidoreductase [Comamonas testosteroni EF-1]
MSTPHLLGDITMEETESTCPYCGVGCGVIVESDELOITGVRGDPEHPANLGRLCTEGSTLHLTARPRAHAOD
ARLLOPMRELERTAVPQAVSWDLALDELAGRIARTHAAHGPDALGFYLSGOLLTEDY YVFNELVEGLLGT
HNLDTHSRLCMS SAVAGYEATLGADAPPACYEDIDLAGCLFITGSHMAWAHPILFRRVEEARERNSQOLRI
IVADPRRTETAELADLYLPLOPGSDVMLFHGLLHIMLNEGWTDSAFIAQHT SGFAALKELVREATPEEVA
ALCGLEVADLYRAARWMALGGAEEPADVRRPTLS LY COGLNOSRSGTANNALLINLHLATGOIGRPGAGE
LSLTGQPNAMGGREVGGLSNLLSAHRDLSHARHRAEVARLWGVE SIPQOPGKSALEMFEAARADGOTKALN
IACTHPAO S PECAMVER A LERAELVVVOEAF AR TETTAYADWLLPASTWGEKLGTVINSERRISEVERAD
VVAPGAARHDWOIGVOLARRLEQHLRPSLPSLFPYDTANADAGAEAVWHNEHRESTRGROLDITGLSWAVL
EVEGPOOWPHMPOGASOGROQRLYGDAVEFATEDGRACFDTOPWOAPAVPRDARHPFSLNT GRLEDOWHGMTR
TGOLGRLEFAHVSEPQLOVSPODMORLOLODGDLVHASHRYGAIVLPVOSDPGLOPAQLYLPMHENGSMYLS
GMGSEGORILAGVNALTTPERCPRSEQPELEHVAVRLLEAELPWT CLGHMAWLDEQHVQSVROALSELMAEF
DEASCVLEGRAVPLEFRADOGRTGVOFRARAYAQPGRAEVLARLHGLLRELDGPOAMEYADARROQCSEAMAT G
BOTGEPRLIAFLLCGDASAGRWLGPVLRDEQSVOSYGRLLLSSGARPPAAMPARSPQICACMNVDELARTN
SALTACEGSADERLAQLESSLGCGTRCGSCIPRIKQLVHATPRPOSARLPVAT

Number of amino acids: 963
Molecular weight: 184330.98

Theoretical pI: 7.8@

Amino acid composition: CSV format
Ala (&) 129 13,35

Figure 4.2 FASTA sequence for this protein with accession number EED69525.1

Protparam Tool results for this homologous protein Molybdopterin oxidoreductase from
the strain Comamonas testosterone KF1 showed that the protein length is of 963 amino

acids, and molecular weight of this enzyme is 104kDa and Protein pl is 7.80.

4.1.2 Structure Prediction by AlphaFold2 and Analysis on PyMOL..

Structure prediction was done on AlphaFold2 and then analyzed on PyMOL. Following

structures shows results from analysis.
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Figure 4.3: Structure of Molybdopterin Oxidoreductase from
Comamonas Testosteroni KF1 (predicted by AlphaFold2)

General  Gycine | Proline

MolProbity Results

MolProbity
Score

082

Clash Score 0.34

Ramachandran 95.73%
Favoured

Ramachandran 0.21%
Outlers

Results obtaned using Mo roty version 4.4

Rotamer 0.80%
Outlers
[ C-Beta 5
Deviations
Bad Bonds 077483
[) Bad Angles
Cis Prolines 1/60
Alignments

40710172 AS2ASP A%21 ASP AS8T

Pre-Poline  ChanAe @

A19PRO, ATST MET

AB92 MET, A544 SER A127 TYR
A54 THR A432 GLU AS84 ASP

AG26 HIS, AB43 THR A4%2 GLU.
A535 GLU A2 ASP

PHE A280 ASP. (AG41 ILE.
AB42 PRO), ASB4 ASP, (A167
PRO.A168 PRO), (A818 LEU.
AB19ASP), (AS23 PHE-AS24 -
PRON 1AGRT THE_AGR) PO
(AS68 TRP.AS68 PRO)

-

Figure 4.4:

Ramachandran Plot for Molybdopterin Oxidoreductase from Comamonas

Testosteroni KF1
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4.1.3 Multiple Sequence Alignment

Multiple Sequence Alignment was successfully done using CLUSTAL OMEGA, and following

results were obtained for sequence alignment.

CLUSTAL ©{1.2.3) multiple segquence alignment
EEDS3525.1 MSIP----HLLGDTMKETKSTCPYCGVGCGVIVESDGLQITGVRGDPEHPANL - -~ - - -~ <3
splQ7siFs.2 ‘IS?°‘JDRITLF’P%‘IAQR“WTC-4—C:V\7C\: YHVYKWSE LQ’GG‘[A”EQ‘A-»LGLD‘?!\QLP &2
== = L 2.%: % & mESS = * = sy L
EEDE9525.1 3 <«vsvcececsrseccccceremee————— GRLCTKGSTLMHL === ===== TAAPAHMAQQAR 72
spiQ7sIFs.2 PLAVTLTPAMTNVVT EHNGRRYNIMVVPDKACVVNSGLSSTRGGCMASYMY TR TGDGKQR ize
- - e =
EEDE3525.1 LLOPMRRLERTAVPOAVSHDLALDELAGRIARTHAAHGPDALGFYLSGOL « « « « - Levwas 123
spIQ7SIF4.2 LKAP. -RL r’AADOd"{DT WOHAMAL YAG -IVKT.DV(D.;PQG’V::SC:D-OGG m= ENTHW i7zs
= = == = s e = - 2
EEDS3525.1 T DY Y VAN LVKGLLGTNNLD TNSRLOMS SAVAGYKATLGADAFPPACYEDIDLAGCLFIT is=
spiQ7siFa.2 STGXILMFE S-IQI’PHVQ[-PJQP—-"ISV-C—-A ______ 'Q‘MGIL:ELW.’.Y—DAQL-IDV!ASI 232
< e = - *xx swE
EEDS3525.1 GSNMANAHPILF - - - === === - --RRVEEARERNSQLAIIVADPRRTETAEL----- 223
spiQ7siFs.2 GNNPYESQTNYELNHNLPNLOGAT n$KKKER"°'~E‘ FPQARIIFVOFPARETPSVAIARHVA 222
- = . = B s e e
EEDSE9525.1 - == ADLYLPLOPGSDVML FHGLLHIML WEGWTDSAF TAQHTSGFAALKELVREATPEKVA 2s8e
splQ7sIFs.2 Q\JDR‘JLHL-I‘PGTDT-\L=‘lGL=-’fI‘JEQGr‘I:>'<P IEA—{T-(G’DO-\\{(T‘J‘*‘L SLDECS 351
ciBBr® WEimma: c: se® @ we S8 _ee aa a
EEDE9525.1 ALCGLPVADL YRAARNMAL GGAEEPADVRRPTLSLYCQGLNQSRSGTANNAAL TNLHLAT 24e
spliQ7SifF4.2 NITGVPVDMLKRAAENSYKPKASGO -~ ~ -xPRT*FAYE(GIIﬂG\DVY‘v'IQS-\LLDL‘-I—-T <28
. miwm ™ mEw_w - . S e
EEDE9525.1 GQIGRPGAGPL SLTGQPNAMGGREVGGL SNL L SAHRDL SNAAHRAE VAR LIWGVES TPQQP za2
spiQ7sSIFL.2 H‘JIuQRqTaC#R‘&GG—OQEG("QPPfPGDu.KIYIDQ- - -—LII’.\:(GQINTM‘-GCWCQTSM 485
cak® waw - -= s =x
EEDS3525.1 OGN SALEMFEAAA DGR IKALNIACTNRARSMPEQAMVR - - —RALERAELVVVQEAFAATET =57
spiQrsiFs. 2 ‘IAQALREAILQRSAXVKQ-----U"Q‘(-?@TTEEWJ“«IY_-XTQV L=VTSK‘JLYPTKL 521
2 - =3 . =x < =
EEDS39525.1 TAYADNL L PASTHGEKLGT VT NSERRISRVRAAVVAPGAATFHDWQIGVQLARRLEQHLRP 517
spiQ7s5IFs.2 AEA-\—!\_HLP-‘A—F‘GEMHL"S\"JGEQR RLSEKFMDPPGTAMADCL I-.ARI.A‘JAL‘D"V'QK 581
o :s0e: e - = swees 2 ®we.e ® @ _s:e_ @
EEDS9525.1 S lPSLe e FPYrrrrrer e DTANADAGAEAVIWNEHMRESTRGR ss8
spiQ7sIFs.2 DGKAEMAADFEGFDNKT EEDAS DG’RR&W—IDSQGGSTG*L\/TVDRLR\< GNN &
< g -
EEDEE525 .1 DLDITGL SHAVL EVK GPQOWPHMPQGASQGRQAL YEDAVE ATEDGRAC FOTQRPWQAP AVP - a7
spiQ7SIF4.2 s T Sx\D:SK’ GL .I"TE\v_(TE.-;-»-OTDD.G(-L—C‘-(DKDMLP-TV &8s
«232 s e S o e S o ] e =, *:. -
EEDS9525.1 - - RDARHPF SLNTGRLARDQWHGHM T R TGQLGRLFARNVSEPQLQVSPQOMOR LQLQOGDL VH 555
splQ7sIFa.2 mo« YRENLNNGRNNEVIHQT AVHOQYNSL wqea ~'°\MYIE*N°"OC (QLD’\/T GGOIVE 7ag
* xx_xx _= = - xx .
EEDS9525.1 ASNRYGAIVLPVQSDPGLOPAQLY L PMFWGSMYLSGMGSKGQRLAGUVNALTTRFERCPRSK 725
splQ7siFs.2 VYNDEGST S AMY Y PUAE IKRGRTEMLEGY - - - -WNGIQ--GD- - - - - —-— VT TOWTORNT 7o=
P - s  @Gas = = < ®a .- » o =
EEDS9525.1 QPELKHVAVRLLKAEL PNTCLGMAMLDEQHVOSVROALSELMAE FDFASCVLFGRAVPLE 78S
splQ7SIFs.2 IPY--ceemem e —m—e YRGTHEDIRKVESMEE - - - -FRATVSFK- - - oo oo - 821
- - 220 @2 -

Figure 4.5: Multiple Sequence Alignment using CLUSTAL OMEGA

4.2 CLONING

4.2.1 Genome lIsolation Results

C. testosteroni KF1 genome was successfully isolated in high amount using Qiagen
Genomic DNA extraction kit, confirmed by Agarose Gel Electrophoresis. DNA bands
can be seen in the wells 2 confirming presence of genomic DNA.
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Figure 4.6: Genome Isolation results

4.2.2 Primer Designing

Primer design was done through OligoAnalyzer and restriction sites were obtained from
NEBcutter2.0. Further evaluation results for analyzing nature of primers, heterodimer

formation, hairpin structure, etc. was also done and following results were obtained.
Restriction sites chosen from zero cutters list on NEBcutter2.0 for our sequence:

Xhol ’ CTCGAG
Ndel ’ CATATG

Results obtained from OligoAnalyzer

e Forward Primer

FP: ACCGAC CAT ATG TCAATTCCGCATCTTCTGGGGGCC

SEQUENCE 5’-ATG TCA ATT CCG CAT CTT CTG GGG GCC-3’
COMPLEMENT 5°’-GGC CCC CAG AAG ATG CGG AAT TGA CAT-3
LENGTH 27
GC CONTENT 55.6%
MELTING TEMP. 64.6°C
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e Reverse Primer

RP: AACCGA CTCGAG CTAGGTGGCAACCGGCAGGGC

SEQUENCE 5*-GCT AGG TGG CAA CCG GCA GGG C-3°
COMPLEMENT 5-GCC CTG CCG GTT GCC ACC TAG C-3°
LENGTH 22
GC CONTENT 72.7%
MELTING .
TEMPERATURE or.e%c

4.2.3 Gene Amplification results

Gene for protein was successfully amplified by PCR using the designed primers.

Following results were obtained on the agarose gel showing band of ~3Kbp confirming
amplification of the Nitrate Reductase gene.

DNA Mass Base Pairs
(ng/5H)

— 3,000

— 1,500

— 800
— 700
— 600
— 500
— 400

— 300
=200
— 100

1.5 % TAE agarose gel

Figure 4.7: Gene Amplification results

4.2.4 Plasmid Isolation results

Three plasmid configurations were seen on gel. Hence, plasmid isolation was successfully
done.
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Figure 4.8: Plasmid Isolation results

4.2.5 Transformation of Recombinant vector into E. coli DH5a

After completion of the digestion, ligation and competent host cell preparation is done.
The plasmid vector with Molybdopterin Oxidoreductase gene were transformed into E.

coli DH5¢, cells. Colonies were obtained on the plates that have recombinant plasmid.

Figure 4.9: Transformed E. coli DH5a colonies

4.2.6 Colony PCR of transformed E. coli DH5a cells.

Plasmid with gene for Molybdopterin Oxidoreductase was successfully transformed into
E. coli DHS5a host cells, and the presence of gene was confirmed by Colony PCR of
transformed colonies using the designed primers. Following results were obtained on the
Agarose Gel showing a band of ~3Kbp confirming successful cloning of the
Molybdopterin Oxidoreductase gene.

42



Figure 4.10: Colony PCR results from transformed E. coli DH5a colonies

4.2.7 Transformation of recombinant vector into E. coli BL21

Recombinant plasmids with Molybdopterin Oxidoreductase gene were transformed into
expression host E. coli BL21 cells for protein expression. Colonies were obtained on the

plates (given below) that may have recombinant plasmid.

Figure 4.11: Transformed E. coli BL21 colonies

4.2.8 Colony PCR of transformed E. coli BL21

Recombinant plasmid with gene for Molybdopterin Oxidoreductase was successfully
transformed into E. coli BL21 host cells, and the presence of gene was confirmed by
Colony PCR of transformed colonies using the designed primers. Following results were
obtained on the Agarose Gel showing a band of ~3Kbp confirming successful cloning of

Molybdopterin Oxidoreductase gene.
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Figure 4.12: E.coli BL21 Colony PCR

4.3 PROTEIN PURIFICATION RESULTS (SDS PAGE)

After cloning and expression of protein, protein purification was done using Ni NTA
Chromatography. Following images (figure 4.13) shows results of SDS PAGE for

samples purified through chromatography.

Figure 4.13: Protein Purification Result

The Molybdopterin Oxidoreductase protein’s molecular weight is 104kDa, which was

observed in high amount on SDS.

1) Flow through

2) 40 mM fraction
3) 80 mM fraction
4) 300 mM fraction
5) ladder

Hence, purification of protein was achieved. The visible bands show that the protein

obtained with a molecular weight of approximately 104kDa.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

In this project, Molybdopterin Oxidoreductase enzyme gene from Comamonas
testosteroni KF1 which was found to be homologous to Arsenite Oxidase from Alcaligens
faecalis was cloned and expressed successfully. Arsenite Oxidase enzyme belongs to
Molybdopterin Oxidoreductase family and is able to convert As®* form to As®* form
which is hundred times less toxic. Hence, can be utilised in bioremediation methods.
Further, through IPTG induction the protein was attempted to express in higher amounts
and purified through Ni NTA Affinity Chromatography. The purification was analyzed
on SDS PAGE which showed presence of a 104 kDa protein. Hence, protein purification
was achieved after many attempts. The structure for Molybdopterin Oxidoreductase from
C. testosteroni KFI was also predicted through AlphaFold2, structure assessment of
Ramachandran Plot was done using Swiss- Model. The protein purification was
optimized to obtain a homogeneous solution which was further subjected to
crystallization. For future, the protein crystals will be subjected to X-ray diffraction to
obtain structural insights into the protein structure. Then the purified protein will further
be used for structural biology studies on this enzyme through X-ray crystallography.
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APPENDICES

EQUIPMENT MODEL MANUFACTURER
) Minispin Plus Z
sCentrifuge Eppendrof Hermle

326 K

) Bioimaging ]

Gel Documentation systems Gene Genius
systems
Circular dichroism
J-1500 JASCO

spectrophotometer

Fluorescence

Spectramaxi 13X

Molecular Devices

spectrophotometer
Dry Bath MK-20 Genaxy scientific pvt. Ltd.
Magnetic Stirrer 5MLH Remi Equipment Ltd.

PCR Themal cycler

Mastercycler

Eppendorf

Nanodrop

Nanodrop200
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Plastic waste is generated in large quantities globally, and its disposal poses significant environmental
challenges as it is non-biodegradable and can persist in the environment for hundreds of years. It is
estimated that over 8 million tons of plastic waste end up in our oceans every year. Biodegradation is
an eco-friendly approach to managing plastic waste as it does not result in the formation of toxic by-
products. Types of plastic waste, degradation methods, and different microorganisms impacting
biodegradation are discussed in this review. Overall, microbial bioremediation has the potential to
provide an eco-friendly solution to the problem of plastic waste, and recent advances in this field have
shown promising results. However, further research is needed to optimize bioremediation processes
and to develop new microorganisms that can efficiently degrade and transform plastic waste.
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Introduction

Plastic waste is generated in large quantities
globally, and its disposal poses significant
environmental challenges as it is non-
biodegradable and can persist in the
environment for hundreds of years [1,2]. It is
estimated that over 8 million tons of plastic
waste end up in our oceans every year [3].
Plastic waste can also release toxic chemicals
and greenhouse gases when burned,
contributing to air pollution and climate
change [4,5]. As plastic waste continues to be
a major environmental problem, innovative
solutions are required to address the challenges
posed by plastic waste. This includes the
development of new technologies and methods
for the efficient and sustainable management
of plastic waste, as well as awareness-raising
and education efforts to encourage individuals
and businesses to reduce their plastic
consumption and waste. Efforts to manage
plastic waste include recycling, reuse,
reduction, and disposal [6]. Recycling mvolves
the conversion of plastic waste into new
plastic products [7]. Reuse involves finding
new uses for plastic products, such as using
plastic bags for shopping multiple times.
Reduction involves reducing the amount of
plastic used in products, such as by using
reusable water bottles instead of disposable
plastic ones. Finally, disposal involves the safe
and environmentally friendly disposal of
plastic waste, such as through landfilling or
incineration.

Plastics can also be degraded into simpler
compounds that can be absorbed or assimilated
by the environment [8.9]. This process can
occur naturally through physical, chemical, or
biological means. Physical degradation occurs
due to the action of external factors such as
sunlight, heat, and mechanical stress [10].
Exposure to UV light and heat can cause the
degradation of plastic, leading to the breaking
of chemical bonds, which results in the
formation of smaller molecules. Mechanical
stress, such as grinding or shredding, can also
break down plastic waste into smaller
fragments. Chemical degradation involves the
use of chemicals to break down the polymer
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chains of plastic into simpler compounds [9].
Chemicals such as acids, bases, and oxidizing
agents can be used to degrade plastic waste.
For example, hydrolysis 1s a common
chemical method used to break down the ester
linkages in PET plastics. However, not all
plastics are easily biodegradable, and some
may require special conditions or pre-
treatments to enhance biodegradation. For
example, polyethylene (PE) and polypropylene
(PP) are difficult to biodegrade, and it can take
hundreds of years for them to degrade in the
environment [8]. This has led to the
development of new technologies, such as the
use of engineered microorganisms or enzymes
to degrade specific types of plastics.

Bioremediation is an eco-friendly approach to
tackle this problem, and it involves using
microorganisms such as bacteria, fungi, and
algae to break down plastic waste into simpler,
non-toxic compounds (Figure 1) [11]. These
microorganisms secrete enzymes that can
break down the polymer chains of plastic into
smaller molecules. Microbial bioremediation
of plastic waste can be classified into two
categories: biodegradation and
biotransformation [12]. Biodegradation
involves the complete breakdown of plastic
waste into carbon dioxide and water [13]. This
process is carried out by microorganisms such
as bacteria and fungi, which secrete enzymes
that break down the polymer chains of plastic
into smaller molecules that can be used as an
energy source for the microorganisms. The
biodegradation of plastic waste has been
extensively studied, and several
microorganisms have been identified that can
efficiently degrade plastic waste [14,15].
Biotransformation, on the other hand, involves
the conversion of plastic waste into non-toxic
compounds by microorganisms. This process
is particularly useful for plastics that are
difficult to biodegrade, such as polyvinyl
chloride (PVC) and polystyrene (PS).
Biotransformation can be carried out by
microorganisms such as white rot fungi, which
secrete enzymes that can break down the
chemical bonds of plastic waste, resulting in
the formation of non-toxic compounds.
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Recent advances in microbial bioremediation
for the disposal of plastic waste include the
development of new microorganisms that can
efficiently degrade and transform plastic
waste, as well as the optimization of
bioremediation processes to increase their
efficiency. For example, genetic engineering
has been used to develop microorganisms that
can degrade specific types of plastics, such as
polyethylene terephthalate (PET), which is
commonly used in plastic bottles. In addition,
bioremediation processes have been optimized
by using pre-treatments such as mechanical
shredding or chemical treatments to increase
the surface area of plastic waste and make it
more accessible to microorganisms. Overall,
microbial bioremediation has the potential to
provide an eco-friendly solution to the
problem of plastic waste, and recent advances
in this field have shown promising results.
However, further research is needed to
optimize bioremediation processes and to
develop new microorganisms that can
efficiently degrade and transform plastic
waste.

Types of plastic waste

Plastic waste refers to any discarded or
abandoned plastic material that has served its
intended purpose and is no longer useful. It
can accumulate in landfills, oceans, rivers, and
other water bodies, causing harm to wildlife
and ecosystems [16]. Plastics vary in their
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properties and degradation rates, and some are
more environmentally friendly than others.
Some plastics are easily recyclable, while
others are difficult to recycle or not recyclable
at all. It is essential to properly sort and
dispose of plastic waste according to its type
and to make efforts to reduce plastic waste in
general. Plastics can be classified into various
types based on their chemical structure and
properties. The following are the most
common types of plastic:

1. Polyethylene (PE): PE is a type of
polymer made from the monomer
ethylene. It is one of the most widely
used plastics in the world and can be
found in a variety of applications,
including packaging, toys, pipes, and
medical devices. PE is popular due to
its low cost, versatility, and ease of
manufacturing. It is also lightweight,
moisture-resistant, and can be
recycled. making it a popular choice
for sustainable products. It can be
produced in various forms, including
high-density polyethylene (HDPE),
low-density polyethylene (LDPE),
and linear low-density polyethylene
(LLDPE). HDPE is known for its
strength, stiffness, and resistance to
impact, while LDPE is known for its
flexibility and transparency. LLDPE
is a blend of the two and is used for
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applications that require a
combination of the properties of
HDPE and LDPE [17,18].

2. Polypropylene (PP): PP is a

thermoplastic polymer made from the
monomer propylene. It is a versatile
material with a wide range of
applications due to its excellent
chemical and heat resistance, high
stiffness, and low density. PP is
commonly used in packaging,
textiles, automotive parts, yogurt
cups, bottle caps, straws and
consumer goods. It is also used in the
medical industry for applications such
as surgical instruments and medical
devices. Its resistance to chemicals
and sterilization makes it a popular
choice for these applications. PP is
often produced in a variety of forms,
including homopolymer, copolymer,
and random copolymer.
Homopolymer is the most common
form and is used in applications that
require high strength and stiffness.
Copolymer and random copolymer
have improved impact resistance and
are often used in applications that
require more flexibility. PP is a
highly recyclable material and is
often used in products that promote
sustainability. It is also lightweight,
which makes it an aftractive option
for manufacturers looking to reduce
the weight of their products [19].

3. Polyvinyl Chleride (PVC): PVC is a

synthetic thermoplastic polymer made
from the monomer vinyl chloride. It
is one of the most widely used
plastics in the world due to its
versatility, durability, and low cost.
PVC is commonly used in a variety of
applications, including construction,
electronics, automotive, pipes, vinyl
flooring, window frames, and
healthcare. In the construction
industty, PVC is used for pipes,
flooring, roofing, and siding due to its
durability, weather resistance, and
ease of installation. In the healthcare
industry, PVC is used for medical
tubing, blood bags, and other medical
devices due to its biocompatibility
and sterilization resistance [20].
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PVC can be produced in different
forms, including rigid and flexible
PVC. Rigid PVC is used in
applications that require strength,
durability, and rigidity, while flexible
PVC is used in applications that
require flexibility, such as electrical
cables and hoses. However, PVC has
also been associated with
environmental concerns due to the
release  of dioxins during its
manufacturing process and when it is
burned. Efforts are being made to
improve the sustainability of PVC
production and reduce its impact on
the environment. Additionally, PVC
can be recycled, although it requires
specialized processing to remove
additives and impurities.

. Polystyrene (PS): PS is a synthetic

thermoplastic polymer made from
monomer styrene. It is a widely used
plastic due to its versatility, low cost,
and good insulation properties. PS is
commonly used in a variety of
applications, including packaging,
disposable insulation, foam cups,
disposable cutlery, and consumer
electronics. Its excellent insulation
properties make it a popular choice
for insulation boards and packaging
materials. In the food industry, PS is
used for disposable food containers
and packaging due to its low cost and
durability. PS can be produced in
different forms, including crystal and
expandable. Crystal PS is a clear and
rigid plastic used for products such as
disposable cutlery and CD cases.
Expandable PS is a foam plastic used
for  packaging  materials and
insulation. However, PS 1is also
associated  with environmental
concerns due to its slow rate of
decomposition and the difficulty of
recycling. When  disposed of
improperly, PS can contribute to litter
and pollution. Efforts are being made
to reduce the environmental impact of
PS through recycling programs and
the development of biodegradable
alternatives [21].

743



5. Polyethylene Terephthalate (PET):

PET is a type of thermoplastic
polymer that is commonly used in the
manufacture of plastic bottles, food
containers, and other products. It is a
clear, strong, and lightweight material
that is resistant to moisture and many
chemicals. PET is made by
polymerizing ethylene glycol and
terephthalic acid or by using dimethyl
terephthalate and ethylene glycol as
starting materials. PET has several
advantages as a packaging material,
including its low cost, versatility, and
recyclability. It is widely used in the
food and beverage industry because it
is safe for food contact and does not
react with the contents of the
container. PET can also be easily
recycled, which makes it an
environmentally friendly choice.
However, PET also has some
disadvantages. It is not heat-resistant
and can deform at high temperatures,
and it is also susceptible to UV
degradation. PET can also take a long
time to decompose in the
environment, which can lead to
pollution if not properly disposed of
or recycled [22,23].

6. Polycarbonate (PC): PC is a type of

thermoplastic polymer that is known
for its strength, durability, and clarity.
It is commonly wused in the
manufacture of a wide range of

products, including electronic
components,  automotive  parts.
medical equipment, and sports

equipment. PC is made by reacting
bisphenol A (BPA) and phosgene,
which produces a polymer that is
tough, lightweight, and resistant to
impact. It has a high melting point
and is able to withstand high
temperatures, making it suitable for
use in applications where high heat
resistance is required [24].

One of the most notable properties of
PC is its clarity. It is often used in
place of glass in applications where
impact resistance is needed. such as in
safety glasses, windows, and
skylights. PC is also used in the
manufacture of electronic components
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because of its excellent -electrical
insulation properties. However, there
are concerns about the potential health
risks associated with PC, particularly
regarding the use of BPA in its
production. BPA is a chemical that has
been linked to a range of health
problems, including reproductive
disorders, diabetes, and cancer. As a
result, some manufacturers have
begun to shift away from using PC n
their products and are instead
exploring alternatives such as PET or
PP.

Butadiene Styrene
(ABS): ABS is a thermoplastic
polymer that is commonly used in the
manufacture of a wide range of
products, including automotive parts,
toys, appliances, and piping systems.
It is a copolymer made by
polymerizing styrene and acrylonitrile
in the presence of polybutadiene.
ABS has several desirable properties,
including its  strength, impact
resistance, and toughness. It is also
resistant to heat and chemicals,
making it suitable for use in harsh
environments. ABS has a relatively
low melting point, which means that
it can be easily molded into complex
shapes using injection molding or
extrusion techniques. ABS is also
known for its aesthetic qualities. It
can be easily colored and has a shiny,
glossy appearance that makes it a
popular choice for consumer products
such as toys and electronic devices.

One of the disadvantages of ABS is
that it can release toxic fumes when
burned, which can be harmful to
health. This makes it important to use
proper  ventilation and  safety
precautions when working with or
disposing of ABS  products.
Additionally, ABS is not
biodegradable, which can lead to
environmental concerns if it is not
properly disposed of or recycled [25].

Degradation methods of plastic waste

There are several methods available for the
degradation of plastic waste, including
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physical, chemical, and biological methods

[26.27].
1.

Physical methods

Physical ~ methods of  plastic
degradation involve breaking down
plastic waste into smaller pieces
through mechanical or physical
means. These methods do not involve
any chemical reactions and are
typically less energy-intensive than
chemical methods. Physical methods
of plastic degradation have some
advantages over chemical methods,
such as being less energy-intensive
and producing fewer emissions.
However, they may not be suitable for
all types of plastic waste, and some
methods may produce by-products that
are  difficult to  dispose  of.
Additionally, physical methods may
not completely break down plastic
waste and may only produce smaller
particles  that can still  pose
environmental risks. Here are a few
examples of physical methods of
plastic degradation:

Shredding or Grinding: This
involves shredding or grinding plastic
waste into smaller pieces, which can
then be used as feedstock for other
processes, such as recycling or fuel
production.

Pyrolysis: This involves heating
plastic waste in the absence of oxygen
to break down the long chains of
polymers into smaller hydrocarbons,
which can be used as feedstock for
fuel production.

Hydrogenation: This involves adding
hydrogen to plastic waste under high
pressure and temperature, which
breaks down the long chains of
polymers into smaller molecules that
can be used as feedstock for fuel
production.

Mechanical recycling: This involves
sorting and cleaning plastic waste and
then mechanically processing it into
pellets or flakes, which can be used as
feedstock for the production of new
plastic products.
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Chemical methods

Chemical methods of plastic
degradation involve breaking down
plastic waste through chemical
reactions. These methods typically
require more energy and resources
than physical methods but can be more
effective in breaking down plastic
waste into its constituent molecules.
Chemical methods of plastic
degradation can be effective in
breaking down plastic waste into its
constituent molecules, which can then
be wused as feedstock for the
production of new plastic products.
However, these methods typically
require more energy and resources
than physical methods and can
produce hazardous by-products if not
properly managed. Additionally, some
chemical methods may not be suitable
for all types of plastic waste. Here are
a few examples of chemical methods
of plastic degradation:

Depolymerization: This  involves
breaking down the long chains of
polymers that make up plastic waste
into their constituent monomers using
chemical reactions. The monomers
can then be purified and used as
feedstock for the production of new
plastic products.

Solvolysis: This involves breaking
down plastic waste using a solvent,
such as an acid or a base, to dissolve
the polymers into their constituent
molecules. The resulting solution can
then be purified and used as feedstock
for the production of new plastic
products.

Gasification: This involves heating
plastic waste in the presence of
oxygen or steam to break down the
polymers into their constituent gases,
such as methane and carbon dioxide.
These gases can then be used as fuel
or feedstock for the production of new
plastic products.

Hydrolysis: This involves breaking
down plastic waste using water and an
acid or a base to break the long chains
of polymers into their constituent
monomers. The resulting monomers
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can then be purified and used as
feedstock for the production of new
plastic products.

3. Biological methods

Biological  methods plastic
degradation involve using
microorganisms, such as bacteria or
fungi, to break down plastic waste.
Biological methods of plastic
degradation are considered more
environmentally friendly than physical
and chemical methods, as they use
natural processes to break down
plastic waste. However, these methods
may require specific environmental
conditions to be effective and may not
be suitable for all types of plastic
waste. Additionally, some methods
may produce hazardous by-products if
not properly managed. Here are a few
examples of biological methods of
plastic degradation:

of

Biodegradation: This involves using
microorganisms to break down plastic
waste into simpler compounds, such as
carbon dioxide and water. Some
microorganisms, such as certain
bacteria and fungi, are capable of
breaking down certain types of plastic,
such as polyhydroxyalkanoates
(PHAS) or polylactic acid (PLA).

Composting: This involves using
microorganisms, such as bacteria and
fungi, to break down organic waste,
including certain types of plastic, into
nutrient-rich compost. Composting
requires  specific environmental
conditions, such as  moisture,
temperature, and oxygen levels, to be
effective.

Anaerobic digestion: This involves
breaking down organic waste,
including certain types of plastic,
using microorganisms in the absence
of oxygen. This process produces
biogas, which can be used as fuel, and
a nutrient-rich digestate that can be
used as fertilizer.

Enzymatic degradation: This
involves using enzymes, such as
lipases and proteases, to break down
certain types of plastic, such as PET
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and polyurethane (PU), into smaller
molecules.

Plastic-degrading microorganisms

Biodegradation of  plastic waste by
microorganisms involves the breakdown of the
plastic polymer into smaller compounds by the
action of  enzymes produced by
microorganisims. There are various
microorganisms capable of degrading plastic
waste, including bacteria, fungi, and algae.
The following are some examples of
microorganisms that can degrade plastic:

Pseudomonas putida: This bacterium has
been found to have the ability to degrade
certain types of plastic. Specifically, it has
been shown to be capable of degrading PET,
which is commonly used in the production of
plastic bottles and packaging. The degradation
process involves the production of certain
enzymes, such as PET hydrolase, by
Pseudomonas putida. PET hydrolase is able to
break down the long chains of polymers that
make up PET into smaller, more manageable
molecules. These smaller molecules can then
be used as feedstock for the production of new
plastic products or for other purposes, such as
fuel production. Overall, Pseudomonas
putida's application in plastic breakdown has
the potential to be a successful and sustainable
way to cut down on plastic waste [28,29].

Bacillus subtilis: Bacillus subtilis is a type of
bacteria that has been found to have the ability
to degrade certain types of plastic.
Specifically, it has been shown to be capable
of degrading polyethylene, which is commonly
used in the production of plastic bags and
packaging. The degradation process involves
the production of certain enzymes, such as
lipases and esterases. These enzymes are able
to break down the long chains of polymers that
make up polyethylene into smaller, more
manageable molecules. These  smaller
molecules can then be used as feedstock for
the production of new plastic products or for
other purposes, such as fuel production.
Overall, the use of Bacillus subtilis in plastic
degradation has the potential to be an effective
and environmentally-friendly method for
reducing plastic waste [30].

Aspergillus niger: Aspergillus niger is a type
of fungus that has been found to have the

ability to degrade LDPE types of plastic.
Specifically, it has been shown to be capable
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of degrading polyurethane, which is
commonly used in the production of foams,
coatings, and adhesives. The degradation
process involves the production of certain
enzymes, such as polyurethanease and
esterase. These enzymes are able to break
down the long chains of polymers that make
up polyurethane into  smaller, more
manageable molecules. These smaller
molecules can then be used as feedstock for
the production of new plastic products or for
other purposes, such as fuel production
[31.32].

Rhizopus arrhizus: Rhizopus arrhizus has
been found to be effective in degrading PU
plastics. Specifically, it has been shown to be
capable of degrading PS, which is commonly
used in the production of disposable cups,
containers, and packaging materials. The
degradation process involves the production of
certain enzymes, such as  styrene
monooxygenase and laccase, by Rhizopus
arrhizus. These enzymes are able to break
down the long chains of polymers that make
up PS into smaller, more manageable
molecules. These smaller molecules can then
be used as feedstock for the production of new
plastic products or for other purposes, such as
fuel production [33].

Penicillium  simplicissimum:  Penicillium
simplicissimum has been found to be effective
in degrading PVC plastics. Specifically, it has
been shown to be capable of degrading PET,
which is commonly used in the production of
plastic bottles and packaging materials. The
degradation process involves the production of
certain  enzymes, such as PETase and
MHETase. These enzymes are able to break
down the long chains of polymers that make
up PET into smaller, more manageable
molecules. These smaller molecules can then
be used as feedstock for the production of new
plastic products or for other purposes, such as
fuel production. Overall, the use of Penicillium
simplicissimum in plastic degradation has the
potential to be an effective and
environmentally-friendly method for reducing
plastic waste, particularly in the case of PET
plastics [34,35].

Saccharomyces cerevisine: This yeast has
been shown to degrade polycaprolactone
(PCL) plastics. While S. cerevisiae is not
known to have any direct involvement in
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plastic degradation, it is possible that it could
be used indirectly in the production of bio-
based plastics. Bio-based plastics are made
from renewable sources such as plant materials
or microorganisms like algae, and S. cerevisiae
has been used in the fermentation of various
types of plant materials for bio-based plastic
production. Although there is no proof that
Saccharomyces cerevisiae can break down
plastics directly, a recent study indicates that it
might be viable to use this yeast as a
component of a biohybrid system for breaking
down plastic [36].

Chlorella vulgaris: Chlorella vulgaris is a
type of freshwater microalgae that has been
studied for its potential in bioremediation,
including the degradation of two common
types of plastic, 1e., PE and PVC. The
degradation process involves the production of
certain enzymes by the algae, which are able
to break down the long chains of polymers that
make up the plastic into smaller, more
manageable molecules. In addition to
degrading plastic, Chlorella vulgaris has also
been shown to have potential in other areas of
bioremediation, such as wastewater treatment
and carbon capture. However, more research is
needed to fully understand the potential of this
microalga in plastic degradation and other
applications [37].

Conclusion

Due to biodegradation, thermo-oxidative
degradation, photodegradation, thermal, and
hydrolysis processes in the ecosystem, the
concenfration of in the aquatic environment
has grown dramatically, which is very
detrimental for both marine and freshwater
organisms as well as humans owing to their
impact on the food cham. To completely
remove these polymers from the environment,
effective biodegradable strategies are required.
Polymers are generally difficult to eliminate or
break down due to their hydrophobic and inert
properties. Microbes have also shown promise
as a means of degrading these polymers,
complementing  physical and chemical
approaches. The use of microorganisms in
plastic degradation has shown promising
results in laboratory settings. However, there
are still challenges that need to be addressed
before this method can be scaled up for large-
scale industrial applications. These challenges
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include optimizing the conditions for the
growth and activity of microorganisms,
developing  cost-effective  methods  for
producing and using the necessary enzymes,
and ensuring that the by-products of the
degradation  process are safe  and
environmentally friendly. However, it 1is
important to note that the efficiency of plastic

Section A-Review paper

degradation by microorganisms can be
affected by wvarious factors such as
temperature, pH, nutrients, and the structure
and properties of plastic waste. Therefore,
further research is required to optimize the
conditions for the efficient and sustainable
biodegradation of plastic  waste by
microorganisms (Figure 2).

The Future of Biodegradable Plastics

Advancements

i Benefits
Scientists are constantly

developing new materials
and technologies ta improve
the biodegradability of

plastic.
environment.

Environmental

Biodegradable plastics offera
promising solution to
reducing plastic waste and its
negative impact on the

Challenges

The production cost of
biodegradable plastics is
higher than traditional
plastics, and there is limited
infrastructure to support their
proper disposal.

Figure 2: Future of biodegradable plastics

More evaluation utilizing original polymers
polluted wastewater is required to assess the
possible usage of microorganisms for polymer
removal. Further work is needed on issues
related to plastic cleanup, plastic toxicity, and
microbe use. It is important to effectively
advocate for the transfer of plastic polymers
from wastewater to a suitable area for
deposition/incineration to prevent them from
entering the aquatic environment, which
includes rivers and seas. Evaluating the
cumulative impact on ecosystems requires
coordinated long-term cleaning efforts.
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