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ABSTRACT

Arsenic contamination in environment is serious threat to all living beings. Lysinibacillus
sphaericus (B1-CDA) is a Gram positive bacterium that can grow in arsenic contaminated
environment. The genes responsible for arsenic resistance of this bacterium have been identified
as arsB, arsC and arsR by previous researchers. In the present study, arsB was cloned from
genomic DNA of B1-CDA by PCR. The gene was characterized by in silico and in vivo
experiments. In silico analysis by Iterative Threading ASSEmbly Refinement (I-TASSER)
resulted that ArsB is an integral membrane protein and their putative function included cellular
metal homeostasis. Results obtained in silico were in coherence with growth studies. The arsB
cDNA was transferred into Escherichia coli JW3469-1, in which arsB gene was knocked out.
Statistical analysis of growth indicated that there was significant difference in growth after
complementation of arsB in Escherichia coli JW3469-1 when grown with 50 mM arsenic
(p=0.04). Further analysis by Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS)
confirmed sequestration of arsenic inside the cells and thus its removal from growth media.
Preliminary data obtained from ICP-MS indicated that arsenic concentration in cell free broth
was decreased by 80.78% (from 50 mM to 9.61 mM) when treated for 24 hrs with transgenic
cells (after complementation) and by 78.22% (from 50 mM to 10.89 mM) when treated with
mutant cells (before complementation) but the difference was not significant. The results are
inconclusive as there was a significant difference in growth between the transgenic and mutant
cells but not significant in ICP-MS studies.
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POPULAR SCIENTIFIC SUMMARY

Heavy metal poisoning is a serious threat to human; one such naturally occurring and highly
toxic chemical is arsenic. Arsenic is widely distributed in water and soil, in some part of the
world (Bangladesh, West Bengal, Argentina, Chile, Cambodia, Vietnam, Thailand, Nepal and
few regions of United states) exceeding the maximum allowed limit which is 50 micrograms per
cubic meter. As a result there are various diseases caused by arsenic exposure in human from
skin rashes to cancer and multiple organ failure. Therefore, there is an alarming need to find
ways to remove arsenic from the contaminated environment. There are many methods used for
the arsenic removal from environment including oxidation, coagulation, precipitation, adsorption
and membrane filtration and recently using microorganisms. Microbial or bio-remediation might
be a successful method for avoiding arsenic contamination as they are cost effective and ecofriendly. This method uses microorganism that has resistance against heavy metals which can
grow and uptake arsenics from the contaminated source. There are many bacteria and fungi
reported to have resistance against various heavy metals.
Lysinibacillus sphaericus (B1-CDA) is one of the recently discovered bacteria exhibiting high
resistance to arsenic. In all such metal resistant organisms, there are certain arsenic responsive
genes usually located in the operon. An operon is a functional unit of DNA that has a set of
genes which are operated together. The ars operon consists of arsR, arsB, and arsC which are
structural genes along with two additional components arsA and arsD and together they are
responsible for the property to withstand arsenic toxicity up to certain levels. Various genes
responsible for arsenic tolerance and accumulation in B1-CDA have been identified previously
by other researchers.
The present study involves the functional analysis of arsB gene. The putative function of the
arsB gene was determined by in silico analyses (computer simulation) mainly based on the
prediction of tertiary structure of the ArsB protein. For these studies the online server, ITASSER was employed. In vitro experiments (studies on bacteria) were involved to verify the in
silico results. Complementation studies were carried out where the arsB gene was isolated from
the whole genome of B1-CDA and inserted into a mutant strain of Escherichia coli that lacks
arsB gene. “Transgenic strain” was the term used to refer bacteria after complementation, where
the “mutant strain” served as control, which is before complementation. Both transgenic and
mutant strains were exposed to different concentrations of arsenic. The transgenic strain (+arsB)
could survive and grow on medium containing 100 mM arsenate, whereas the mutant strain (arsB) could hardly survive 50 mM arsenate. The difference in growth between these two strains
was found to be significant when grown in the presence of 50 mM arsenate.
Therefore this gene could be used along with other genes of B1-CDA, to engineer crops. These
genetically modified crops could be used for bioremediation on a larger scale.
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ABBREVIATIONS

As3+

Arsenite

As5+

Arsenate

ATP

Adenosine triphosphate

ATPase

Adenosine triphosphatase

BLAST

Basic Local Alignment Search Tool

bp

Base pair

EPA

Environment Protection Agency

GO terms

Gene ontology terms

ICP-MS

Inductively Coupled Plasma – Mass Spectroscopy

I-TASSER

Iterative Threading ASSEmbly Refinement

LB media

Luria Bertani medium

LOMETS

Locally installed meta threading server

MPG

1-Monooleyl-rac-glycerol

NA

Sodium ion

NCBI

National Center for Biotechnology Information

OD

Optical Density

PCR

Polymerase chain reaction

PDB

Protein Data Bank

PSI-BLAST

Position-specific iterated BLAST

PTY

Phosphatidylethanolamine

RT-PCR

Reverse transcriptase polymerase chain reaction

TCH

Taurocholate

Tm

Melting temperature

TM-Score

Template modelling score

USEPA

United States - Environment Protection Agency
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INTRODUCTION

Heavy metal pollution has become one of the most serious threats to environment and human
health (Nies, 1999; Xiong et al., 2012). Most of the heavy metals have toxic effects on living
organisms when exceeding a threshold level (USEPA, 1987). According to the World Health
Organization (WHO), the safety limit of arsenic in drinking water is set at 10 µg/L and the health
impairment due to arsenic in drinking water caused when the concentration exceeds 50 µg/L
(Singh et al., 2011). Arsenic is a harmful metalloid and is widely distributed in the environment
due to natural geochemical processes and human activities (Cullen and Reimer, 1989). Arsenic
contaminated groundwater has been reported in many countries which includes Bangladesh,
India, China, Mexico, Chile, Argentina, The United States and Taiwan.
Arsenic exposure in human is mainly through oral route by food grown in arsenic contaminated
soil or by inhalation which involves mining activities and exposure to arsenic containing
pesticides (Singh et al., 2011). The scientific literature shows that arsenic is one of the heavy
metals that have been recognized as a potent human toxin with reports of many diseases such as
cancer, thickening and discoloration of the skin, stomach pain, nausea, vomiting, diarrhea,
numbness in hands and feet, partial paralysis, blindness, cardiovascular dysfunction,
hepatotoxicity, neurotoxicity, diabetes, atherosclerosis, hypertension, ischemic heart diseases,
impaired memory, Parkinson’s disease, enchepalopathy, peripheral neuropathy and renal
dysfunction (Banerjee et al., 2011; Kao et al., 2013; Singh et al., 2011).
Thus, removal of arsenic is of great importance for human welfare. There are numerous
techniques that could be used for the removal of arsenic from environment such as oxidation,
coagulation, precipitation, filtration, adsorption, ion exchange, membrane filtration,
phytoremediation (usage of plants), rhizofiltration (usage of fungi) and recently using microbes
called as bioremediation (Shrestha and Spuhler, 2012). Bioremediation is a waste management
technique where the pollutant is neutralized or removed from the contaminated environment
using organisms. According to EPA, the definition of bioremediation is ”a treatment that utilizes
naturally occurring organisms to break-down dangerous substance into a less hazardous or nontoxic substance”. Arsenic widely exists in two forms: arsenite, a trivalent compound (As3+) and
arsenate, a pentavalent compound (As5+) are the two closely related oxidation states of arsenic of
which arsenite is more toxic to organisms (Liao et al., 2011). The difference in toxicity levels is
because arsenite has the potential to tether sulfhydryl groups and dithiol groups of protein, but
arsenate resembles phosphate and therefore acts as a chemical equivalent of phosphate and
inhibits oxidative phosphorylation (production of ATP). Arsenate is highly soluble in water and
therefore quite difficult to remove from the environment, in contrary to arsenite which is
sparingly soluble in water (Choe et al., 2012; Majumder et al, 2013). Microorganisms play a
major role in the biochemical cycle of arsenic and can alter it to different oxidation states with
distinct solubility, mobility and toxicity (Silver and Phung, 2005). These microbes are widely
distributed in the environment. Heavy metal contaminated soil and water are the likely sources of
heavy metal-resistant bacteria (Clausen, 2000). For survival under metal-stressed conditions,
bacteria have evolved numerous mechanisms to withstand the uptake of heavy metal ions (Nies,
1999).
Recent investigations suggest that these microbes interact with arsenic in a defined way with a
set of mechanisms. These organisms are taxonomically distinct and metabolically quite
adaptable. Few bacteria reduce arsenate to arsenite through anaerobic respiration, or by
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detoxification of arsenic, still others oxidize arsenite to arsenate by heterotrophic metabolism. It
has also been reported the existence of both arsenite oxidation and arsenate reduction in some
bacteria (Dhuldhaj et al., 2013; Nies, 1999; Sarkar et al., 2013; Wang and Mulligan, 2006).
However, in prokaryotes the resistance towards arsenic is frequently by detoxification operons
that are encoded on genomes and plasmids. These operons are multifarious, although with the
exception of three genes namely arsB, arsC and arsR which corresponds to arsenite efflux pump,
arsenate reductase and transcriptional repressor respectively (Ajees et al., 2011; Musingarimi et
al., 2010). Bacterial plasmids that possess arsenic resistance produce pumps, which are specific
that releases arsenite (As3+). The efflux pump in Gram-negative bacteria contain membrane
associated anion channel (ArsB) complex formed by an ATPase (ArsA). ArsC, which is present
in cytoplasm, is a soluble reductase that converts arsenate (As5+) to arsenite (As3+). Grampositive bacteria has ArsB and ArsC proteins, however not ArsA (Cervantes, 1995; Costa et al.,
2014). It is also shown that the resistance to arsenic in cells is bestowed by arsB gene, which is a
membrane associated protein and is hydrophobic in nature (Sato and Kobayashi, 1998).
An example of such metal resistant strain is Lysinibacillus sphaericus (B1-CDA), found mostly
in the contaminated soil has been discovered recently. This bacterium can grow in medium
containing sodium arsenate of up to 500 mM (Rahman et al., 2014). In previous study by
Rahman et al. (2015b), the whole genome of B1-CDA was screened for arsenic resistance genes
by a bioinformatic tool called Interpro and it included arsB, arsC, arsR and arsSX along with
few other genes. It is known that arsB gene of B1-CDA is 1059 bp and the sequence is much
more similar to the sequence of Lysinibacillus fusiformis. The current study is focused on
demonstrating the function of arsB gene by in silico and in vitro experiments.
The in vitro experiments were performed in this experiment using an online server named ITASSER by which the three-dimensional protein structure (3D) and the associated function of
the target protein (ArsB) were predicted. The prediction of structure and function by I-TASSER
is compartmentalized into four parts (Figure 1) according to Roy et al. (2010) and Nahar et al.
(2014). A brief summary on how the software works is given below:
a) Threading
Firstly, the bioinformatic procedure by which the query sequence is compared with the available
structure database for structure or structural motif similarity is referred as threading. Initially the
evolutionary relative arsB sequences were identified by matching against a non-redundant
sequence database by position-specific iterated BLAST (PSI-BLAST). Based on the multiple
alignment of homologous sequence, a sequence profile was created and the secondary structure
was predicted. Later, the arsB sequence was threaded through PDB structure database by
LOMETS. The templates were ranked by various sequence based and structure based scores.
b) Structure assembly
Secondly, the protein residue-residue contact were predicted by Support Vector Machines which
uses the SVMSEQ algorithm. The conformations generated by refinement simulation were
clustered by SPICKER. The average of all clustered structural decoys are referred as cluster
centroids.
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c) Model selection and refinement
Thirdly, starting from the selected cluster centroids the fragment assembly simulation was
performed. LOMETS threading alignments and PDB structures that are structurally closest to the
cluster centroids were identified by TM-align.

Structure
assembly:
SVMSEQ and
SPICKER

Model
selection: TMalign
Refinement:
REMO

Structure
based
functional
annotation:
EC
classification,
GO terms and
binding site

Threading:
PSI-BLAST,
PSIPRED and
LOMETS
Figure 1. Various stages of structure and function prediction of protein by I-TASSER. In stage 1,
threading alignment deploys PSI-BLAST, PSIPRED and LOMETS. In stage 2, structural assembly is
accomplished by SVMSEQ and SPICKER. In stage 3, model selection and refinement simulated by TMscore and REMO. Finally in stage 4, structure based functional annotation is inferred by Enzyme
classification, GO terms and ligand binding sites.

d) Structure based functional annotation
The structural analogs of the query protein in the GO library were matched based on the global
topology using TM-align. The structural analogs in the EC and binding site libraries were
matched based on both global and local structural similarity.
There are many online structure prediction tools available, however, I-TASSER serves best with
significant accuracy, reliable protein structure prediction and comprehensive prediction of
protein function based on its structure (Roy et al., 2010).
ICP-MS (Inductively Coupled Plasma – Mass Spectroscopy) was used to determine the
concentration of arsenic in the bacterial cells. The principle behind ICP-MS is that the samples
are heated by an ion source of high temperature (ICP) which favors the complete ionization of
ions in the sample and the separated ions are quantified by mass spectroscopy. The advantage of
this advanced method includes high sensitivity and the measurement of trace elements
(Ammann, 2007).
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AIM

The long term goal of this work is to determine the molecular function of the arsB gene, if the
gene is involved in uptake, accumulation and/or sequestration of arsenics in the bacterial cells,
this gene can be utilized for removal of arsenics from the contaminated environment. However,
the goals of the current research are
i)

characterize the molecular function of arsB by using both in silico and in vitro methods

ii)

to clone arsB gene from Lsyinibacillus sphaericus B1-CDA

iii)

transfer arsB gene to a strain that lacks arsB gene for complementation studies.
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MATERIALS AND METHODS
3.1 In silico studies of arsB gene

The amino acid sequence of Lysinibacillus sphaericus arsB gene (Appendix I) was obtained
from NCBI server (Accession: PRJNA296399). The protein comprises of 358 amino acids
(Appendix I). The secondary and tertiary structure were predicted by submitting the sequence of
arsB gene in online server I-TASSER.
3.2 Chemicals and antibiotics

All concentrations of sodium arsenate (Sigma-Aldrich) were prepared from the 500 mM of
sodium arsenate solution provided from the University of Skövde, Sweden. Selectable marker
(Ampicillin, Sigma-Aldrich) for transformation study was prepared at a concentration of 50
mg/ml. All the dilutions were made using de-ionized water. Luria broth (LB media) was used for
bacterial growth. Primers for the amplification of arsB gene were custom made from Thermo
Fischer Scientific (Appendix III).
3.3 Bacterial strains and growth conditions

Strains used in this study were Lysinibacillus sphaericus, B1-CDA (University of Skövde) and
Escherichia coli JW3469-1 strain: ∆arsB, (Coli Genetic Stock Centre, USA). Cultures were
grown in LB media at 37°C in a 200 rpm rotor/ shaker. To verify the absence of gene arsB in
mutant arsB E. coli JW3469-1 strain, colony PCR was performed with primers arsB-F and arsBR (Appendix III) using Master pure Gram positive DNA purification kit (Epicentre) following
the manufacturer’s protocol. The isolated DNA was subjected to PCR with cycling conditions as
follows: initial denaturation (5 min at 95°C); 35 cycles of denaturation (40 s at 95°C), annealing
(30 s at 57.7°C) and extension (60 s at 72°C); and a final extension (10 min at 72°C). The
amplification was visualized by gel electrophoresis (figure not shown).
3.4 Isolation of RNA and RT-PCR

RNA of B1-CDA was isolated followed by the synthesis of cDNA by RT-PCR for cloning into
pGEMT vector (Promega) (Appendix IV). From the overnight culture of B1-CDA, the isolation
of RNA was performed by Master pure Gram positive RNA purification kit (Epicentre)
following the manufacturer’s protocol.
From the isolated RNA, Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) was
performed with primers arsB-F and arsB-R (Appendix III) using MasterAmp High Fidelity RTPCR kit (Epicentre) adhering to the provider’s protocol (Appendix V). Cycling parameters were
as follows: first strand synthesis (30 min at 37°C), initial denaturation (1 min at 95°C); 35 cycles
of denaturation (30 s at 95°C), annealing (30 s at 57.7°C) and extension (60 s at 72°C); and a
final extension (10 min at 72°C). The cDNA obtained was purified by QIAquick PCR
purification kit (Qiagen) following the protocol provided and verified by agarose gel
electrophoresis.
3.5 Cloning and transformation

The arsB cDNA was cloned into pGEMT vector and later into competent arsB mutant E. coli
JW3469-1 cells. Ligation and transformation was performed according to pGEM-T vector
systems protocol (Promega). The purified cDNA was ligated into pGEM-T vector by overnight
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ligation. The components of ligation mixture were mixed with an Insert:Vector ratio of 3:1
(Appendix VI). The arsB mutant E. coli JW3469-1 strain (Coli Genetic Stock Centre, USA) were
made competent using calcium chloride method as given by Tu et al. (2005). The competent cells
and the ligation mixture were mixed. They were subjected to heat shock at 42°C for 50 s and
immediately placed on ice for 2 min. Later SOC medium (950µl) was added and incubated at
37°C in a shaker (200 rpm) for 90 min. Transformation culture was then plated on LB agar plate
(100 mg/ml Amp) as mentioned in the protocol (Promega). The same procedure was followed
for positive and negative control. Positive control was used to check the transformation
efficiency whilst negative control allows the verification of background colonies resulting from
vector alone.
The transformants were analyzed by colony PCR with arsB primers and the cycling parameters
were the same as mentioned earlier (Section 3.3), followed by gel electrophoresis for the
confirmation of presence of the vector and the arsB gene.
3.6 Sequencing

Sequencing of plasmid DNA of transformant was performed for further verification of proper
cloning of arsB gene in pGEMT vector and transformation into arsB mutant E. coli JW3469-1.
After cloning and confirmation by gel electrophoresis, the plasmid DNA was isolated from the
transformants (QIA-Miniprep-Plasmid Purification Protocol, Qiagen) and sent for DNA
sequencing (Karolinska University, Sweden). The arsB region from the whole plasmid was
isolated using the arsB primers as sequencing primers for further confirmation of successful
transformation. Later the results were compared with the original gene sequence of arsB
(Appendix II) using NCBI Blastn tool to identify the sequence similarity.
3.7 Analysis of gene expression by RT-PCR

Gene expression analysis was performed to verify the arsB gene which was functional in the
bacterial system. The transgenic E. coli JW3469-1 (after complementation with arsB gene) and
arsB mutant E. coli JW3469-1 (before complementation) were grown in the presence of 50 mM
sodium arsenate overnight, followed by the isolation of RNA by Master pure Gram positive
RNA purification kit (Epicentre). RT-PCR was accomplished using Master Amp High Fidelity
RT-PCR kit (Epicentre) adhering to the provider’s protocol (Appendix V) with primers arsB-F
and arsB-R (Appendix III). Cycling parameters were the same as given in section 3.4.
The expression of arsB gene in transgenic E. coli JW3469-1 was visualized by gel
electrophoresis with arsB mutant E. coli JW3469-1 as control.
3.8 Arsenic tolerance

In order to find the optimum concentration of arsenic to be used for growth studies and ICP
analyses, the transgenic E. coli JW3469-1 cells were grown in the presence of various
concentrations of arsenic. Initially, both the transgenic E. coli JW3469-1 and arsB mutant E. coli
JW3469-1 were selected by growing in LB media (100 mg/ml ampicillin in transgenic and no
ampicillin in arsB mutant type) and then exposed to various concentration of sodium arsenate: 5
mM, 10 mM, 25 mM, 50 mM and 100 mM as final concentration. The bacteria were grown at
37°C for overnight. The turbidity of the bacterial cells were measured using cell density
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spectrophotometer (CO 8000 Biowave Cell Density Meter) at 600 nm and the difference in growth
between the groups were observed as described by Musingarimi et al. (2010).
3.9 Growth curve and ICP-MS

Initially, both the transgenic E. coli JW3469-1 and arsB mutant E. coli JW3469-1 were selected
by growing in LB media (100 mg/ml ampicillin in transgenic and no ampicillin in arsB mutant
type) and then exposed to 50 mM sodium arsenate. Cultures were grown in three parallel sets for
each group. Bacterial cells were grown up to 96 hrs at 37°C in shaker (200 rpm). Samples were
removed at every 24 hrs and the bacterial growth was measured using cell density
spectrophotometer where the absorbance was read at 600 nm as described by Kostal et al.
(2004).
After measuring absorbance at each time interval, the samples were prepared for ICP-MS as
described by Rahman et al. (2015a). Cells were harvested from each culture flask by
centrifugation at 10000 g for 10 min. The cell pellets were washed with deionized water and
dried completely. The amount of arsenic in the supernatant or cell free media was measured by
ICP-MS (Inductively Couples Plasma – Mass Spectroscopy). Sample analyses were performed
by Eurofins Environment Testing Sweden AB (Lidköping, Sweden)
3.10 Statistical analysis

Statistical analysis was performed to see the significance of growth of bacteria between
transgenic E. coli JW3469-1 and arsB mutant E. coli JW3469-1 by Mann-Whitney U test (Wang
and Bushman, 2006). All the samples were in triplicates. The analyses were performed in R
programming with a significance set at 0.05.
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RESULTS

The in silico analysis of arsB gene was performed using the online tool I-TASSER where the
secondary structure, tertiary structure and their putative function were predicted.
Secondary structure prediction

Preliminary profile-profile alignment with non-redundant protein structures were performed in ITASSER using PSI-BLAST. PSIPRED was then used to predict the secondary structure of ArsB
protein. All α-helices, β-sheets and coiling were identified with confidence scores in the
predicted structure (Figure 2).

Figure 2. Predicted secondary structure of ArsB protein. C, H and S represents coil, α-helix and β-sheet
respectively. Confidence score of amino acid from 1 to 9.
Top 10 threading templates used by I-TASSER

I-TASSER modeling begins from structure templates discovered by LOMETS from PDB library.
LOMETS is a meta-server threading approach which has multiple threading programs and each
program creates tens of thousands of template alignments. The significance of each template in
threading alignment is measured by Z-score (difference between raw and average scores in
standard deviation) and templates with highest significance is used by I-TASSER for further
analysis. The best 10 templates selected from LOMETS threading program by I-TASSER is
given in Table 1.
Tertiary structure prediction

The tertiary structure was predicted by following certain steps of which initially the software (ITASSER) creates large number of decoys (structural conformations). The final models were
selected based on the pair-wise structure similarity that clusters all decoys by the SPICKER
-8-

program and the largest five structure clusters were reported as top five models (Figure 3a-e). Cscore is the measurement of quantification of confidence of each model, where C-score was
emanated from the significance of threading template alignments and the convergence
parameters of the structural assembly simulations. C-score is mostly in the range of [-5, 2] and a
higher C-score value signifies a model with a higher confidence and vice-versa.

a)Model 1

b)Model 2

C-Score: 0.21

C-Score: -0.41

c)Model 3
C-Score: -2.51

Estimated TM-score = 0.74±0.11
Estimated RMSD = 6.1±3.8Å

d)Model 4

e)Model 5

C-Score: -0.32

C-Score: -0.67

Figure 3. Projected tertiary structure models of ArsB. Top five models (a-e) predicted by I-TASSER
based on the cluster size of structure along with their respective C-score.

Topological similarity of protein structure pairs were defined by TM-Score (template modeling
score) with a range [0,1] and a higher TM-score signifies better structural match. RMSD is given
by the sequence identity and coverage of the structural alignment. The precision of each model
was determined based on the C-score, TM-score, and RMSD number of decoy and cluster
-9-

density. Figure 3a corresponds to model 1 which is the better quality model with structural
similarity between predicted and native structures.
Table 1 Determination of top 10 threading templates based on Z-score construct the protein
model.
1

2

Iden1

3

Iden2

4

Cov

5

Rank

PDB
hit

Norm. ZScore

1

4n7wA

0.17

0.22

0.87

2.13

2

3zuxA

0.16

0.24

0.88

4.05

3

4n7wA

0.15

0.22

0.87

2.20

4

3zuxA

0.16

0.24

0.88

7.87

5

3zuxA

0.17

0.24

0.88

5.92

6

4n7wA

0.18

0.22

0.87

2.87

7

3zuxA

0.17

0.24

0.88

8.47

8

3zuxA

0.16

0.24

0.88

4.50

9

4n7wA

0.17

0.22

0.87

1.93

10

4n7wA

0.16

0.22

0.87

3.17

6

Putative function based on
the PDB hit

Bile acid symporter from
Yersinia frederiksenii.
Classified as a transport
protein.
Bacterial homologue of bile
acid symporter with bound
taurocholate from Neisseria
meningitidis. Classified as a
transport protein.

1

Rank of templates represents the top ten threading templates used in I-TASSER

2

Iden1 is the percentage sequence identity of the templates in the threading aligned region with the query
sequence.
3

Iden2 is the percentage sequence identity of the whole template chains with query sequence.

4

Cov represents the coverage of alignment by TM-align and is equal to the number of structurally aligned
residues divided by the length of query protein.
5

Norm. Z-score is the normalized Z-score of the threading alignments. Alignment with a Normalized Zscore > 1 mean a good alignment and vice versa.
6

Putative function based on the PDB hit represents the function of the protein corresponding to the
obtained PDB hit.
Protein structurally close to target in PDB

Followed by structure assembly simulation, I-TASSER employs TM-align which is a structural
alignment program that compares the first model (Figure 3a) to all structures in PDB library.
This section contains the top 10 proteins with close structural similarity (highest TM-score to the
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predicted I-TASER model) in PDB (Table 2). Based on the PDB hit, the broad classification of
protein is also given by which the possible function of ArsB protein is predicted. However,
usually the function is based on the GO terms.
Table 2 Determination of function based on structurally similar protein in PDB.
PDB
Hit

2

1

3zuxA

2

1

TMScore

Classification of protein based
on PDB hit

3

4

5

0.867

0.67

0.162

0.875

Transport protein

4n7wA

0.837

1.56

0.147

0.872

Transport protein

3

4czbA

0.682

4.24

0.106

0.883

Membrane protein

4

3fi1A

0.653

4.32

0.110

0.849

Membrane protein

5

4bwzA

0.652

4.77

0.068

0.892

Transport protein

6

4cz8A

0.649

4.39

0.061

0.858

Membrane protein

7

5a1sA

0.498

5.46

0.052

0.722

Transport protein

8

3v8fA

0.490

5.55

0.079

0.716

Transport protein

9

4av3A

0.417

5.66

0.075

0.617

Hydrolase

10

4a01A

0.405

7.11

0.035

0.707

Hydrolase

Rank

RMSD

IDEN

Cov

1

Ranking of protein is based on TM-score of the structural alignment between the query structure and
known structures in the PDB library.
2

TM-score is a measure of global structural similarity between query and template protein.

3

RMSD is the RMSD between the residues that are structurally aligned by TM-align.

4

IDEN is the percentage sequence identity in the structurally aligned region.

5

Cov represents the coverage of alignment by TM-align and is equal to the number of structurally aligned
residues divided by the length of query protein.
Function prediction

Based on I-TASSER structure prediction the biological annotations of the target protein ArsB
were analyzed by COACH. COACH is a meta-server by which the multiple function annotation
results obtained from various programs (CO-FACTOR, TM-SITE and S-SITE) are combined.
The predicted function is determined based on ligand-binding sites, Enzyme Commission
numbers and GO terms which are tabulated in table 3, 4 and 5.
i) Ligand binding sites
The ligand binding sites of the target protein ArsB (Table 3) was determined by I-TASSER
based on the C-score and cluster size. Higher C-score indicates more reliable prediction. The
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highest C-score (0.15) corresponds to the template 3zuxA for which the cluster size is the highest
(3) and has six ligand binding site residues. The residues are val83, lys86, val281, gly282,
ala283, ser284 and the possible binding ligand is TCH (taurocholate).
Table 3 Determination of functional analog of model 1 based on substrate binding residues.
2

3

C-score

Cluster
size

PDB hit

Lig
Name

1

0.15

3

3zuxA

TCH

83,86,281,282,283,284

2

0.15

3

3zuxA

TCH

18,19,21,61,128,131,135,230,231,234,329

3

0.06

2

3zuxA

PTY

268,271,275,285,292,334,338,341,342,345

4

0.04

1

3zuxA

NA

91,95,125,294,295,296,297,298

5

0.04

1

4n7wB

MPG

Rank

1

Ligand Binding Site Residues

105,265,268,269,271,272,275,285,339

1

C-Score is the confidence score of the prediction. C-ScoreEC value range in between [0-1], a higher score
indicates a more reliable prediction.
2

Cluster size is the total number of templates in the cluster.

3

Lig Name is the name of possible binding ligand.

ii) Enzyme classification
The tertiary structure of ArsB protein (model 1, figure 3a) was analyzed by I-TASSER for
possible enzyme analogs. The highest C-scoreEC (0.163) was observed in PDB hit 2fknB and the
least C-scoreEC (0.148) in 1prhA (Table 4).
As per ExPaSy enyme database the enzyme analog of EC 4.2.1.49 is urocanate hydratase, EC
1.14.99.1 is prostaglandin-endoperoxide synthase, EC 1.13.11.33 is arachidonate 15lipoxygenase and that of EC 1.13.11.12 is linoleate 13S-lipoxyenase.
Table 4 Determination of functional analogs of model 1 based on enzyme classification (ECScore)
1

2

IDEN

5

Cov

EC
number

6.25

0.069

0.571

4.2.1.49

0.362

6.88

0.073

0.622

1.13.11.33

2iukA

0.375

6.66

0.060

0.631

1.13.11.12

0.157

2p0nA

0.357

6.63

0.051

0.602

1.13.11.33

0.148

1prhA

0.367

6.77

0.049

0.614

1.14.99.1

Rank

CscoreEC

PDB hit

TM-score

1

0.163

2fknB

0.362

2

0.160

2p0nB

3

0.158

4
5

3

RMSD

- 12 -

4

1

C-ScoreEC is the confidence score of EC number prediction. C-ScoreEC value range in between [0-1], a
higher score indicates a more reliable EC number prediction.
2

TM-score is a measure of global structural similarity between query and template protein.

3

RMSD is the RMSD between the residues that are structurally aligned by TM-align.

4

IDEN is the percentage sequence identity in the structurally aligned region.

5

Cov represents the coverage of alignment by TM-align and is equal to the number of structurally aligned
residues divided by the length of query protein.

iii) Gene ontology (GO) terms
The I-TASSER generates top 10 homologous GO templates in PDB ranked from 1-10 based on
the C-scoreGO which is a measure of global and local similarity between the query (ArsB) and
template protein. From the top 10 GO templates, consensus GO terms are generated based on
higher score template (Table 5). The molecular function, biological process and cellular location
are given based on the GO score. The higher GO score corresponds to better confidence of
prediction. In molecular function the highest GO score (0.55) is for GO term GO:0015298 and it
corresponds to symporter activity and the lowest GO score (0.31) is for the GO term
GO:0005326 which has neurotransmitter transporter activity. The highest GO score of 0.55 in
biological processes was obtained in GO:0006875, GO:0055078, GO:0006818, GO:0030004 and
GO:0015672 which suggests that the protein is possibly involved in cellular metal ion
homeostasis, sodium ion homeostasis, hydrogen transport, cellular monovalent inorganic cation
homeostasis and cation transport respectively.
Table 5 Prediction of molecular function, biological process and cellular location based on gene
ontology (GO) score of model 1 by I-TASSER. The table represents consensus GO terms
amongst the top scoring templates. the GO-score associated with each prediction is defined as
the average weight of GO term, and these weights are assigned based C-scoreGO of the template.
Molecular function

Biological process

Cellular component

GO term

GO score

GO term

GO score

GO term

GO score

GO:0015298

0.55

GO:0006875

0.55

GO:0016021

0.58

GO:0015296

0.41

GO:0055078

0.55

GO:0005886

0.51

GO:0005310

0.41

GO:0006818

0.55

GO:0005343

0.41

GO:0030004

0.55

GO:0005326

0.31

GO:0015672

0.55

GO:0046942

0.41

GO:0042221

0.35

- 13 -

The highest GO score (0.58) in cellular component corresponds to GO:00016021, indicating that
the protein is integral to membrane while lowest GO score (0.51) corresponds to GO:0005886
and suggests that the protein is located in plasma membrane.
RT-PCR of B1-CDA RNA

In order to analyze the function of arsB gene by in vitro methods, the RNA was isolated from
B1-CDA and RT-PCR was performed with arsB-F and arsB-R primers. Thereby the synthesized
cDNA could be used as a clone for the following steps of cloning and transformation. The
amplified cDNA was analyzed by gel electrophoresis (Figure 4), lane 2 and 3 represents the
replicates of purified cDNA of arsB gene. The results depict that the size of arsB cDNA
corresponds to the expected band size which is 1080 bp.

1080 bp

Figure 4. Purified cDNA of arsB gene. Lane 1 indicates negative control. Lane 2 and 3 corresponds to
purified cDNA of arsB which is 1080 bp and lane 4 is 2-log DNA ladder (NEB).

After cloning arsB cDNA into pGEM-T vector and transformation into competent arsB mutant
E. coli JW3469-1, the transformants were verified by colony PCR. The plated transformation
cultures were subjected to colony PCR to identify the positive transformants which was
performed with arsB primers and the results (Appendix VII) suggests that cloning and
transformation was successful.
Sequence similarity

Colony PCR confirms that cloning and transformation was successful. However to further verify,
sequencing of the arsB region from the whole plasmid of positive clone was performed. Local
alignment search using Blastn tool were performed between the original sequence of arsB gene
(Appendix II) and the arsB region of transgenic E. coli JW3469-1 which was sequenced to
further verify the cloning and transformation of arsB gene (complementation). The alignment
results (Appendix VIII) suggests that there was a 99% identity between the two sequences with
only 8 bp gaps which corresponds to 0.93%.
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Analysis of gene expression

Bacterial cells were grown in the presence of arsenic, to scrutinize the functionality of arsB gene.
The transgenic E. coli JW3469-1 and mutant E. coli JW3469-1 was grown in the presence of 50
mM sodium arsenate followed by the isolation of RNA and later was analyzed by RT-PCR to
verify the expression of arsB gene. The single band in lane 2 (Figure 5) represents the arsB
cDNA which corresponds to 1080 bp.

1080 bp

Figure 5. Gene expression of arsB by RT-PCR. Lane 1 denotes the ladder (2-log DNA ladder, NEB),
lane 2 represents arsB cDNA of transgenic E. coli which corresponds to 1080 bp and lane 3 indicates
negative control (mutant E. coli)
Arsenic tolerance

Arsenic tolerance exhibited by both transgenic E. coli JW3469-1 and arsB mutant E. coli
JW3469-1 were compared by growing both the groups in different concentrations of sodium
arsenate.
Table 6 Bacterial growth of transgenic and arsB mutant E. coli JW3469-1 at various
concentrations of arsenic.
*OD at 600nm

Concentration of arsenic
(mM)

Mutant E. coli JW3469-1

Transgenic E. coli JW3469-1

5

0.28

1.68

10

0.15

1.66

25

0.12

0.84

50

0.11

0.77

100

0.11

0.39
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*Optical density (OD) measured using cell density spectrophotometer (CO 8000 Biowave Cell Density
Meter)

The concentrations of sodium arsenate ranged from 5 to 100 mM after 24 hrs and thereby a
single concentration could be fixed for further experiments. The results of the samples (n=1) are
given in Table 6 and the growth is found to be much higher in transgenic cells when compared
with that of mutant cells.
Statistical analysis of growth curve

The bacterial growth in the presence of 50 mM arsenic were observed between both transgenic
E. coli JW3469-1 and arsB mutant E. coli JW3469-1 at various time intervals from 24 to 96 hrs
using a cell density spectrophotometer. The growth was statistically analyzed by Mann-Whitney
U test which shows that the median growth for arsB mutant E. coli JW3469-1 (0.19) and transgenic
E. coli JW3469-1 were significantly different (p=0.44). The growth pattern is given in figure 6.

Absorbance at 600nm (OD)

1.4
1.2
1
0.8
0.6

Transgenic E.coli

0.4

Mutant E.coli

0.2
0
24

48

72

96

Time interval (hours)

Figure 6. Growth pattern of arsB mutant E. coli JW3469-1 and transgenic E. coli JW3469-1 in the
presence of 50 mM sodium arsenate at different time intervals. Error bars denote mean ± SE. MannWhitney U test was run to determine if there was a difference in growth between the two samples (n=3).
Median growth for the mutant (median= 0.19) and the transgenic (median=0.44) was significantly
different, p= 0.04.
Analysis of the accumulation of arsenic

After the growth analysis to further verify the role of arsB gene, arsenic accumulation studies
were performed. The presence of arsenic in the cell free medium of arsB mutant and transgenic
E. coli JW3469-1 were analyzed by ICP-MS (Table 7). The concentration of arsenic in the
supernatant is given in "mM" for both mutant and transgenic E. coli JW3469-1 at various time
intervals from 24 to 96 hrs which were grown in the presence of 50 mM sodium arsenate.
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Table 7 Amount of arsenic in supernatant analyzed by ICP-MS. Concentrations of arsenic in the
supernatant at various time intervals between the arsB mutant E. coli JW3469-1 and transgenic
E. coli JW3469-1 grown in the presence of 50 mM sodium arsenate (n=1).
Concentration of arsenic in cell free broth (mM)
Time interval (Hours)
Mutant E. coli

Transgenic E. coli

24

10.89

9.61

48

11.86

10.90

72

10.58

10.26

96

12.18

11.86
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DISCUSSIONS

The alarming need for the removal of arsenic from the environment due to its highly toxic effect
on all living organisms with diseases ranging from nausea, vomiting and in severe cases leading
to cancer, cardiovascular dysfunction, diabetes, multiple organ failure have been explained by
various researchers (Singh et al., 2011). There are various methods such as oxidation, filtration,
precipitation, ion exchange and bioremediation; of which bioremediation is an eco-friendly and
cost effective method (Dhuldhaj et al., 2013; Kostal et al., 2004; Wang and Mulligan, 2006).
Over the years microorganisms living in the contaminated soil or water have developed
resistance towards the toxic chemicals (Nies, 1991). Numerous bacteria have been reported to
have tolerance against arsenic in the environment. Lysinibacillus sphaericus (B1-CDA) is one of
the recently identified novel bacteria that can be used for bioremediation as it can sustain up to
500 mM of arsenic (Rahman et al., 2014). As mentioned in earlier studies by Ajees et al. (2011)
and Musingarimi et al. (2010) there are many genes including arsB, arsC, arsR, arsD and arsA
responsible for arsenic tolerance in bacteria. Earlier studies by Rahman et al. (2015b) have
identified the various genes responsible for arsenic tolerance in B1-CDA.
The current research focuses on arsB gene that was identified as a possible arsenic detoxification
gene (Rahman et al., 2015b), where in-vitro studies have been successfully carried out to validate
the in silico results. The structure and function of the protein could be predicted by other tools
like nuclear magnetic resonance spectroscopy or protein crystallographic studies, however, these
techniques are time consuming and laborious. I-TASSER is an online server which predicts the
secondary and tertiary structure of the protein along with its putative function. This approach is
chosen over other conventional methods because of its significant accuracy, reliable protein
structure prediction, comprehensive prediction of protein function based on its structure and
inexpensive (Roy et al., 2010; Nahar et al., 2012; Nahar et al., 2014). For the in silico studies, the
ArsB protein sequence of Lysinibacillus sphaericus was obtained from NCBI database
(Accession: PRJNA296399). I-TASSER predicted the secondary structure of ArsB protein
(figure 2), tertiary structure of ArsB protein (figure 3) and the function of protein based on:
ligand binding sites (Table 3), enzyme commission (EC) numbers (Table 4) and gene ontology
(GO) terms (Table 5). The secondary structure was generated by PSI-PRED followed by the
prediction of protein models were generated by LOMETS from the top 10 threading templates
given in table 1. The first model (figure 3a) of top 5 models of tertiary structure of ArsB protein
corresponds to the largest cluster with higher C-value (in most cases) and higher confidence.
Therefore it could be said that first model is the most likely to be best predicted model.
In structure based functional annotation, the structurally close PDB hits (Table 2) suggests that
among the top 10 protein hits, the PDB hit with highest TM-score corresponds to transport
protein and the lowest corresponds to hydrolase. The function of ArsB protein was predicted
based on the highest GO score (Table 5). Their biological processes includes cellular metal ion
homeostasis, sodium ion homeostasis, hydrogen transport and symporter activity. The cellular
location suggests that the protein is membrane bound. These results are in coherence with the
earlier studies done on arsB gene of Staphylococcus aureus (Sato and Kobayashi, 1998; Dey and
Rosen, 1995). Since the structurally close protein to ArsB is a membrane/transport protein (Table
2), it possibly suggests that arsB could act as an arsenite efflux pump (Ajees et al., 2011;
Musingarimi et al., 2010; Mukhopadhyay et al., 2002; Tisa and Rosen, 1990).
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The predicted function was verified by complementation studies. In order to perform this,
primers were designed using a web interface called Primer3Plus as mentioned by Untergasser et
al. (2007), to isolate the gene of interest (arsB). Complementation studies were performed to
elucidate the function of arsB gene. The arsB clone was obtained by isolating the RNA from B1CDA followed by RT-PCR with arsB primers. The RT-PCR result (Figure 4) denotes that the
purified cDNA matches the expected band size (1080bp) and could be cloned. The absence of
target gene in arsB mutant E. coli was verified by PCR with arsB-F and arsB-R primers and
there were no amplification found (figure not shown). Therefore arsB mutant E. coli was used as
a negative control throughout the experiments. After cloning the arsB cDNA into pGEMT vector
and transformation, the positive transformants were identified by colony PCR (Appendix VII).
Cloning and transformation was further verified by sequencing the arsB region of plasmid DNA
of the transformants (after complementation). Blastn sequence alignment results (Appendix VIII)
suggested that the cloning was successful as the similarity was 99% between the clone and the
original sequence of arsB. The 8 bp gap could possibly be the result of suboptimal reaction
condition or unbalanced nucleotide concentrations during the sequencing.
The expression of arsB gene was studied as mentioned by Owalabi and Rosen (1992); by
growing the transgenic strain in the presence of sodium arsenate to verify the gene expression of
arsB gene. Gene expression analysis of arsB gene (Figure 5) results in the possible conclusion
that the gene is functional even under stress or in the presence of arsenic. Earlier studies had
shown arsB gene in Campylobacter was inducible by arsenate (Shen et al., 2013). However
experiments were not carried out to find the difference in expression of arsB gene before and
after induction. The experiment was done in order to verify the activity of arsB gene after
transformation into arsB mutant cells and the RT-PCR results suggests that the gene is active
under pressure (in the presence of arsenic).
The arsenic tolerance study was conducted to test the levels of resistance of the transgenic
bacteria in the presence of increasing concentrations of sodium arsenate as mentioned in
previous studies (Musingarimi et al., 2010). The experiment helps to determine a single
concentration of arsenic that could be used for growth studies and arsenic accumulation studies
with transgenic E. coli JW3469-1 and mutant E. coli JW3469-1 (Table 6). The complemented
bacteria was grown up till 24 hrs in the presence of various concentrations of arsenic. The
absorbance at 600 nm suggested that the transgenic E. coli grew much higher than mutant type at
all concentrations of arsenic, with the highest difference being at 10 mM sodium arsenate. At
5mM concentration of sodium arsenate the growth was six times higher in transgenic E. coli; at
10 mM, eleven times higher growth; at 25 mM and 50 mM seven times higher growth and finally
at 100mM the growth in transgenic E. coli was 3.5 times higher than the mutant E. coli JW-34691 strain. The results are in accordance with the earlier study where the deletion of arsB gene in
other species of bacteria resulted in decreased arsenate resistance (Ji and Silver, 1992 and Shen
et al., 2013). Hence the results clearly portray the vital role of arsB gene in the bacterial system
for arsenic resistance as mentioned in the earlier studies (Sousa et al., 2015; Butcher et al., 2000
and Dey and Rosen, 1995). Arsenic tolerance assay done on Theonella swinhoei (Red Sea
sponge) were performed from 5 to 50 mM arsenate (Keren et al., 2015). The current experiment
produced similar results: there was growth in all the isolates which was grown from 10 mM to
100 mM arsenate and the highest growth was observed at 10 mM arsenate. As the experiments
were not conducted in low phosphate medium (as phosphate is a chemical equivalent of arsenate
and therefore competes and reduces the arsenate toxicity levels), the comparative results between
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transgenic and mutant strains of E. coli JW3469-1 strongly suggests that arsB gene confers
resistance against arsenic in the bacterial system which is in agreement with earlier studies by
Musingarimi et al. (2010).
The samples were prepared for growth analysis as mentioned by Kostal et al. (2004). Growth
curve studies (Figure 6) further confirm the capacity to which the transgenic E. coli JW3469-1
can tolerate arsenic. There was an exponential growth till 48 hrs, followed by a steady drop of
growth (72 hrs) in the transgenic E. coli JW3469-1 which depicts a perfect growth curve. Earlier
studies performed on E. coli BLR (DE3) in the presence of 10 µM sodium arsenite produced
similar results; though, the experiment was observed only until 48 hrs (Kostal et al., 2004). The
significance in growth in the present study was verified by Mann-Whitney U test (Wang and
Bushman, 2006) which indicates a significant difference in growth between mutant E. coli
JW3469-1 and transgenic E. coli JW3469-1 when grown in the presence of 50 mM sodium
arsenate at various time intervals from 24, 48, 72 till 96 hrs. Though there is an exponential
increase of growth in the mutant strain (control), the growth rate is significantly low compared to
the arsB engineered cells. Hence it could be said that the complementation studies were
successfully accomplished.
Arsenic accumulation studies were performed to quantify the amount of arsenic reduced in the
medium by the transgenic and mutant E. coli JW3469-1. Both the strains were grown in the
presence of 50 mM sodium arsenate and the samples were collected at each time intervals from
24 to 96 hrs. The ICP-MS analysis of supernatant (Table 7) suggests only a minimal difference
in the concentration of arsenic between the transgenic and mutant E. coli JW3469-1. Though the
growth was significantly higher in the transgenic E. coli JW3469-1, amount of arsenic reduced in
the supernatant between the two strains are minimal. The highest difference in concentration of
arsenic (in supernatant) was observed at 24 hrs which was 1.28 mM, i.e, the amount of arsenic in
supernatant in mutant E. coli JW3469-1 was 10.89 mM and that in transgenic E. coli JW3469-1
was 9.61 mM. Or in other words, the transgenic E. coli JW3469-1 cells absorbed increased
amount of arsenic compared to the mutant type, but not significant. The results imply that arsenic
concentration in cell free broth was decreased by 80.78% (from 50 mM to 9.61 mM) when
treated for 24 hrs with transgenic cells (after complementation) and by 78.22% (from 50 mM to
10.89 mM) when treated with mutant cells (before complementation). However during
consecutive time intervals (from 48 hrs) there was an increase in the concentration of arsenic in
supernatant of both transgenic and mutant cells, which implies that the arsenic is released from
inside the cells due to increased toxicity. Earlier studies by Banerjee et al. (2011) and Rahman et
al. (2014) suggests that usually the concentration of arsenic in supernatant is increased after 48
hrs incubation which might be an efflux reaction to arsenic, but tends to reduce after 72 hrs in
B1-CDA and other species of bacteria. Although the current results of arsenic accumulation
studies are not in coherence as there was a steady increase in the concentration of arsenic in
supernatant of both transgenic and mutant E. coli JW3469-1. Experiments done on T. swinhoei
(Red Sea sponge) for total arsenic concentration by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) resulted in a significant difference of arsenic concentration between
bacteria-enriched fraction and sponge-enriched fraction done at 100 mM arsenate (Keren et al.,
2015). The current experiment is however inconclusive as there were no replicates.
Unfortunately the pellets could not be analyzed by ICP-MS due to negligible amount of sample.
Since there were no replicates, statistics were not performed.
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It could be concluded that the objectives of this project were successfully carried out. The
predicted protein function of ArsB by I-TASSER suggests that it as an integral membrane
protein which is involved in cellular metal ion homeostasis, sodium ion homeostasis, hydrogen
transport and symporter activity. The complementation studies of arsB gene was successful. The
gene was successfully cloned and transformed in to bacteria that lacks arsB gene. The growth
pattern results are in accordance, as there was a significant difference in growth between the
transgenic and mutant E. coli JW3469-1. Combining the structural and functional annotations
from I-TASSER and the complementation studies, it could be hypothesized that arsB gene
possibly acts as an arsenite extrusion pump. However, arsenic accumulation studies should be
repeated, as the results are inconclusive due to insufficient replicates and negligible amount of
pellets in most samples. Further a measuring point before 24 hrs could have been included.
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ETHICAL ASPECTS AND IMPACT ON THE SOCIETY

The arsenic used in the studies was handled with utmost care like wearing gloves and mask in
addition to the lab coat. There were no powder form of arsenic used as the stock solutions were
provided from the University of Skövde, Sweden. The disposal of arsenic and arsenic
contaminated tips were in a separate container named “arsenic waste” and later moved to
hazardous waste storage room. Arsenic with bacteria were initially disinfected with Virkon at a
dilution rate of 1:100 and/or collected in a special container marked with arsenic biohazard. This
project can be implemented on a larger scale by engineering arsB gene along with other genes of
B1-CDA into crops. These genetically modified crops can be used for bioremediation and in turn
after certain time period these crops could be recycled for the production of fuel.
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FUTURE PERSPECTIVE

The main objectives of the current research were accomplished successfully. The in silico results
stated that the ArsB protein functions as an arsenite extrusion pump. Complementation studies
performed on E. coli JW3469-1 were successful. Cloning and transformation was verified by
sequencing the plasmid arsB DNA of the transformant (after complementation) and resulted in a
99% sequence similarity when compared with the original sequence of arsB gene. The presence
of arsenic did not inhibit the growth of transgenic E. coli JW3469-1, however reduced and there
was a significant difference in growth between arsB mutant E. coli JW3469-1 and transgenic E.
coli JW3469-1.
This study could be further extended on the analyses of other genes of B1-CDA and thereby the
role and effect of each gene could be identified. Molecular mechanism and expression levels of
these genes are suggested to be analyzed by real time studies which would provide a deeper
understanding. However, the ICP-MS studies could be repeated with replicates of two or more,
in order to precisely deduce the effect of arsB gene in arsenic accumulation. One or more of
these genes could later be used to engineer crops. By that means, the arsenic from the soil and
water could be effectively removed in larger scale.
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APPENDICES

I)

Protein sequence of ArsB

MSNDSLTKQLSFLDRYLTLWIFVAMGIGVLLSLTMPNIGEALEAMSIGTTSIPIATGLIV
MMYPPLAKVKYEEMWRVFKDWKVLLLSLFQNWLLGPFLMFFLAIIFLHDYPEYMAGLIMI
GLARCIAMVIVWNDLARGDREYVAGLVAFNSIFQIVTYSIFAYFFLNVLPGWFGLENFHV
SISMWEITKSVLIYLGIPFAAGFLTRWIGIKTKGKHWYEEKFLPKISPLTLIALLFTIVM
MFALKGEQLVELPLDVVRIAIPLFIYFVIMFAVSFFSSRKVGASYPVTAALSFTAASNNF
ELAIAVAVGVFGLHSGVAFAAVIGPLVEVPVLIGLVWVALRWQKKYFKTIKL

II)

FASTA sequence of arsB

Extra added GGGGGAAATATAAATGAGTAATGATTCTTTAACCAAGCAGCTTTCTTTTCTAGATCGTTACCTTACCTTATGG
ATATTTGTTGCTATGGGAATAGGTGTTTTATTAAGTTTGACAATGCCTAATATTGGAGAA
GCATTAGAGGCCATGTCTATTGGCACAACATCCATACCGATTGCTACCGGGTTAATTGTC
ATGATGTACCCACCATTAGCGAAAGTAAAGTATGAAGAAATGTGGCGTGTGTTTAAGGAT
TGGAAAGTGCTTTTACTTTCTCTTTTTCAAAACTGGTTACTCGGACCGTTCTTAATGTTC
TTTTTAGCCATCATTTTCCTGCACGATTATCCAGAGTATATGGCTGGACTGATTATGATT
GGTTTAGCTCGTTGTATTGCAATGGTCATTGTATGGAACGATTTAGCACGTGGAGACCGT
GAATATGTAGCTGGTTTAGTTGCGTTTAACTCCATCTTTCAAATCGTGACTTATTCAATT
TTTGCTTACTTTTTCTTAAATGTATTACCTGGTTGGTTTGGTTTAGAGAATTTCCATGTA
TCCATTTCTATGTGGGAGATTACTAAGAGCGTACTTATATACTTAGGTATCCCGTTTGCT
GCAGGGTTCCTCACACGTTGGATAGGGATTAAAACAAAAGGGAAACATTGGTATGAGGAA
AAGTTCTTACCGAAGATTTCACCACTGACACTAATTGCACTGTTGTTCACGATTGTGATG
ATGTTTGCTTTAAAGGGTGAGCAATTAGTAGAACTGCCACTTGATGTAGTGCGAATTGCT
ATTCCATTATTTATTTACTTTGTGATTATGTTTGCTGTGTCATTCTTCTCTTCCCGTAAA
GTTGGGGCATCTTATCCTGTCACAGCAGCTCTTTCTTTTACAGCTGCAAGTAACAATTTT
GAGCTAGCGATTGCGGTTGCAGTGGGTGTGTTTGGCCTGCATAGTGGCGTGGCATTTGCT
GCTGTTATTGGTCCACTTGTAGAAGTACCTGTTCTCATAGGACTTGTATGGGTTGCCCTA
CGTTGGCAGAAAAAATACTTTAAAACCATTAAATTATAA -GGAGCAAT Extra added

AATATAAAGGGGGATGTACCGTTGTTAGACACGGTGTCAACGTTG
i

The highlighted sequence represents the added base pairs to the original sequence of arsB for
primer designing.
III)

Designed primers for arsB gene amplification.

Forward Sequence

5’-GGGGGAAATATAAATGAGTAATGA-3’

Start: 1

Length: 24 bp

Reverse Sequence

3’-ATTGCTCCTTATAATTTAATGGTTTT-5’

Start: 1080

Length: 26 bp

Tm: 57.5 °C

Tm: 57.2 °C

Product Size: 1080 bp

IV)

pGEMT Vector map

ii

GC: 33.3 %

GC: 23.1 %

ANY: 4.0

ANY: 6.0

V)

Preparation of reaction mixture of RT-PCR for cDNA synthesis of arsB gene.

Components

Volume per reaction
Reaction mixture

Negative Control

Deionized water

19µl

21µl

RNA Template (400ng)

2µl

-

12.5µM Forward primer

1µl

1µl

12.5µM Reverse primer

1µl

1µl

MasterAmp 2X RT-PCR PreMix

25µl

25µl

MMLV RT-Plus

1µl

1µl

DNA 1µl

1µl

MasterAmp
TAQurate
Polymerase Mix
Total volume

50µl

50µl

Table represents the reaction components and their respective volumes for a single reaction of RT-PCR.
arsB-F and arsB-R were the forward and reverse primers. All the components were mixed thoroughly and
stored on ice before beginning the reaction. Negative control is to verify the reactivity of the reaction
components.

VI)

Ligation mixture for cloning of arsB gene into pGEMT vector.

Reaction Component

Standard
reaction

Positive Control

Negative
Control

2X Rapid Ligation Buffer

5µl

5µl

5µl

pGEM-T vector

1µl

1µl

1µl

Purified cDNA (50ng)

2µl

-

-

Control Insert DNA

-

2µl

-

T4 DNA ligase

1µl

1µl

1µl

Nuclease-free water

1µl

1µl

3µl

Total volume

10µl

10µl

10µl

Table represents the components of the ligation mixture for standard reaction, positive and negative
control. Standard reaction represents the cloning of arsB gene. Positive control is to check the
transformation efficiency whilst negative control allows the verification of background colonies resulting
from vector alone.

iii

VII)

Colony PCR results (Figure A)

1080 bp

Figure A. Colony PCR results. Lane 1 denotes negative control, lane 2, 3 and 4 denotes different colonies
of transgenic E. coli JW3469-1 and lane 5 is the 2-log DNA ladder.

VIII) Sequence alignment by Blastn
*Query

190

TGTCATGATGTACCCACCATTAGCGAAAGTAAAGTATGAAGAAATGTGGCGTGTGTTTAA

249

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
*Sbjct

Query

853

250

TGTCATGATGTACCCACCATTAGCGAAAGTAAAGTATGAAGAAATGTGGCGTGTGTTTAA

-GGATTGGAAAGTGCTTTTACTTTCTCTTTTTCAAAACTGG-TTACTCGGACCGTTCTTA

794

307

|||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||
Sbjct

793

AGGATTGGAAAGTGCTTTTACTTTCTCTTTTTCAAAACTGGGTTACTCGGACCGTTCTTA

734

Query

308

ATGTTCTTTTTAGCCATCATTTTCCTGCACGATTATCCAGAGTATATGGCTGGACTGATT

367

|||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

733

ATGTTCTTTT-AGCCATCATTTTCCTGCACGATTATCCAGAGTATATGGCTGGACTGATT

675

Query

368

ATGATTGGTTTAGCTCGTTGTATTGCAATGGTCATTGTATGGAACGATTTAGCACGTGGA

427

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

674

ATGATTGGTTTAGCTCGTTGTATTGCAATGGTCATTGTATGGAACGATTTAGCACGTGGA

615

Query

428

GACCGTGAATATGTAGCTGGTTTAGTTGCGTTTAACTCCATCTTTCAAATCGTGACTTAT

487

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

614

GACCGTGAATATGTAGCTGGTTTAGTTGCGTTTAACTCCATCTTTCAAATCGTGACTTAT

555

Query

488

TCAATTTTTGCTTACTTTTTCTTAAATGTATTACCTGGTTGGTTTGGTTTAGAGAATTTC

547

iv

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

554

TCAATTTTTGCTTACTTTTTCTTAAATGTATTACCTGGTTGGTTTGGTTTAGAGAATTTC

495

Query

548

CATGTATCCATTTCTATGTGGGAGATTACTAAGAGCGTACTTATATACTTAGGTATCCCG

607

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

494

CATGTATCCATTTCTATGTGGGAGATTACTAAGAGCGTACTTATATACTTAGGTATCCCG

435

Query

608

TTTGCTGCAGGGTTCCTCACACGTTGGATAGGGATTAAAACAAAAGGGAAACATTGGTAT

667

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

434

TTTGCTGCAGGGTTCCTCACACGTTGGATAGGGATTAAAACAAAAGGGAAACATTGGTAT

375

Query

668

GAGGAAAAGTTCTTACCGAAGATTTCACCACTGACACTAATTGCACTGTTGTTCACGATT

727

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

374

GAGGAAAAGTTCTTACCGAAGATTTCACCACTGACACTAATTGCACTGTTGTTCACGATT

315

Query

728

GTGATGATGTTTGCTTTAAAGGGTGAGCAATTAGTAGAACTGCCACTTGATGTAGTGCGA

787

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

314

GTGATGATGTTTGCTTTAAAGGGTGAGCAATTAGTAGAACTGCCACTTGATGTAGTGCGA

255

Query

788

ATTGCTATTCCATTATTTATTTACTTTGTGATTATGTTTGCTGTGTCATTCTTCTCTTCC

847

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

254

ATTGCTATTCCATTATTTATTTACTTTGTGATTATGTTTGCTGTGTCATTCTTCTCTTCC

195

Query

848

CGTAAAGTTGGGGCATCTTATCCTGTCACAGCAGCTCTTTCTTTTACAGCTGCAAGTAAC

907

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

194

CGTAAAGTTGGGGCATCTTATCCTGTCACAGCAGCTCTTTCTTTTACAGCTGCAAGTAAC

135

Query

908

AATTTTGAGCTAGCGATTGCGGTTGCAGTGGGTGTGTTTGGCCTGCATAGTGGCGTGGCA

967

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Sbjct

134

AATTTTGAGCTAGCGATTGCGGTTGCAGTGGGTGTGTTTGGCCTGCATAGTGGCGTGGCA

75

Query

968

TTTGCTGCTGTTATTGGTCCACTTGTAGAAGTACCTGTTCTCATAGGACTTGTATGGGTT

1027

|||||||||||||||||||||||||||||||||||||||||||||||||| ||||||||
Sbjct

74

TTTGCTGCTGTTATTGGTCCACTTGTAGAAGTACCTGTTCTCATAGGACT-GTATGGGT-

Query

1028

GCCCTACGTTGGCAGAAAA

17

1046

||| ||||| | || ||||
Sbjct

16

GCC-TACGT-G-CANAAAA

1

*Query sequence represents the original sequence of arsB and subject sequence denotes the
sequenced arsB region of transgenic E. coli.
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