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Abstract 

Previously it has been reported, Lysinibacillus sphaericus B1-CDA contains several arsenic- 
responsive genes like acr3, arsC, arsR, and arsB conferring arsenic tolerance. The objective of this 
study was to characterize the molecular function of the arsC gene in Lysinibacillus sphaericus B1-CDA 
by in silico and in vitro analysis. For in silico studies, Iterative Threading Assembly and Refinement (I-
TASSER) server predicted the 3D model of the arsC protein. The 3D predicted structure of the 
protein exhibited six ligand binding site residues (Tyr-8, Cys-11, Thr-13, Arg-95, Gly-107, Phe-108) 
that bind to arsenic. The in silico results predicting arsC is responsive to arsenic was validated by in 
vitro experiments. The arsC gene present in the genome of B1-CDA was transferred to arsC deficient 
strain of Escherichia coli JW3470-1 mutant by complementation studies. The presence of the arsC 
gene in transgenic strain was verified by PCR and DNA sequencing. The mutant and transgenic 
strains were exposed to 50mM arsenic under 96hrs and their growth rate was measured by a 
spectrophotometer. The results represented a statistically significant difference (p<0.05) in the 
growth rate between mutant and transgenic strains. Further preliminary analysis obtained from 
Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) demonstrated that the levels of arsenic 
accumulation in the cells of transgenic strain were 1.92 times higher than the mutant strain of 
Escherichia coli JW3470-1 at 24 hours of exposure to arsenic. These results show that Lysinibacillus 
sphaericus B1-CDA can be utilized as a potential organism for the removal of arsenic from the 
arsenic contaminated environment. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Popular scientific summary 

Arsenic, a colorless, odorless toxic metalloid from the nitrogen family occurs in many allotropic 
forms. Primarily, arsenic in its inorganic form exists in two redox states, i.e. arsenate, the oxidized 
form, and the reduced form arsenite. Arsenite disrupts protein structure by interfering with the 
sulfhydryl groups in amino acids. Arsenate is a phosphate analog and disrupts the various cellular 
process that involves phosphate uptake. Exposure to arsenic is mainly through ingestion of 
contaminated ground water, inhalation of arsenic contaminated air due to a spray of arsenical 
pesticides and absorption by the skin through contaminated soil and crops. Arsenic exposure causes 
arsenic poisoning, which has become a major global concern. Millions of people suffer from cancers, 
keratosis and neural system damage due to arsenic poisoning as a result of consuming arsenic 
contaminated water and foods. The U.S Environmental Protection Agency (U.S.E.P.A) has classified 
arsenic as a potential carcinogenic agent. The World Health organization (WHO) has set the 
permissible levels of arsenic in drinking water to 0.01 mg/L. To overcome the hazardous effects of 
arsenic poisoning, researchers have suggested mitigation and remediation processes. The mitigation 
process involves finding a water source free of arsenic and remediation process is defined as 
eliminating arsenic from contaminated water source before consumption. These two processes can 
be achieved by two methods 1) physical – chemical methods and 2) biological methods. The 
physicochemical methods are expensive, ecologically not friendly and inefficient. Hence, researchers 
have preferred biological methods which are inexpensive, efficient and made ecologically friendly by 
use of microorganisms for bioremediation of arsenic. The microorganisms involved in 
bioremediation of arsenic from the contaminated environments utilize arsenic due to the presence 
of arsenic tolerance genes catalyzing various detoxification pathways. 

 Lysinibacillus sphaericus B1-CDA is a soil-borne bacterial strain which has been identified to contain 
several arsenic-responsive genes like acr3, arsC, arsR and ars B conferring arsenic tolerance. 
Arsenate reductase gene (arsC) is involved in the reduction of arsenate to arsenite. The aim of this 
study was to clone and characterize the arsC gene occurring in Lysinibacillus sphaericus B1-CDA into 
Escherichia coli JW3047-1 mutant strain lacking arsC gene. The presence of arsC gene renders the 
organism tolerant to arsenic, therefore, arsC gene could be used in the removal of arsenic from an 
arsenic contaminated environment. In silico analysis, performed on computer predicted the 3D 
structure and putative function of arsC protein by Iterative Threading Assembly and Refinement (I-
TASSER) server. The invitro or test tube experiments were performed to confirm the in silico results. 
The arsC gene from B1-CDA approx. 350 bp was isolated and transformed into mutant Escherichia 
coli JW3047-1 strain lacking arsC gene resulting in transgenic Escherichia coli JW3047-1 strains. The 
arsC gene insert in the transgenic strain was confirmed by colony PCR and DNA sequence analysis. 
Reverse Transcriptase - PCR (RT-PCR) was performed to check the expression of arsC gene in 
transgenic strain. The arsenic tolerance assays performed for the mutant and transgenic Escherichia 
coli JW3047-1 strains optimized the concentrations of sodium arsenate at 50 mM. The growth of the 
bacterial strains was measured by a spectrophotometer. A statistical analysis by Mann - Whitney U 
test indicated that the transgenic strain had a significantly higher growth rate (p<0.05) when 
compared to the mutant strain. Inductive Coupled Plasma-Mass Spectroscopy (ICP-MS) analysis for 
the accumulation of arsenic from the liquid medium was performed for transgenic strains and 
mutant strains of Escherichia coli JW3047-1 cultured in 50mM sodium arsenate for a time interval 
ranging from 24 hours to 96 hours. The transgenic strain accumulated more arsenic from the liquid 
medium than the mutant strain due to the presence of arsC gene. Therefore, these results suggest 
that Lysinibacillus sphaericus B1-CDA can be employed as a suitable bioremediation organism for 
detoxifying arsenic from the arsenic contaminated environment.   
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As Arsenic 
As (III) Arsenite 
As (V) Arsenate 
Ars Arsenic resistance 
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Introduction 

Arsenic, a natural component of the earth’s crust is a toxic metalloid of geochemical and 
anthropological origin existing as the soluble forms of pentavalent arsenate As [V] and trivalent 
arsenite As [III]. Environmentally depending on the pH, arsenic exists as arsenate oxyanions 
(H2AsO4), (H2AsO4

-2) and non-ionic arsenite form (H3AsO3), (H2AsO3
-). Both the chemical forms of 

arsenic have disastrous effects, but the trivalent arsenite [AsIII] is 25-60 times more toxic when 
compared to the pentavalent arsenate [As (V)] (Xiong et al., 2012; Oremland et al., 2009; Silver and 
Phung, 2005). Arsenate predominantly occurs in oxidized waters and in reduced environments like 
hot spring biofilms, arsenite is present (Duquesne et al., 2008; Oremland and Stolz, 2005; Santini et 
al., 2000). Due to the compelling levels of contamination of soil, crops, and water, arsenic poisoning 
has emerged as a global concern in and around many parts of the globe (Matilda et al., 2010). In 
several countries like India, Bangladesh, China, Chile, Argentina, Japan, Mongolia, Mexico, Nepal, 
Taiwan, Poland, and Vietnam and in some areas of the USA, the groundwater has been found to 
contain higher concentrations of arsenic than the permissible levels (Nordstrom 2002). The U.S. 
Environmental Protection Agency (U.S.E.P.A) have classified arsenic as a potential carcinogenic agent 
(Smith et al., 1992). World Health Organization (WHO) has established guidelines for the permissible 
levels of arsenic in drinking water at 0.01 mg/L (WHO, 1993) to decrease the health risks associated 
with consumption of drinking water exposed to arsenic, but several third world countries follow the 
previously declared WHO guideline of 0.05 mg/L (WHO, 1963) owing to economic reasons (Singh et 
al., 2011). The drinking water supplies in the region of the Brahmaputra in Bangladesh have been 
vastly contaminated with naturally occurring arsenic and the WHO has quoted it as the mass 
poisoning of the living population (Smith et al., 2006). Inhibition of energy flow and inactivation of 
enzymes involved in DNA repair, DNA replication, phospholipid and nucleic acid synthesis has been 
associated with arsenic toxicity (Banerjee et al., 2011, Hughes, 2002; Lynn et al., 1997). There has 
been a widespread increase in the neural system damage, cancers related to lung, bladder, kidney, 
and skin as the drinking water has been exposed to high levels of arsenic leading to 
hyperpigmentation of skin, keratosis of feet and hands which rapidly advance to skin cancers by the 
intake of arsenic-contaminated food and water and inhaling air contaminated with spraying of 
arsenical pesticides (Argos et al., 2010; Marshall et al., 2007; Ng et al., 2003). Globally, an estimated 
100 million people are severely exposed to arsenic through the drinking water contaminated with 
high arsenic levels (Singh et al., 2011; Ahsan et al., 2006; Bang et al., 2005).  

The impact of the locally occurring atmospheric depositions and interactions of the natural drinking 
water with sediments, bedrocks and soils influence the arsenic cycling globally (Meliker et al., 2007). 
It has been reported that the redox characteristics of aquifers sediments and bedrocks naturally 
influence the concentration of arsenic in the groundwater (Bhattacharya et al., 2002). To overcome 
the destructive effects of arsenic poisoning in areas exposed to arsenic, researchers have considered 
two main options. 1) Mitigation i.e. finding a water source free from arsenic and 2) Remediation i.e. 
elimination of arsenic from the contaminated water before consumption (Visoottiviseth and Ahmed, 
2008). For the removal of toxic arsenic substances from the contaminated sources, several methods 
have been developed like electrochemical treatment, activated coal adsorption, precipitation, 
reverse osmosis, evaporation, coagulation ion-exchange (Chowdhury et al., 2000), bioremediation, 
rhizofiltration and phytoremediation (Shrestha and Spuhler 2012). The bioremediation process 
involves the bacterial biochemical mechanism of reducing or tolerating the toxic form of arsenic and 
converting it into less toxic forms by enzymatic reactions. The pathways through which 
microorganisms reduce or oxidize toxic form of arsenic are by biotransformation, periplasmic 
biosorption, intracellular accumulation, etc. These mechanisms were reported in organisms 
belonging to the species Kocuria, Proteobacterium, Firmicutes, by Banerjee et al. (2011) and 
microbes from the species Herminnimonas, Stenotrophomonas, Alcaligenes were reported by Bahar 
et al. (2012) and in lactobacillus species by Halttunen et al. (2007). The microbial species belonging 
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to Achromobacter, Rhodococcus, and Aliihoeflea were reported by Sattar et al. (2014) in Bacillus 
species by Mondal et al. (2008) in Pseudomonas species by Kao et al. (2013) in Lysinibacillus species 
by Lozanzo et al. (2013). The presence of a detoxification mechanism in these microorganisms can 
be correlated with the occurrence of arsenite oxidation gene (aox/aro/aso), arsenic respiratory 
reduction genes (arr) and arsenic resistance genes (ars) (Chang et al., 2010). 

Thermodynamically the arsenate form is more favorable in the majority of the aerobic systems and 
enters the bacterial cell through the low-affinity phosphate nutrient transport Pit system (Jackson et 
al., 2003) which is expressed constitutively and non-specifically (Comino et al., 2009). During 
phosphorylation, arsenate enters the cell through the Pit system as it is a structural analog of 
phosphate and replaces the cellular phosphate causing toxicity and death of the cell (Lee et al., 
2003). Microbiologically and chemically following the oxidation - reduction process as shown in 
(Figure 1) arsenate is reduced to arsenite, which undergoes biomethylation and released as arsines 
like trimethylarsine [TMA (III)]. Bacterial organisms have evolved several mechanisms to overcome 
arsenic toxicity like methylation and peroxidation reactions (Lebrun et al., 2003). Arsenite oxidase a 
periplasmic membrane-bound enzyme in some Gram-negative bacteria oxidize arsenite to arsenate 
(Jackson et al., 2003). Several microorganisms have been identified which are tolerant to lethal 
arsenic concentrations (> 60 mM sodium arsenite) yet very little has been known regarding the 
genetics of environmental bacteria resistant to arsenic (Mateos et al., 2006). 

 

Figure 1: The biochemistry of arsenate reduction to arsenite with in a cell initiated by arsenate reductase and 
undergoes several redox reactions involving methylation reactions to be excluded out as arsines.  

The microbial arsenic detoxification pathway is regulated by the ars operon (Jackson and Duggas, 
2003). The isolated arsenic resistance determinants (ars) are organized into one transcriptional unit 
consisting of three genes (ars RBC) or five genes (ars RDABC). The ars genes have been identified 
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both on plasmids (Owalobi and Rosen, 1990) and chromosomes (Diorio et al., 1995) of numerous 
prokaryotes (Broer et al., 1993; Carlin et al., 1995) and eukaryotes (Bobrowicz et al., 1997). The 
chromosome of Escherichia coli and other enterobacteriacea members and Pseudomonas 
aeruginosa, contains the three ars gene (ars RBC) system, encoding arsenate reductase (ars C) a 
soluble enzyme which reduces arsenate to arsenite, arsenite permease (ars B) a membrane protein, 
which excludes arsenite from the cell and arsenic transcriptional repressor (arsR) codes a repressor 
protein, which regulates the expression of ars operon (Jackson and Duggas, 2003; Rosen, 2002; 
Mobley et al., 1982). Some of the microorganisms contain other genes in their operons like arsA an 
ATPase enzyme stimulated by oxyanions involved in ATP hydrolysis for extruding arsenicals from the 
action of arsB protein. Ars D is identified as a regulatory protein for regulating the overexpression of 
arsB (Neyt et al., 1997). Ars operons consisting of four genes in the order of arsR, ORF2, arsB, arsC 
have been reported in the skin elements of Bacillus subtilis (Sato and Kobayashi, 1998) which confers 
arsenic tolerance to the organism. 

Arsenate reductase, a product of the ars C gene enzymatically reduces arsenate to arsenite (Guo et 
al., 2005; Demel et al., 2004; Messens et al., 2002; Cohen et al., 2001). The phylogenetic tree of 
protein sequences represents three distinguished clades of arsenate reductases belonging to two 
bacteria and one yeast family (Mukhopadhyay et al., 2002). The best-studied arsenate reductase is 
ArsC of E. coli R773 plasmid of the clade glutaredoxin/glutathione (GrxS/GSH) (Kao et al., 2013). ArsC 
protein has an active redox cysteine residue in the active site (Liu et al., 1995; Gladysheva et al., 
1994) which is involved in the mechanism of arsenate reduction (Mukhopadhyay and Rosen, 2002). 
The second family of arsenate reductases has the prototype of ArsC of Staphylococcus aureus pI258 
plasmid (Ji and Silver, 1992) which is referred to as thioredoxin (Trx) clade related to 
phosphotyrosine phosphatases (Demel et al., 2004; Gladysheva et al., 1994). The Ars C of pI258 
plasmid has CX5R sequence flanked by the alpha (α) helix and beta (β) strand (Messens et al., 2002) 
which uses three cysteine residues for arsenate reduction (Mukhopadhyay and Rosen, 2002). The 
arsenate reductase Arr2p in yeast Saccharomyces cerevisiae (Mukhopadhyay et al., 2000) forms the 
third clade of arsenate reductases which belongs to the class of tyrosine phosphatases similar to the 
cdc25a cell cycle control protein phosphatases found in humans (Slyemi et al., 2012; Martin et al., 
2001). Studies have been published on the eukaryotic arsenate reductases like Leishmania major 
arsenic reductase 2 (LmACR2) and Saccharomyces cerevisiae arsenic reductase 2 proteins (ScAc2p) 
(Nahar et al., 2012; Mukhopadhyay et al., 2000). To overcome the problem of arsenic contamination 
recent studies have identified and detected ars genes in the environmental samples by correlating 
their presence with the bacterial isolates resistant to arsenic. The studies of these genes can be used 
for designing prospective molecular biomarkers employed for remediation of arsenic (Jackson et al., 
2005). 

Lysinibacillus sphaericus B1-CDA, a soil-borne arsenic resistant bacterium identified from the arsenic 
contaminated land from the southwest region of Bangladesh grows at 500mM concentration of 
sodium arsenate in the medium (Rahman at al., 2014). In earlier studies conducted by Rahman et al. 
(2015) using the bioinformatics tool, InterproScan identified arsC gene on the genome of B1-CDA 
which is approximately 350bp and found similar to the arsC gene present in Lysinibacillus sphaericus 
C3-41 along with other genes like arsB, arsR, and arsSX. In recent years, computational prediction of 
structures has yielded highly reliable result in a span of few hours for large sequences unlike the 
experimental procedures for structure prediction which are expensive, time-consuming and 
laborious (Krivov et al., 2009). The preliminary methods for the prediction of the protein structure 
are comparative modeling, threading and detecting similarities between model structure and single 
known sequence structure. The other methods include ab-initio modeling (Roy et al., 2010; Wu et 
al., 2007) or denovo methods (Fung et al., 2007; Floudas et al., 2006) which predicts protein 
structure through a sequence without any similarities between any known structural sequence or 
model sequence at fold level. Molecular biology, biomedicine, and biochemistry provide enormous 
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potential for prediction and analysis of protein structures within a span of a few hours by employing 
bioinformatics tools. 

Aim 

The long-term goal of this study is to determine the molecular function of the arsC gene in 
Lysinibacillus sphaericus B1-CDA, whether it is involved in the accumulation of arsenic within the 
bacterial cells. If so, arsC gene could be involved in the removal of arsenic from the areas heavily 
polluted with arsenic. The short-term goals of this study are (i) to clone the arsC gene from L. 
sphaericus B1-CDA (ii) characterize the molecular function of arsC gene by in silico and in vitro 
analysis (iii) perform complementation studies by the transfer of arsC gene from B1-CDA to a strain 
lacking arsC gene. 
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Materials and Methods 

3.1. In silico Studies 

The genome sequence of L. sphaericus B1-CDA was obtained from the GenBank with accession 
number PRJEB7750, [http://www.ebi.ac.uk/ena/data/view/PRJEB7750] (Rahman et al., 2015). The 
arsC protein sequence contained 118 amino acids (Appendix I). To predict the structure and function 
of arsC protein of L. sphaericus B1-CDA, the Iterative Threading Assembly Refinement (I-TASSER) 
(Roy et al., 2010) methodology (Figure 2) were used as follows:  

3.1.1. Threading 

This is the first stage of I-TASSER where the arsC protein query sequence was matched with the 
database of non-redundant sequences by position specific iterated – BLAST (PSI-BLAST) 
(Margelevicium et al., 2010). From the homologous sequences, multiple alignments were created 
which was then used by position specific iterated - prediction (PSI-PRED) (McGuffin et al., 2000) for 
predicting the secondary structure of the protein. A locally installed meta-threading-server 
(LOMETS) (Wu and Zhang, 2008) along with seven other threading programs SP3, PPA10, 
PROSPECT54, MUSTER53, HHSEARCH44, FUGUE52 and SPARKS56 (Margelevicium et al., 2010) 
threaded the query sequence whose secondary structure was predicted with sequence profile. In 
each threading program, structure based and sequence based scores formed the basis for ranking of 
templates. The template with the highest rank was further considered and based on the statistical 
significance, i.e.  Z – Score of the leading threading program the quality of template alignment was 
judged.   

3.1.2. Structural Assembly 

In this stage, on the basis of ab-initio modeling, (Bonneau and Baker, 2001) continuous fragments 
excised from the template structure in threading programs were assembled to structural 
conformations aligning with the unaligned regions. The fragments were assembled by a modified 
replica exchange technique, i.e. Monte Carlo simulation technique (Zhang et al., 2004) guided by the 
data derived from the protein database (PDB) (Berman et al., 2000), Support vector machine 
sequence (SVMSEQ60) (Lee et al., 2009) prediction based on sequence contact and threading 
templates spatial restraints. The refinement simulations clustered by SPICKER (Zhang and Skolnick, 
2004) which is a well-organized and simple clustering program generates cluster centroids by 
averaging the clustered structural entices. 

3.1.3. Model selection and refinement 

The cluster centroids generated from structural assembly were selected and the fragments 
assembled were subjected to simulations. From the threading alignments LOMETS, external 
constraints were generated and Template model alignment (TM-align) (Zhang and Skolnick, 2005) 
identified the PDB structures closest to cluster centroids of SPICKER helping refinement of the global 
topology of the SPICKER cluster centroids. The clustered structural entices from structural assembly 
were clustered again and REMO (Zhang, 2009) selected the lowest energy cluster as input generating 
concluding structural model by constructing complete atom models from the traces of Cα and side-
chain interactions of the proteins (Holm and Sander, 1991) from PDB by optimization of networks of 
hydrogen bonding (McDonald and Thornton, 1994).  

3.1.4. Structure-based functional annotation. 

The function of the arsC protein was conferred by predicting the structural identical 3D model 
against the PDB database of proteins of known structure and function. The query protein structural 
analog from the gene ontology (GO) library (Roy et al., 2010) using TM - align were matched on the 
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basis of global topology and from the frequency of recurrence of GO terms a consensus was derived. 
From the libraries of the binding site and enzyme commission (EC) (Bartlett et al., 2002), structural 
analog was matched for local and global similarities in structure. The local similarity structure search 
was used for a method complementary to the global similarity for identification of analogs having a 
dissimilar fold, but due to the binding/active sites conservation performed the same function. The 
global similarity structure search was used for the recognition of proteins with the identical global 
fold. The global search functional analog results were based on structural patterns conserved in the 
current model measured by TM-score, structural alignment coverage, sequence identity and 
reconstructed atomic model (REMO) (Li and Zhang, 2009). 

 

Figure 2: Prediction of the 3D structure and function of the arsC protein by iterative threading assembly 
refinement (I-TASSER) methodology includes five major steps. Step 1: Submission of the query sequence in the 
I-TASSER server Step 2: Threading of the submitted sequence uses three programs-PSI-BLAST, PSI-PRED, and 
LOMETS Step 3: Structure assembly by SVMSEQ and SPICKER Step 4: Model selection by TM-align and 
refinement by REMO Step 5: Structural and functional prediction by Enzyme Commission, Gene Ontology  
terms, and ligand binding sites. 

3.2. Bacterial strains, Chemicals, and Growth 

The bacterial strains used in this study were Lysinibacillus sphaericus B1-CDA (University of Skövde, 
Sweden) and Escherichia coli JW3470-1 mutant strain (arsC gene knocked down) (Coli Genetic stock 

center, USA). The bacteria were cultured overnight in LB broth at 37 °C at 180 rpm in a closed shaker 
incubator with selective antibiotic marker ampicillin at a concentration of 100 µg/ml. The source of 
arsenic in this study was sodium arsenate from Sigma - Aldrich and the working concentration 
ranged from 5 mM to 100 mM (Mergeay et al., 1995). 

3.3. Nucleic acid isolation. 

The cloning of arsC gene involved the isolation of RNA from L. sphaericus B1-CDA strain in preparing 
cDNA to be used for ligation into pGEM-T cloning vector from Promega for transformation. RNA 
isolation from L. sphaericus B1-CDA and E. coli JW3470-1 mutant and the transgenic strain were 
performed by MasterpureTM RNA purification kit (Epicentre). The arsC gene ligated into the pGEM-T 
vector and cloned in mutant E. coli JW3470-1 competent cells was isolated from E. coli JW3470-1 
transgenic strain using the plasmid mini Kit (Qiagen). The arsC gene PCR product obtained by 
amplification of E. coli JW3470-1 plasmid using gene specific primers (Appendix II), PCR reaction 
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components (Appendix III) and PCR program (Appendix IV) was purified by QIAquick PCR purification 
kit (Qiagen). All the isolation procedures were performed in triplicates following the respective kit 
manufacturer’s protocols. Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, USA) was used to 
measure the concentration and purity of isolated nucleic acids. 

3.4. Primer design. 

The ars operon of Lysinibacillus sphaericus B1-CDA contains arsenic metabolizing genes which confer 
arsenic resistance to the organism (Rahman et al., 2015). The sequence of the arsenic reductase 
gene arsC identified in the ars operon of the genome of L.sphaericus B1-CDA was retrieved from the 
GenBank database [http://www, ebi.ac.uk/ena/data/view/PRJEB7750], accession number 
PRJEB7750. Gene-specific primers (Appendix II) were custom designed to amplify an arsC gene using 
Primer3Plus software (Untergasser et al., 2007). 

3.5. RT – PCR 

One step 50 µl reverse transcriptase - PCR reaction was set up using the isolated RNA of B1-CDA at a 
concentration of 100 ng/µl following the reaction protocol of MasterAmpTM High fidelity RT – PCR kit 
(Epicentre) with RT-PCR reaction components (Appendix V) and cycling conditions (Appendix VI). The 
resultant cDNA was purified by QIAquick PCR purification kit (Qiagen) following the kit protocol and 
3 µl of the purified sample was visualized by agarose gel electrophoresis.  

3.6. Cloning of arsC gene 

The purified cDNA product obtained from the RT-PCR of B1-CDA strain was ligated into a commercial 
cloning vector pGEMT procured from Promega. An overnight ligation reaction (Appendix VII) was set 
up according to the kit protocol along with a negative control. The ligation mixture was transformed 
into E. coli JW3470-1 mutant strain competent cells by the calcium chloride transformation protocol. 
The transformed reaction mixture was plated on LB plates with ampicillin at a concentration of 100 

µg/ml and incubated overnight at 37 °C.  

3.7. Colony PCR 

The screening of recombinants was performed by colony PCR using arsC gene primers. A 50 µl PCR 
reaction was set up using MasterAmpTM PCR kit (Epicentre), PCR reaction mixture (Appendix III) and 
cycling conditions (Appendix IV) followed by agarose gel electrophoresis to visualize the amplified 
arsC gene. 

3.8. Agarose gel electrophoresis 

The amplified PCR products, RT – PCR products and purified PCR products were analyzed by agarose 
gel electrophoresis. The electrophoresis running buffer was 1 X Tris acetate EDTA (TAE) prepared 
from the stock concentration of 50 X TAE. All the PCR products were visualized on 2% agarose gel 
run at 100V. GelredTm (Biotium) at 1X concentration was used as an intercalating dye. As a reference 
for a molecular weight 2log DNA ladder (NEB) and 6X gel loading dye at 1x concentration (NEB) was 
used. 

3.9. DNA sequencing  

The plasmid was isolated from the transgenic strains of E. coli obtained from the cloning of the 
ligated arsC gene with pGEM-T vector into E. coli mutant JW3470-1 strain. Using gene specific 
primers (Appendix II) and about 50ng of the plasmid as template, the arsC gene was amplified by 
PCR reaction mixture (Appendix III) following the cycling conditions (Appendix IV). The amplified PCR 
product was purified using the QIAquick PCR purification kit (Qiagen). The purified PCR product 
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about 100 ng was sent for DNA sequencing along with 10 µl of gene-specific primers to KIGene at 
Karolinska University Hospital, Stockholm, Sweden. The sequencing results were analyzed with the 
existing sequences and amino acid databases in the NCBI using BlastN. 

3.10. Arsenic resistance assay 

The minimum inhibitory concentration (MIC) of arsenic for transgenic and mutant E. coli JW3470-1 
strain was determined to optimize the arsenic concentration for ICP-MS and bacterial growth 
analysis. The bacterial cultures of the transgenic and mutant E. coli JW3470-1 strains were 

separately cultured overnight at 37 °C in LB broth ( 100 µg/ml ampicillin for transgenic strains and no 
ampicillin for mutant strains) to be used as inoculum. For the assay, one percent inoculum was 
transferred to 50 ml LB broth in conical flasks supplemented with arsenate at concentrations of 5 

mM, 10 mM, 50 mM and 100 mM. The samples were cultured in one parallel set at 37 °C at 180 rpm 
in a shaker incubator. The growth of the bacterial cultures was measured after 24 hours by optical 
density at 600nm by WPA Bio wave CO 8000 cell density meter and the variation in the bacterial 
growth between the transgenic and the mutant E. coli JW3470-1 strains were observed as illustrated 
by Musingarimi et al. (2010) 

3.11. Growth and Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) 
analysis 

The inoculum for bacterial growth assay was prepared by overnight culturing of transgenic and 

mutant E. coli JW3470-1 strains at 37 °C in LB broth (100 µg/ml ampicillin for transgenic strains and 
no ampicillin for mutant strains). One percent inoculum was added to all the samples. The cells were 
cultured separately in three parallel sets of 50 ml LB broth in conical flasks supplemented with 50 

mM arsenate and incubated at 37 °C at 180 rpm in a shaker incubator till 96 hours. The turbidity of 
the bacterial cells was recorded every 24 hrs at an absorbance of 600nm by cell density 
spectrophotometer meter as described by Kostal et al. (2004). After the absorbance readings were 
measured in every 24 hours the bacterial cultures were prepared for ICP-MS analysis following the 
protocol by Rahman et al. (2015). The bacterial cultures were harvested by centrifugation at 10000 g 
for 10 min. After harvesting the samples, the supernatant or cell free media was separated from the 

pellet and stored at 4 °C. The pellet was washed thrice with de-ionized water and dried until the cell 
dry weight was achieved after discarding the water. For the analysis of total arsenic, supernatant 
with blank, i. e. media containing arsenate but not exposed to inoculum was sent to ICP-MS analysis 
at Eurofins Environment Testing Sweden AB (Lidköping, Sweden) 

3.12. Statistical analysis 

The data were statistically analyzed to compare the difference in the growth rate between the 
mutant E. coli JW3470-1 and transgenic E. coli JW3470-1 strains. Mann-Whitney U test was 
performed and the significance level was set at 0.05 (p<0.05). The results were reported in mean 
value and standard deviation. 
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Results 

I-TASSER server, an online tool was used for the in silico analysis of ars C protein predicting the 
secondary and tertiary structure including the putative function of arsC protein.   

4.1. Prediction of secondary structure 

The arsC protein query sequence was aligned against 5,798 non-redundant protein structure in I-
TASSER using PSI-BLAST. The secondary structure of the protein was predicted by PSI-PRED. The 
predicted structures were defined with the β-sheets, α-helices, and coiling structures along with 
confidence scores (Figure 3). LOMETS threaded the query sequence from the PDB library generating 
top ten best models from ten highly efficient threading programs depicting Z-score values and 
sequence identity coverage. The models were selected based on normalized Z-score greater than 
one which indicates a good alignment with the query sequence. Higher the Z - score more closely the 
alignment with the query sequence. The model ranked as 1 (Table 1) was identified as 3gKxB with a 
normalized Z - score of 3.95 and identity coverage of 0.47 and 0.48 percentage and was identified 
from the protein database as putative arsC protein from Bacteroides fragilis. 

 

 

Figure 3: Prediction of secondary structure of arsC protein by PSI-PRED. Blue indicates beta sheets(s), Red 
alpha helix (H), Black coil and Confidence score (Conf. Score) of each amino acids from 1-9.  

Table 1: Prediction of a protein model by I-TASSER used top ten threading folds. The accuracy of model-1 was 
predicted based on the Z-score. Normalized Z-score > 1 indicates a good alignment. 

Rank PDB Hit Iden1A Iden2B CovC Norm Z-scoreD 

1 3gkxB 0.47 0.48 0.98 3.95 

2 2m46A 0.52 0.51 0.97 3.02 

3 2m46A 0.51 0.51 0.99 4.11 

4 2m46A 0.51 0.51 0.99 1.94 

5 2m46A 0.51 0.51 0.99 2.06 

6 2m46A 0.52 0.51 0.99 3.96 

7 2m46A 0.52 0.51 0.98 3.16 

8 3gkxA 0.50 0.49 0.99 2.56 
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9 2m46A 0.52 0.51 0.99 3.82 

10 3rdwA 0.23 0.24 0.97 4.08 

 A) Percentage of sequence identity of the templates in the threading aligned region with the query sequence 

B) Percentage of sequence identity of the whole templates with query sequence 

C) Coverage of threading alignment=number of aligned residues divided by the length of query protein   

D) Normalized Z-scores of the threading alignment 

4.2. Prediction of 3D structure 

Based on the pairwise structure similarity, I-TASSER used the spicker cluster centroids to generate 
3D structures (Figure 4). The quality of the model was measured by C-score or confidence score. The 
C-score ranges from [-5 to 2]. Higher the C-score, higher the quality of the predicted structure. The 
C-score of the predicted structure is 1.27. The TM - score and RMSD was used to measure the 
structural similarity of the predicted structure. The TM- score < 0.17 indicates random similarity and 
a TM –score > 0.5 indicates the model of correct topology. The TM -score of the predicted structure 
is 0.89 + 0.07, RMSD = 1.9 + 1.6 Å suggesting correct topology and proper quality. The full-length 
model was generated by I-TASSER by cluster density using Monte Carlo simulations. 

 

 

Figure 4: Predicted 3D structure of arsC protein  by I-TASSER. Prediction is based on TM-score, RMSD, C-score 
and cluster density, which determines the quality of the model. With the increase in C-score and cluster 
density, the quality of the model is enhanced. Refinement of the model is done by TM-score and RMSD values. 
The model’s C-score = 1.27, TM-score = 0.89 + 0.07, RMSD = 1.9 + 1.6 Å. The arsC protein ribbon presentation 
indicates the active sites for ligand binding at the red loop Tyr-8, Cys-11, Thr-13, Arg-95, Gly-107, Phe-108.  

4.3. Structural analogs to the target protein identified by TM-Align 

The TM-align program was used to match the first generated I-TASSER model with all the structures 
in the PDB library, thereby generating top ten models which have the close structural similarity to 
the predicted I-TASSER model resulting in the proteins having similar functions to the target protein. 
The ranking of the proteins was made on the basis of highest TM-score indicating closest structural 
similarity to the query sequence from across the PDB library. The PDB hit 2m46A (Table 2) is ranked 
model number one due to highest TM-score of 0.965 when compared to the other PDB hits. 
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Table 2: Prediction of the structural analogs of arsC protein based on TM-score.  

Rank PDB Hit TM-scoreA RMSDB IDENc COVD 

1 2m46A 0.965 0.68 0.513 0.992 

2 3Gkxb 0.896 1.46 0.483 0.983 

3 3fz4A 0.844 1.82 0.422 0.975 

4 1z3Ea 0.840 1.73 0.243 0.975 

5 3rdwA 0.839 1.69 0.219 0.966 

6 1s3da 0.817 1.96 0.202 0.966 

7 3f0Ia 0.807 1.88 0.214 0.949 

8 1rw1A 0.777 2.13 0.264 0.932 

9 3I78A 0.703 2.60 0.287 0.907 

10 2kokA 0.676 3.22 0.226 0.949 

A) Measure of structural similarity between the predicted model and the native structure. 

B) Root mean square deviation (deviation between residues that are structurally aligned by TM-score. 

c) Percentage sequence identity in the structurally aligned region. 

D) Coverage of the alignment by TM align=number of structurally aligned residues divided by the length of the 
model. 

4.4. Structure-based functional annotation 

The function of the query protein was predicted by the estimation of confidence scores and 
functional analogs based on GO terms, EC number and active sites and ligand binding sites. 

 4.4.1. Ligand binding sites 

To identify the function of protein, the ligand binding sites of the query protein were predicted by I -
TASSER. The prediction was made on the basis of global and local structural similarities between the 
binding sites on the predicted 3D model run against the 19,658 non-redundant proteins with known 
ligand binding site in the PDB library. The template 1k0nA (Table 3) has the highest C-score of 0.43 
with six ligand binding site residues and 19 clusters. The template 3ihqA (Table 3) has the lowest C-
score of 0.04 with three ligand binding sites lacking complex structure. The identified ligand binding 
site residues in the template 1k0nA with higher C-score of 0.43 are Tyr-8, Cys-11, Thr-13, Arg-95, 
Gly-107, Phe-108. 
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Table 3: Prediction of the ligand binding sites of model 1 based on the measure of global and local sequence 
and structural similarities between the template binding site and predicted binding site of model 1. Higher C-
score and larger cluster size were used for significant predictions.   

Rank C-score Cluster size PDB HIT Lig name Ligand Binding site residues 

1 0.43 19 1K0nA GSH 8,11,13,95,107.108 

2 0.13 6 3mszA GSH 13,94,96,107,108,109 

3 0.04 2 1i9dA SO4 13,16,109 

4 0.04 2 1J9bA TAS 11,12,13 

5 0.04 2 3ihgA IMD 60,61,94 

4.4.2. Prediction of Enzyme Commission (EC) and active sites 

The predicted 3D model structure was run against a PDB library of 5,798 non-redundant entries with 
known EC numbers. On the basis of global and structural similarities the structural analogs of the 
enzyme commission and active sites were matched using TM-align. The analysis generated top five 
models ranked according to the TM-score. The PDB hit 1sk1A (Table 4) has the highest EC number of 
1.20.4.1 with three active site residues indicating V-111, H-7, P-9 i.e His-7, Pro-9, Val-111. The lowest 
EC number is for PDB hit 2gsdA (Table 4) with no active site residues. The PDB hit 1sk1A was 
identified as the enzyme arsenate reductase (glutaredoxin) recognized from ExPASy. 

Table 4: Prediction of functional analogs of model 1 based on Enzyme commission (EC) score. A ranking of the 
model was based on EC score. Higher the EC score higher is the confidence of the prediction.  

Rank EC-score PDB hit TM-score RMSD IDEN Cov EC 
Number 

Active Site 
Residues 

1 0.465 1sk1A 0.807 1.99 0.195 0.958 1.20.4.1 7,9,11 

2 0.282 2f8aA 0.568 3.43 0.080 0.822 1.11.1.9 52 

3 0.280 2he3A 0.517 3.94 0.058 0.831 1.11.1.9 NA 

4 0.279 2nadA 0.506 4.35 0.063 0.890 1.2.1.2 NA 

5 0.278 2gsdA 0.502 4.42 0.063 0.890 1.2.1.43 NA 

4.4.3. Prediction of Gene Ontology (GO) terms 

The structural analogs of the predicted 3D protein were matched against a PDB library of 26,045 
non-redundant entries with known GO terms and a consensus was derived based on the number of 
occurrences of GO terms. The consensus prediction of GO terms involved the prediction of 
molecular function, biological process, and the cellular component along with the respective GO 
scores (Table 5). Higher values of GO scores indicate more confident predictions. The molecular 
function with GO terms, GO: 0008794 and GO – scor0e 0.80 is predicted as an arsenate reductase 
(glutaredoxin) activity. The biological process predicted with GO terms, GO: 0055114 and highest GO 
- score of 0.85 is an oxidation - reduction process. The cellular component GO term, GO: 0043231 
with a highest GO - score of 0.58 is predicted as cytoplasm. The predicted 3D protein has a molecular 
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function of arsenate reductase activity involved in biological oxidation-reduction process which 
occurs at the cytoplasmic cellular component. 

Table 5: Prediction of GO - terms, i.e. molecular function, biological process and cellular component by I-
TASSER for the 3D structure of the protein based on GO-score.  GO-score > 0.5 signifies a high confidence 
prediction. 

Gene Ontology (GO) GO term GO score 

Molecular function  GO:0008794 (arsenate reductase (glutaredoxin) activity) 0.80 

Biological process GO:0055114 (oxidation – reduction process) 0.85 

Cellular component GO: 0043231 (cytoplasm) 0.58 

4.5. Prediction of Gene Function 

On the basis of structural and functional predictions of arsC protein a novel hypothetical pathway of 
arsenate reduction in B1-CDA was proposed (Figure 5). The first step in the biochemical pathway 
involves the binding of an oxyanion [As (v)] to the enzyme arsC reductase non-covalently with the 
nucleophilic attack on cysteine - 11. This results in the formation of thiarsahydroxy intermediates in 
step two with thiolate of activated cysteine-11 which is stabilized by hydrogen bonds of arginine-95. 
In step three glutathionylated intermediates formed are reduced to novel intermediates Arsc-S-AS +-
O which in the final step dissociates to produce free arsenite As (III) which undergoes biomethylation 
and extruded from the cell as arsines. 

 

 

Figure 5: Prediction of a novel hypothetical biochemical mechanism of arsenate reduction by the arsC gene in 
B1-CDA.  Step 1:  involves the nucleophilic attack on cys11 bound non-covalently to arsenate releases OH- ions. 
This intermediate formed in step 2: is glutathionated by the release of the H2O molecule. Step 3: involves the 
reduction of arsenate to arsenite by binding of glutaredoxin (GrxSH) resulting in the formation of intermediate 
compound dihydroxy monothiol arsenate and releases GrxS-SG and GSH. Step 4: positively charged arsenic 
with a mono hydroxy intermediate is formed. Free arsenite is released with the addition of OH- ions and 
undergoes biomethylation. 
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4.6. Concentration and Purity of Nucleic acids 

The concentration and purity of RNA isolated from L. sphaericus B1-CDA and transgenic strains E. coli 
JW3470-1 were measured by nanodrop 2000. The plasmid was isolated from transgenic E. coli 
JW3470-1 strain. The nanodrop readings of the best isolated samples (Table 6) were reported which 
were further used in the study. 

Table 6: The concentrations and purity level of the RNA and DNA isolated from B1-CDA and transgenic strains.  

SN Samples Concentration (ng/µl) 260/280 260/230 

1.  RNA (B1-CDA) 945.4 2.1 2.18 

2. RNA (transgenic strain)  1331  2.13 2.22 

3. Plasmid  531 1.81 2.0 

4.7. Expression of arsenate reductase gene (arsC) in B1-CDA 

Having established the nature of ars operon in the L. sphaericus B1 - CDA strain (Rahman et al., 
2015), expression of arsC gene was checked by using gene-specific primers by endpoint RT - PCR as 
explained in materials and methods. The resultant cDNA with an expected length of 350 bp was 
visualized on 2% agarose gel (Figure 6) and purified by PCR purification kit and further used for 
cloning. 

 

Figure 6: The expression level of the arsC gene of B1- CDA detected by the complete reverse transcription of 
RNA to cDNA by RT-PCR. The results were visualized on 2% agarose gel by GelRedTm, 6X loading dye, and 1X 
TAE running buffer. Lane L - NEB 2Log DNA Ladder, Lane 1 - cDNA approx. 350bp. 
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4.8. Transformation and Amplification of arsC gene 

The purified cDNA obtained from the RT- PCR of L. sphaericus B1-CDA was transformed into E. coli 
JW3470-1 mutant strain lacking arsC gene using a commercial cloning pGEM - T vector (Appendix IX). 
After transformation, several recombinant clones (transgenic) were screened for the presence of 
arsC genes by colony PCR (Figure 7). The arsC gene from the plasmid of transgenic strain was 
amplified by PCR and PCR purified product was sent for DNA sequencing. 

 

       

Figure 7: Transformation of arsC gene was confirmed by colony PCR with arsC-F/arsC-R primers. The results 
show arsC gene amplified at approx. 350bp. Lane 1- negative control, Lane 2- NEB 2log DNA ladder. Lane 3, 4, 
5 - colonies picked from transformed plates. 

4.9. BLASTN search of arsC gene 

The DNA sequencing results of arsC gene were aligned with the NCBI BLASTN search of the non-
redundant GenBank, EMBL, PDB, DDBJ database which revealed a homolog of arsC gene on the 
chromosome of Lysinibacillus sphaericus C3-41 (Rahman et al., 2015). Alignment of the predicted 
nucleotide sequence of arsC gene in the non-redundant database of NCBI showed that it was 86% 
identical to the L. sphaericus C3-41 (Figure 8).   

 

Figure 8: The DNA sequencing of the 350 bp fragment transformed into E. coli JW3470-1 showed 86% identity 
with the Lysinibacillus sphaericus C3-41 indicating that it belongs to Lysinibacillus sphaericus family. BLAST 
alignment was performed in the NCBI database. The query indicates sequenced arsC gene and subject 
Lysinibacillus sphaericus C3-41. 
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4.10. Expression of arsC gene in transgenic strains 

The RNA was isolated from the transgenic E. coli JW3470-1 strains, the concentration of which is 
described in Table 6. The expression of the arsC gene in the transgenic strain was studied by RT-PCR 
as mentioned in materials and methods and the results were visualized on 2% agarose gel (Figure 9).   

         

Figure 9: The expression of arsC gene in transgenic E. coli JW3470-1 detected by the complete reverse 
transcription of RNA to cDNA by RT-PCR. The results were visualized on 2% agarose gel by GelRedTm, 6X loading 
dye, and 1X TAE running buffer. Lane L- NEB 2Log DNA Ladder, Lane 2 and Lane 3 - cDNA approx. 350 bp. 

4.11. Arsenic resistance analysis 

The cell growth of mutant and transgenic E. coli JW3470-1 strains grown in LB medium containing 5 
mM to 100 mM of sodium arsenate measured after 24 hours exhibited tolerance to arsenic. The 
transgenic E. coli JW3470-1 strain had high growth density at an absorbance of 600 nm measured by 
cell density spectrophotometer when compared to the mutant E. coli JW3470-1 strains as shown in 
(Table 7). 

Table 7 : The bacterial growth of mutant and transgenic E. coli JW3470-1 strains grown at different 
concentrations of arsenic. The growth was measured at absorbance 600nm.  

Concentration of arsenic (mM) 
OD at 600 nm 

Mutant E. coli JW3469-1 Transgenic E. coli JW3469-1 

5 0.53 1.50 

10 0.21 1.26 

25 0.10 0.92 

50 0.09 0.74 

100 0.06 0.26 
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4.12. Statistical analysis of growth. 

The optimal growth of mutant and transgenic E. coli JW3470-1 strains was seen at 50 mM 
concentration of arsenate from arsenic tolerance assays hence bacterial cultures were grown in 50 
mM arsenate over a range of time intervals (24 hours to 96 hours) and bacterial growth was 
measured by optical density at 600 nm. A Mann - Whitney U test was run to determine if there was a 
difference in the bacterial growth between the mutant and transgenic E. coli JW3470-1 strain at 50 
mM sodium arsenate. Median growth of the mutant (median = 0.155, n = 4) and the transgenic 
(median = 0.595, n = 4) strains were significantly different, U = 4, p = 0.02 (Figure 10). The p - value is 
lesser than the significance level p<0.05. Hence it can be concluded that there is a significant 
difference in the growth pattern of the mutant and transgenic E. coli JW3470-1 strain when exposed 
to arsenic. 

 

 
 

Figure 10: Comparison of the mean growth rate between the mutant and transgenic E. coli JW3470-1 strain. 
The blue curve indicates mutant strain and brown indicates transgenic strain. The curve was plotted with 
optical density (600 nm) values vs time interval (hours). The P value was found to be 0.02 from Mann - 
Whitney U test which is less than the significance level p<0.05. Thereby indicating a significant difference in 
the growth rate between mutant and transgenic strains. The error bars were plotted with 95% Confidence 
interval and + 1 SD. 
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4.13. Analysis of arsenate accumulation 

The amount of arsenate accumulated from the cell free medium by mutant and transgenic E. coli 
JW3470-1 strains was analyzed by ICP-MS (Table 8). The bacterial strains were cultured in the 
presence of 50 mM arsenate at varying time intervals of 24 hours to 96 hours.  

Table 8: The amount of arsenic accumulated from the supernatant analyzed by ICP-MS for mutant and 
transgenic E. coli JW3470-1 strain cultured at 50mM arsenate concentration for 24 hours to 96 hours (n = 1).  

 

 

 

 

 

 

 

 

 

 

Time Interval (hours) 
Concentration of arsenic in cell free broth (mM) 

Mutant E. Coli  JW3470-1 Transgenic E. Coli  JW3470-1 

24 9.29 8.33 

48 10.89 10.57 

72 12.78  11.85 

96 13.16 13.15 
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Discussion  

As mentioned in the introduction, arsenic contamination of water and foods is a severe danger to 
human health in many regions of the world, particularly in the South-East Asia. One of the most eco-
friendly and inexpensive methods for removal of arsenic from the contaminated water or effluents 
might be the use of microorganisms (Rahman et al. 2015; Congeevaram et al., 2007) occurring 
naturally in the environment. Several researchers have been engaged in isolating and characterizing 
arsenic resistant microorganisms from the arsenic contaminated regions and in-situ bioremediation 
has garnered a lot of importance in recent years. Because it is cost effective, most efficient and 
environmentally safe mechanism for the detoxification of arsenic. Also, this method has many 
advantages over the conventional processes (Pous et al., 2015; Escalante et al., 2009). During the 
past decades, several bacterial strains have been reported to be highly resistant to arsenic (Sattar et 
al., 2014; Kao et al., 2013; Jenson et al., 2010). They can grow and survive in the arsenic 
contaminated environment. One of such resistant strains is the L. sphaericus, B1-CDA which was 
previously isolated and reported by a research team at the University of Skövde, Sweden (Rahman et 
al., 2014). The genome sequence of this strain B1-CDA has proven that this bacterium contains 
several genes responsive to metal ions like arsenic, iron, cobalt, manganese, nickel, lead, zinc, 
cadmium and chromium (Rahman et al., 2015). One such gene is the arsC gene responsive to 
arsenic. In this thesis work, an attempt was made to determine the molecular function of the arsC 
gene in L. sphaericus B1-CDA by both in silico and in vitro studies.  

The in silico analysis of arsC protein of Lysinibacillus sphaericus B1-CDA involved the analysis of 118 
amino acid sequence obtained from GenBank database with accession number PRJEB7750 
[http://www.ebi.ac.uk/ena/data/view/PRJEB7750] (Rahman et al., 2015) by I-TASSER server (Roy et 
al., 2010). I-TASSER is a consolidated automated platform for modeling of protein structures and 
prediction of function on the basis of query sequence-structure-function prototype. By this method 
the secondary structure and 3D structure of the query protein was predicted revealing the substrate 
bound residues. The molecular, cellular and biological function of the query protein was predicted 
on the basis of the 3D structure. The results from the in silico experiments are credible as various 
repeated benchmark tests form the basis of Bioinformatics analysis (Lee et al., 2009). The in silico 
analysis, when compared to in vitro experiments, yield faster, significant results, and is inexpensive. 
Protein crystallography and Nuclear Magnetic resonance (NMR) can be employed in constructing a 
3D model of a protein (Pittelkow et al., 2011). These approaches are less preferred as they are 
laborious, expensive and time-consuming. However, there are disadvantages of performing in-silico 
analysis as it becomes highly difficult to prioritize and choose a satisfactory candidate as it considers 
various parameters of selection. In the current experiments 3gkxB (Z-score 3.95) was selected as a 
primary structure for further analysis, even though the PDB hits 2m46A (Z score-4.11) and 3rdwA (Z-
score 4.08) had higher Z-scores (Table 1). In this current case, sequence identity (Iden1 and Iden2) 
was the deciding factor for ranking top fold suggested by the algorithmic computer analysis. 
However, the selection of the target model or structure is simplified when every suggested 
parameter indicates increased significance values. In our current experiment, I-TASSER server 
selected one model and ranked it one due to highest c-score 1.27 (Figure 4) which also showed 
highest TM-score (0.89+0.07) and RMSD 1.9+1.6 Å. The functional similarities of a predicted 
structure and analogs detected are indicated by the GO-score. As the function and structure of a 
protein are multifaceted, the similarities of functionalities between the identified analogs result in 
the association of many GO terms. Based on the GO-scores, GO-term consensus prediction was 
performed to choose reliable GO terms (table 5). Based on the highest GO scores the biological, 
cellular and molecular function of the protein was predicted and the hypothetical biochemical 
mechanism was postulated (Figure 5). Studies on resistance of arsC gene to arsenate and arsC 
protein encoding arsenate reductase have been conducted in yeast and other bacteria (Ye et al., 
2011; Demel et al., 2004) where protein crystallography and NMR have been used for constructing 
protein models of arsC protein where the mechanism of arsenic binding to arsenate reductase with 
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cysteine residues was studied in E. coli R773 plasmid (Shen et al., 2013; Ye et al., 2011) and found to 
be similar to the arsC protein bound to cysteine residues in B1-CDA. The arsC protein structure, 
based on molecular modeling in Herbaspirillum sp. GW103 (Govarthanan et al., 2015) and homology 
modelling in cronobacter sakazakii BAA-894 strain (Chaturvedi et al., 2013) revealed close structural 
similarities with arsC family proteins of Pseudomonas aeruginosa and Escherichia coli  respectively, 
where it is proven that arsC protein-coding for arsenate reductase are involved in the reduction of 
arsenic from the environment which is in accordance with our novel findings of arsC protein in B1-
CDA which codes for arsenate reductase and involved in reduction of arsenic. 

 In vitro laboratory experiments were performed to validate the in silico results of arsC gene. The 
nucleic acid isolations were performed in triplicates and duplicates, but the samples with good 
concentrations and high purity levels, which were further used in the study were compiled together 
with their nanodrop readings (Table 6). The other nucleic acid samples with lesser purity and 

concentration in comparison to the best samples were stored in -80 °C. They could be used as a 
second source of samples in the study in higher concentrations if the best samples got completely 
used up, as the isolation procedures involving culturing of bacterial strains is time-consuming and 
laborious. To assess the concentration and purity of the isolated DNA and RNA, the absorbance ratio 
at 260 nm and 280 nm was used. The 260:280 ratio of DNA and RNA at approximately 1.8 and 2.0 
respectively is acknowledged as a pure form of DNA and RNA and seen as a rule of thumb. The 
260:230 ratio used as a secondary measure for purity, generally lies in the range of 2.0 - 2.2 
(Leninger 1997). On the basis of the rule of thumb, the concentration and purity of isolated nucleic 
acids were found to be good (Table 6). 

The arsC gene identified on Lysinibacillus sphaericus B1-CDA shows that it is responsive to arsenic 
(Rahman et al., 2015). The similar action of arsC gene was identified on R773 plasmid in E. coli (Ye et 
al., 2011; Kao et al., 2011; Demel et al., 2004) and arsC gene with similar phenotype was detected on 
Staphylococcus plasmids pSX267 and pI258 and chemolithotrophic Zetaproteobacteria (Jesser et al., 
2015; Demel et al., 2004). The expression of arsC gene in B1-CDA was checked by RT-PCR with an 
expected 350bp length with arsC-F/arsC-R gene specific primers designed by primer3plus software 
(Untergasser et al., 2007) (Figure 6). The cDNA formed was purified and ligated into a pGEM-T 
cloning vector and transformed into E. coli JW3470-1 mutant strain in which the arsC gene is 
knocked off. The resultant transgenic E. coli JW3470-1 strain complemented with arsC gene were 
verified by colony PCR (Figure 7). The absence of target arsC gene in mutant E. coli JW3470-1 strain 
was confirmed by amplification with PCR by arsC-F/arsC-R primers. In bacterial species, Halomonas 
and Acinetobacter a 409 bp arsC gene coding for arsenate reductase were amplified (Sunita et al., 
2012). The DNA sequence alignment by NCBI BLASTN showed 86% similarity to Lysinibacillus 
sphaericus C3-41 (Figure 8) and is identical in function (Rahman et al., 2015) which confirms our 
cloning results. The sequencing results of arsC gene in Bacillus sp. SXB by Wu et al. (2013) showed 
99% similarity with Bacillus thuringenesis sp. The expression of the arsC gene in transgenic strain was 
verified by RT-PCR (Figure 9) which concludes that the complementation studies have made the 
transgenic strain resistant to arsenic. Similar studies were performed by the isolation of arsenate 
reductase genes from Acinetobacter species conferring arsenic resistance in E. coli JM109 and 
WC3110 by complementation studies (Sunitha et al., 2015) and confirms our studies that the 
presence of arsC gene confers an organism resistance to arsenic. 

Arsenic resistance assays were conducted to analyze the minimum inhibitory concentration of 
transgenic and mutant E. coli JW3470-1 strains by varying the concentrations of sodium arsenate 
(Musingarimi et al., 2010). The bacterial strains were grown in medium containing sodium arsenate 
at 5 mM, 10 mM, 25 mM, 50 mM and 100 mM till 24hrs to conclude a final single concentration of 

arsenate to be employed for further growth studies. The bacterial strains were grown at 37 °C as the 
temperature has the maximum effect on the growth of the bacteria (Bhakoo et al., 1979). The 
transgenic E. coli JW3470-1 strains with an increase in the concentration of sodium arsenate showed 
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a decrease in the growth rate. A similar pattern of growth was observed in mutant strains. However, 
comparison of the growth rate indicates, higher growth rate for the transgenic strains when 
compared to the mutant strains which can be explained as follows: at 5 mM and 10 mM 
concentration of sodium arsenate the transgenic strain had eight and seven times higher growth 
rate than mutant strain, at 25 mM and 50 mM concentration, five times higher growth rate than the 
mutant strain. At 100 mM the transgenic growth rate was four times higher than the mutant strain 
as shown in (Table 7). This difference in the growth rate could be explained due to the presence of 
arsC gene in transgenic strains and the lack of arsC gene in mutant strains. Similar results were 
reported in bacterial strains deficient in arsC gene (Pandey et al., 2012). From the results, it is 
evident that the cloning of arsC gene into mutant E. coli JW3470-1 strain was successful and the 
presence of arsC gene in a bacterial strain renders the organism more tolerant to arsenic (Sarkar et 
al., 2012; Liao et al., 2011; Srivastava et al., 2009). 

From the arsenic resistance assays, the concentration of arsenate at 50 mM was considered 
optimum concentration for further studies at varying time intervals (24 hours-96 hours). The growth 
curve studies suggest the exponential increase in the growth of the mutant and transgenic E. coli 
JW3470-1 strains (Figure 10). The transgenic strain displayed an increase in the growth from 24 
hours until 72 hours. The active doubling of the cells during this time interval could be explained by 
the availability of an abundance of nutrients, adequate aeration and less production of secondary 
metabolites. As the time interval increased to 96 hours the growth of the bacterial strains was 
declining due to the exhaustion of the nutrients resulting in decreasing the cell growth. A similar 
growth pattern was seen in Exiguobacterium strain grown in presence of 30 mM of sodium arsenate   
till 24 hours (Chowdhury et al., 2014). The transgenic E. coli JW3470-1 strain which was 
complemented with the arsC gene of B1-CDA showed a significant difference in the growth rate 
when compared to the mutant E. coli JW3470-1 strain lacking the arsC gene, which was verified by 
statistical analysis by Mann - Whitney U test (Corder and Foreman 2014). The statistical results could 
be interpreted that the complementation studies on arsC gene from B1-CDA to mutant E. coli 
JW3470-1 strains has been successfully accomplished. 

The ICP-MS analysis was performed to assess the amount of arsenic accumulated in the cell-free 
broth or liquid medium by the transgenic and mutant E. coli JW3470-1 strain. The bacterial strains 
were grown in 50 mM sodium arsenate and cultured from 24 hours to 96 hours. The preliminary ICP-
MS results (Table 8)  indicates that the transgenic strain accumulated more amount of arsenic due to 
the complementation of arsC gene from B1-CDA, unlike the mutant strain which was lacking arsC 
gene. The results for the cell-free broth indicated that the maximum difference in the reduction of 
arsenic was observed at 24 hours, where the transgenic strain decreased 83.34% of arsenic (50 mM 
to 8.33 mM) from the liquid medium when compared to mutant strain which decreased 81.42% of 
arsenic (50 mM to 9.29 mM) (Table 8). The difference in the arsenic accumulation at 24 hours 
between the transgenic and mutant strains could be calculated as 0.96 mM or 1.92 %. At 48 hours 
the arsenic reduction by transgenic strain was 78.86% (50 mM to 10.57mM) and by mutant strain 
was 78.72% (50 mM to 10.89 mM). It has been observed that the reduction rate of arsenic was 
lowered after 48 hours due to the mechanism of arsenic efflux. Similar ICP-MS experiments were 
carried out by Rahman et al. (2014) and Banerjee et al. (2011) in B1-CDA and other bacterial species 
which show that the accumulation of arsenic by the bacterial strains reduced after 48 hours and 
increased after 72 hours. However, the current experimental result was not consistent as there was 
a decrease in the arsenic accumulation after 72hours (76.3% in transgenic and 74.44% in mutant 
strains) and 96 hours (73.7% in transgenic and 73.68% in mutant strains). The ICP-MS results are 
inconclusive as the significant difference in the accumulation of arsenic in the cell-free broth 
between the transgenic and mutant strain could not be assessed statistically as the samples could 
not be generated in triplicates. 
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From the current study, it can be concluded that the in silico results were confirmed by in vitro 
experiments. The in silico analysis by I-TASSER for the arsC protein identified in the L. sphaericus B1-
CDA predicted arsC protein to have a molecular arsenate reductase activity (Table 5) involved in the 
cytoplasmic oxidation and reduction reactions for arsenate reduction (Figure 5). The in vitro 
experiments accomplished the complementation of the arsC gene from B1-CDA to mutant E. coli 
JW3470-1 strain lacking arsC gene, generating transgenic E. coli JW3470-1 strains (Figure 7). The 
bacterial growth analysis between the transgenic and mutant E. coli JW3470-1 strains cultured at 50 
mM sodium arsenate for 24 hours to 96 hours concluded a significant difference in the growth 
pattern of the bacterial strains (Figure 10) which verifies our complementation studies along with 
the sequencing results (Figure 8) followed by expression analysis of arsC gene in transgenic strains 
(Figure 9). The arsenic tolerance assays concluded the minimum inhibitory concentration of arsenate 
for the transgenic and mutant E. coli JW3470-1 strains at 50 mM (Table 7). The results for the 
amount of arsenic accumulated in the cell free broth obtained by ICP-MS (Table 8) for the transgenic 
and mutant strain were inconclusive due to lack of replicate samples and should be performed again 
along with the studies for arsenic accumulation within the cell. Finally, it can be concluded that the 
structural and functional predictions by I-TASSER, along with complementation studies suggest that 
the arsC gene identified on the chromosome of L. Sphaericus B1-CDA does confer tolerance to 
arsenic. Therefore B1-CDA can be employed for the bioremediation of arsenic from the arsenic 
contaminated environment, thereby reducing the need to employ physical-chemical processes.   
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Ethical aspects and impact of the research on the society 

The ethical aspects do not imply for this study as there has been no pain or suffering caused unlike 
the human and animal experiments. The bacterial strains L. sphaericus B1-CDA and E. coli mutant 
JW3470-1 strain employed in this study have not been reported anywhere to be a biohazard or 
involved in the spread of diseases or cause of any infections. The selective antibiotic marker 
ampicillin in the concentration of 100 µg/ml was used only to produce transgenic E. coli JW3470-1 
strain in strict sterile laboratory conditions and labelled safe as ampicillin at any concentrations till 
date has not produced any new antibiotic resistant bacterial strains of L. sphaericus B1-CDA and E. 
coli mutant JW3470-1 strain which would be pathogenic in nature. The bacterial strains were 
disinfected with low level multipurpose disinfectant virkon used at 1 % concentration. The 1 % 
virkon has not been reported to produce any superbugs of L. sphaericus B1-CDA and E. coli mutant 
JW3470-1 strain. The arsenic used in this study has been labeled as a potential biohazard, hence it 
was handled and disposed of carefully following all the safety guidelines for handling arsenic in the 
laboratory laid down by the University of Skövde. Therefore, it can be safely concluded that there 
has been no biotechnology risk reported by this study. 

The impact of the research on the society can be summarized as follows (1) the study would help in 
mitigation and remediation of the environment by using the bioremediation techniques involving 
the use of arsC gene in combination with other arsenic-responsive genes of L. sphaericus B1-CDA  for 
bioengineering of crops resistant to arsenic thereby detoxifying arsenic from the contaminated sites 
(2) After a certain time period the crops could be recycled for the production of biofuel thereby 
creating a safe and healthier environment free from toxic pollutants.  
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Future Perspectives 

The principal objectives of this study involving the validation of in silico analysis by in vitro laboratory 
experiments have been successfully achieved. In silico analysis included the structural and functional 
prediction of arsC protein by I-TASSER and in vitro experiments comprised of complementation 
studies involving cloning and amplification of the arsC gene identified on L. sphaericus B1-CDA. 
Employing the bioinformatics studies and various protein modeling tools followed by X- ray 
crystallography technique the crystal structure of arsC protein could be constructed to study the 
protein-protein interactions, which would help in better understanding for characterization of the 
structure and binding of protein with arsenic. The protein expression analysis of the arsC gene of L. 
sphaericus B1-CDA could be carried out to understand the mechanism of arsenate reductase 
involved in arsenate reduction and further understanding the mechanism of biomethylation and 
volatilization of arsenic, which could be used for detoxification of arsenic from soil and water. 
Further laboratory experiments, including real-time PCR could be performed to check the expression 
levels of arsC gene. The studies on arsC gene along with other arsenic-responsive genes of L. 
sphaericus B1-CDA could be used for designing prospective molecular biomarkers employed for 
remediation of arsenic. ICP-MS studies could be repeated again with triplicate samples to analyze 
and deduce the statistically significant amount of arsenic accumulated in the cell free broth as well 
as within the cell. The arsC gene in combination with other arsenic tolerance genes identified on the 
chromosome of L. sphaericus B1-CDA could be used in the construction of plant expression vectors 
or transgenic plants which could be used as an ecological approach for remediation of arsenic, which 
is a better and safer alternative to physical – chemical processes towards remediation of arsenic 
contaminated sites. 
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Appendices 

Appendix (I)   

arsC Fasta sequence 

MTIQFFHYPKCTTCKKAQKWLNEHEVSYEEVHIAEQPPTKEELTAIWQASGQPLKKFFNT 

SGMKYRELGLKDKLAEMTEDEQLELLASDGMLMKRPIVTDGKKVTLGFKEVDFEQAWK 

Appendix (II) 

 Table 1: Degenerate primers designed for amplification of arsC genes with respective primer length (bp), G+C 
content (GC %) and annealing temperature Tm (oC) 

Primer Sequence (5’-3’) Length (bp) GC (%) Tm (oC) 

ArsC (F) ATGACGATTCAATTTTTCCATTATCC 26 30.8 62.4 

ArsC (R) TTATTTCCAAGCTTGCTCAAAATCT 25 32.0 61.6 

Appendix (III)  

Table 2: PCR reaction components and volumes for a single reaction of 50 µl. The forward primer arsC-F and 
arsC-R reverse primer was used. The reaction was set up on the ice and the reaction components were 
thoroughly mixed before placing in the PCR.  

Reaction Components Volume per reaction 

100 pM Forward primer 1µl 

100 pM Reverse primer 1µl 

MasterAmp 1X PCR Mix 25µl 

MasterAmp TAQurate DNA 
Polymerase Mix (1 unit) 

1µl 

DNA Template (50ng) 1µl 

Deionized water 21µl 

Total volume 50µl 
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Appendix (IV)  

Table 3: PCR reaction cycling conditions. 

Cycle Step Temperature Time Cycles 

Initial Denaturation 95 ◦C 5 minutes 1 

Denaturation 

Annealing  

Extension  

94 ◦C 

60 ◦C 

72 ◦C 

30seconds 

30sec 

1 min/kb 

 

35 

Final Extension  72 ◦C 10 min 1 

Hold 4 ◦C ∞ 1 

Appendix (V)  

Table 4: RT - PCR reaction components and volumes for a single reaction of 50 µl. The forward primer arsC-F 
and arsC-R reverse primer was used. The reaction was set up on the ice and the reaction components were 
thoroughly mixed before placing in the PCR.  

Reaction Components Volume per reaction 

12.5 pM Forward primer 1µl 

12.5 pM Reverse primer 1µl 

MasterAmp 1X RT-PCR PreMix 25µl 

MMLV RT-Plus (40 units) 1µl 

MasterAmp TAQurate DNA 
Polymerase Mix (1 unit) 

1µl 

RNA Template (100ng) 1µl 

Deionized water 20µl 

Total volume 50µl 
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Appendix (VI) 

 Table 5 : RT - PCR reaction cycling conditions. 

Cycle Step Temperature Time Cycles 

Reverse transcription 37◦C 30 minutes 1 

Initial Denaturation 95 ◦C 5 minutes 1 

Denaturation 

Annealing  

Extension  

94 ◦C 

60◦C 

72 ◦C 

30seconds 

30sec 

1 min/kb 

 

35 

Final Extension  72 ◦C 10 min 1 

Hold 4 ◦C ∞ 1 

Appendix (VII)  

Table 6: Ligation reaction mixture for cloning of arsC gene with a pGEM-T vector into E. coli JW3470-1 mutant 
strain. The reaction components of a positive control and negative control. Positive control represents the 
cloning of arsC gene. The negative control allows the verification of background colonies resulting from vector 
alone. 

Reaction Component Positive Control Negative Control 

10X T4 DNA ligase buffer 2µl 2µl 

pGEM-T vector 1µl 1µl 

Insert DNA (50ng) 3µl - 

T4 DNA ligase 1 µl 1µl 

Nuclease-free water 13 µl 15µl 

Total volume 20µl 20µl 

 

Appendix (VIII)  

arsC nucleotide sequence 
 

ATGACGATTCAATTTTTCCATTATCCGAAATGTACAACATGTAAAAAGGCACAGAAGTGG 

TTAAATGAGCATGAGGTTTCCTATGAAGAGGTACATATCGCAGAGCAACCTCCCACTAAA 

GAAGAACTAACAGCTATTTGGCAAGCTAGTGGACAGCCTTTGAAGAAATTTTTTAATACC 

TCAGGCATGAAATATCGTGAGCTTGGCTTAAAGGACAAGTTAGCGGAAATGACGGAGGAT 

GAGCAGCTTGAGCTACTTGCTTCAGATGGCATGTTAATGAAACGTCCCATCGTGACAGAT 

GGAAAAAAAGTTACTTTAGGTTTTAAAGAAGTAGATTTTGAGCAAGCTTGGAAATAA 
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Appendix (IX) 

 pGEM-T Vector map 
 

 

 

Appendix (X)  

Table 7: Prediction of GO – terms, i.e. molecular function, biological process and cellular component by I-
TASSER for the 3D structure of the protein based on GO-score.  GO-score > 0.5 signifies a high confidence 
prediction. 

Molecular function Biological process Cellular component 

GO term             GO – score GO term           GO –score GO term         GO- score 

GO:0008794           0.80  GO:0055114        0.85 GO:0043231        0.58 

 GO:0045892        0.45 GO:0044444        0.58 

 GO:0006950        0.45  

 GO:0046685        0.40  
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