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a b s t r a c t

Pseudomonas stutzeri TS44 is a moderately halotolerant, arsenite-oxidizing bacterium, containing genes
for arsenite oxidation, arsenic resistance, and ectoine/hydroxyectoine biosynthesis. This paper reports in
silico studies to understand bioremediation to eliminate toxic metal arsenic in water, air and soil by
arsenite oxidase (AO), the bacterial enzyme from P. stutzeri TS44 that can be used for a low cost and eco-
friendly removal of arsenite from the environment. To understand the activity of AO in elimination of
arsenite, sequence analysis was carried out and homologs, orthologs, domains, family, and conserved
residues were identified followed by model generation using various homology modeling tools. The
generated models were validated for the best quality protein structure and the best model was used for
further optimization using energy minimization approach. Molecular docking studies were performed to
study the binding interaction of AO with arsenite. The study predicts and validates the 3D structure of
P. stutzeri TS44 arsenite oxidase and reports four active site residues (His197, Glu205, Arg421, and His425)
from a close structural homolog of AO from A. faecalis (PDB ID: 1G8K_A). The molecular docking studies
suggested the formation of a stable complex and in silico site-directed mutagenesis revealed the
importance of Arg421, which resulted in a decrease in stability of the complex when mutated. The study
implicates P. stutzeri TS44 arsenite oxidase as a non virulent protein for low cost and eco-friendly
bioremediation of arsenite.

© 2017 Published by Elsevier Ltd.

1. Introduction

Industrial growth has led to the increased discharge of industrial
waste to the environment leading to heavy metal contamination, a
major threat to human health and environment. Heavy metal
contamination in soil and water mainly occurs from various
anthropogenic sources. Some heavy metal ions are essential but
most of them are toxic even at low concentration. Heavy metal
treatment releases non-biodegradable compounds and produces
sludge, thus it cannot be completely degraded or modified (Nies,
1999). Heavy metals like arsenic, chromium, cadmium, copper,

mercury and lead etc, are cytotoxic, carcinogenic and mutagenic in
nature even at low concentration levels (Salem and Farag, 2000).
Arsenic is a metalloid, widely disseminated in the environment
with an abundance of 0.0001% and exists specifically in two toxic
forms including trivalent and pentavalent arsenic (Takei and
Tsujimoto, 1998). Arsenite is discharged into the environment by
various natural activities (Bahar et al., 2012; Ruchita Dixit et al.,
2015). Arsenite (AsO2

�) is capable of binding to sulfhydryl groups
of proteins and dithiols, thereby inducing toxicity. The pentavalent
form, arsenate (AsVO4

�) is, however, less toxic, and a structural
analog of phosphate that produces arsenylated derivatives to
inhibit phosphorylation process. Arsenic concentration in water
bodies ranges from 5 to 5000 mg L�1. Permissible limit of arsenic in
drinking water is 10 mg L�1.

Due to the high magnitude solubility of arsenic in water, it is
removed using conventional treatment methods. An alternative to
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conventional treatment of water is the biological treatment based
on biological oxidation that transforms arsenite to arsenate with a
cost effective and eco-friendly approach (Ahluwalia, 2007;
Anderson et al., 1992). Microorganisms have developed high
resistance to arsenic compounds, as seen in autotrophic bacteria,
where As(III) act as the electron donor and oxygen as an electron
acceptor during arsenite oxidation, while in heterotrophic bacteria,
detoxification mechanism is activated by arsenite oxidase enzyme
(Pepi et al., 2007; Tiancai Feng et al., 2014). Although bioremedia-
tion is a promising approach for removal and recovery of heavy
metals from polluted soil and water, microorganisms are reported
to develop resistance to heavy metals - they adopt various detox-
ifying mechanisms such as bioaccumulation, biosorption,
biotransformation and biomineralization (Gadd, 2000; Lim et al.,
2003; Lin, 2005). Therefore, the aim of this study was to identify
arsenic-resistant bacteria from arsenic-contaminated soil and
analyze the enzyme involved in bioremediation of arsenic using in
silico approach. Arsenic-resistant Pseudomonas spp., which is found
in polluted soil and water, is reported to possess remarkable
adaptability in diverse environmental conditions (Pepi et al., 2007).
Pseudomonas stutzeri is a Gram-negative, motile, rod-shaped bac-
terium which possesses metabolic diversity, and is widely distrib-
uted in the natural environment (Lalucat et al., 2006; Zhuangpeng
Huang and Yongyou, 2016). To date five genome sequences for
P. stutzeri have been reported, whereas one of the member,
P. stutzeri TS44was isolated from highly arsenic-contaminated soil (
Cai et al., 2009). The strain P. stutzeri TS44, which displays an
arsenite-oxidizing rate of 59.1 mMh�1, can be considered as a po-
tential candidate for bioremediation of arsenic (Cai L et al., 2009).
Eectoine/hydroxyectoine biosynthetic genes (ectABCD-ask) have
been identified in P. stutzeri which helps in its survival under high-
osmolarity conditions (Li et al., 2012).

In this study, arsenite oxidase (AO) from P. stutzeri TS44 was
analyzed to identify its family, domain, motifs and evolutionary
relationships. The structure of AO from P. stutzeri TS44 has not been
reported yet, and in its absence, homology models built from close
structural homologs could be an ideal starting point for under-
standing binding interaction with As(III). The models were gener-
ated and validated to ensure good quality protein structure and
structural integrity using various structure analysis tools. Models
were further refined in terms of energy minimization to remove
steric clashes. Based on the sequence and structural homology, the
active site and binding pocket were identified, and the key residues
involved in ligand binding were determined. The best model thus
obtained was selected for docking studies to analyze various
important and conserved active site residues and interaction pat-
terns crucial to understand both the substrate's mode of action and
the catalytic mechanism that contribute to binding with As(III).
Mutational studies were carried out to understand the significance
of the predicted active-site residues in the generated model. Mu-
tants were determined for the arsenite oxidase and mutant three-
dimensional models were generated and validated. The best
generated model was subjected to docking with As(III) for inter-
action study. The study provides insights into the ligand binding
process as well as structural features of the ligands responsible for
biological.

2. Materials and methods

The computational framework used for sequence annotation
given in Fig. 1, is divided into five phases namely, Phase I, II, III, IV,
and V. The Phase I includes the sequence retrieval, characterization,
sequence comparison, function prediction and analysis for the
presence of virulence factor. Phase II comprises of reference tem-
plate recognition for model generation and its evaluation using

various bioinformatics tools. In phase III, docking studies were
executed for understanding the interaction between arsenite and
AO. Phase IV comprised of mutant residue identification, mutant
model generation and docking studies of the mutant model and
As(III). Phase V includes identification of closed interaction be-
tween the heavy metal ligand and the receptor (generated wild
type and mutant model).

2.1. Sequence analysis

Protein sequences of AO from P. stutzeri TS44 were downloaded
in FASTA format using NCBI, the online data retrieval system -
National Center for Biotechnology Information (Dooley, 2004).
Expasy's ProtParam server (Gasteiger et al., 2003), was extensively
used to measure physiochemical properties of AO protein se-
quences such as molecular weight, isoelectric point, extinction
coefficient (Gill and von Hippel, 1989), aliphatic index (Ikai, 1980),
instability index (Guruprasad et al., 1990) and grand average of
hydropathicity (GRAVY) (Kyte and Doolittle, 1982).

Identification of virulence factor in protein is an important step
for pointing out the virulent protein that could be a target for the
development of antimicrobial drugs. Here, a non-virulent protein is
required that can be used to oxidize arsenite to arsenate. Virulence
in the protein sequences was predicted using two robust tools:
Virulentpred (Garg and Gupta, 2008) and VICMpred (Saha and
Raghava, 2006). These tools predict bacterial virulence factors
based on support vector machine (SVM) methods with high accu-
racy, of which VICMpred is dedicated specifically for identification
of functions of gram-negative bacterial proteins.

Sequence similarity search was performed for the identified
protein sequences to determine homologous sequences, family,
domains and thereby predict functions. Sequence comparison was
performed using PSI-BLAST search against the non-redundant (nr)
protein sequence database to identify the homologs (Friedberg
et al., 2000). Sequences with low query coverage (<50%) and low
sequence similarity (<65%) were excluded for further analysis.
Protein sequences showing highest value for the respective pa-
rameters were considered as close homologs for deriving probable
functions. To identify close structural homologs, PSI-BLAST search
against Protein Data Bank (PDB) database was carried out.

Various bioinformatics tools were adopted for precise assign-
ment of functions to the proteins. Families of the protein sequence
was identified using Pfam (Finn et al., 2016) and CATH (Sillitoe et al.,
2015). For predicting domains, CDD (Derbyshire et al., 2015), CDART
(Geer et al., 2002) and SMART (Letunic et al., 2015) online tools
were used. CDD has a collection of multiple sequence alignment of
ancient domains and full-length proteins that are used to identify
conserved domains. CDART searches for similar protein using pro-
tein domain profiles and group proteins similar to the query
sequence and assigns a score based on their architecture; whereas,
SMART is a Simple Modular Architecture Research Tool that an-
notates and explore protein domain architecture. The results ob-
tained from the above tools were analyzed to derive consensus,
which was considered together with the results computed using
ProFunc tool, for functional assignment.

Motifs in protein sequence are considered as signature of pro-
tein families, assisting in the prediction of function. Motifs play an
important role in enzymes as they are associated with catalytic
functions. Identification of motifs in query sequence was executed
by the InterProscan tool, which is composed of various highly
developed methods for protein signature recognition including
Pfam, PANTHER, Prosite, ProDom, PRINTS, SUPERFAMILY etc. Other
tools used for motif searching are MEME that uses expectation
maximizing technique to fit a two component finite mixture model
to the set of sequences and MotifFinder.
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