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Abstract
Arsenic prevalence in the environment impelled many organisms to develop resistance over the course of evolution. Tolerance to
arsenic, either as the pentavalent [As(V)] form or the trivalent form [As(III)], by bacteria has been well studied in prokaryotes,
and the mechanism of action is well defined. However, in the rod-shaped arsenic tolerant Deinococcus indicus DR1, the key
enzyme, arsenate reductase (ArsC) has not been well studied. ArsC of D. indicus belongs to the Grx-linked prokaryotic arsenate
reductase family. While it shares homology with the well-studied ArsC of Escherichia coli having a catalytic cysteine (Cys 12)
and arginine triad (Arg 60, 94, and 107), the active site ofD.indicus ArsC contains four residues Glu 9, Asp 53, Arg 86, and Glu
100, and with complete absence of structurally equivalent residue for crucial Cys 12. Here, we report that the mechanism of
action of ArsC ofD. indicus is different as a result of convergent evolution and most likely able to detoxify As(V) using a mix of
positively- and negatively-charged residues in its active site, unlike the residues of E. coli. This suggests toward the possibility of
an alternative mechanism of As (V) degradation in bacteria.
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Introduction

Arsenic (As) is a toxic metalloid found in nature. It is released
into the environment by natural processes and anthropogenic
activities [1]. According to U.S. Environmental Protection
Agency (EPA) and World Health Organization (WHO) drinking
water standards, arsenic is a primary pollutant with permitted
level of 10 μg/l [2]. It is a known human carcinogen and chronic

exposure leads to adverse health conditions, such as hyperten-
sion, hyperkeratosis, lung, bladder, and skin cancers [3–7]. In
nature, two ionic forms of arsenic are found, arsenite [As(III)]
and arsenate [As(V)] with tri- and pentavalency, respectively [8].
Among these two forms, arsenite As(III) is considered more
toxic but arsenate As(V) is comparatively more prevalent in na-
ture [9]. Pentavalent As(V) causes toxicity by substituting phos-
phate with As(V), which further inhibits oxidative phosphoryla-
tion, whereas trivalent As(III) binds to protein thiols and sulfhy-
dryl groups eliciting toxicity and interrupts normal cell signaling
[10, 11]. As(III) also generates reactive oxygen species causing
carcinogenicity [9].

It has been previously reported that because of the wide-
spread distribution of arsenic in nature, many microorganisms
have acquired resistance genes for heavy metals and metal-
loids, such as mercury, cadmium, lead, chromium, and arse-
nic.With the primary goal of arsenic detoxification, organisms
like bacteria and fungi have developed pathways to degrade
As(V) to As(III) by utilizing enzymes that catalyze As(V)
degradation [12]. In some bacteria, arsenic can also act as an
electron donor or acceptor in the electron transport chain but
these uptake transporters lack specificity. Pentavalent and tri-
valent forms of arsenic are taken up by phosphate and glycerol
transporters [13, 14].
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Many bacteria, including both gram-negative and gram-
positive, possess arsenic resistance determinants (ars) having
a transcriptional unit with three to five genes. In
Staphylococcus aureus, arsenic resistance operon present in
plasmid pI258 consists of three genes arsR, arsB, and arsC,
whereas in E. coli plasmid R773, ars operon has five genes
(arsRDABC). Upstream to the first cistron of this cluster is a
promoter sequence, which controls the overall expression of
the genes. arsR encodes arsenic inducible-repressor, and arsD
encodes a second trans-acting regulatory protein, which func-
tions separately from repressor ArsR. The arsD gene is absent
in the staphylococcus plasmid ars operon. arsA, present addi-
tionally in E. coli operon, determines the ATPase subunit,
which drives membrane-bound efflux pumpArsB (arsB gene)
for arsenite efflux from the cell. Arsenate reductase enzyme
(transcribed by arsC gene) having a cysteine residue in the
active site converts As(V) to As(III) using reduced glutathione
(GSH). This conversion and expulsion by membrane pump
confers resistance to the bacteria. In a few cases, in the ab-
sence of ArsA, ArsB compensates and acts as a secondary
uniporter imparting partial arsenite resistance [15–18].

We have previously isolated and identified a novel strain
Deinococcus indicus DR1 from the wetland of Dadri, Uttar
Pradesh, India. The whole genome sequencing of D. indicus
DR1 (Accession no. NHMK00000000) showed the presence
of ars operon genes in addition to mercury (mer operon),
copper (cop operon), and chromate transporter genes [19]. In
this study, we characterized the ars gene, specifically ArsC, of
D. indicusDR1 after observing its high tolerance to As(V) and
As(III), by using a bioinformatics approach. We report the
possibility of an alternate mechanism of action that is utilized
by D. indicus DR1 in comparison to the well-established
mechanism of E. coli.

Materials and methods

Bacterial strain and growth conditions

D. indicus strain DR1 (Accession number NHMK00000000)
was grown in tryptic soy broth (TSB) containing pancreatic
digest of casein (17.0 g/L), papaic digest of soybean meal
(3.0 g/L), sodium chloride (5.0 g/L), dipotassium hydrogen
phosphate (2.5 g/L), and dextrose (2.5 g/L) under aerobic
conditions at 30 °C (200 rpm). For solid media preparation,
1.5% agar was used with TSB. All chemicals were procured
from Himedia Pvt. Ltd., Mumbai, India.

Arsenic tolerance assay

Overnight grown cultures of D. indicus DR1 in TSB were
used (1:100 dilution) to test against different concentrations
of Na2HAsO4.7H2O [As(V)] (Central Drug House Pvt. Ltd.,

NewDelhi, India) and AsO4 [As(III)] (Loba Chemie Pvt. Ltd.,
Mumbai, India) in a 24-well plates. After 24 h of incubation at
30 °C under shaking condition, absorbance (OD600) was mea-
sured using Bio-Rad iMark microplate absorbance reader.

Multiple sequence alignment

Two sets of protein sequences were downloaded: a) 19 se-
quences of ArsC from available genomes of Deinococcus,
including the ArsC of D. indicus DR1 (OWL94580.1), b) 11
sequences belonging to Grx- and Trx-linked arsenate reduc-
tases. The accession ids of 19 sequences mined from whole
genome sequences are as follows:Deinococcus peraridilitoris
(WP_015237143.1), Deinococcus radiodurans R1
(NP _ 2 8 5 4 4 7 . 1 ) , De i n o c o c c u s a c t i n o s c l e r u s
(WP_062158691.1) , Deinococcus mar icopens i s
(WP_013555254 .1 ) , Deinococcus geo thermal i s
(WP _ 0 11 5 2 9 8 9 9 . 1 ) , De i n o c o c c u s p u n i c e u s
(WP_064015050 .1 ) , Deinococcus pro teo ly t i cus
(WP_049775260.1) , Deinococcus peraridi l i toris
(WP_015236500.1) , Deinococcus mar icopens i s
(WP_ 0 4 3 8 1 7 3 6 6 . 1 ) , De i n o c o c c u s g o b i e n s i s
(WP _ 0 1 4 6 8 6 2 2 4 . 1 ) , De i n o c o c c u s p u n i c e u s
(WP_064015797 .1 ) , Deinococcus geo thermal i s
(WP_ 0 4 1 2 2 0 9 3 6 . 1 ) , De i n o c o c c u s h o p i e n s i s
( W P _ 0 8 4 0 5 0 7 8 4 . 1 ) , D e i n o c o c c u s d e s e r t i
(WP _ 0 4 1 2 2 7 5 8 0 . 1 ) , De i n o c o c c u s s w u e n s i s
(WP_039682397.1) , Deinococcus ac t inosc lerus
(WP_062159886.1), Deinococcus indicus (OWL94580.1),
Deinococcus soli (WP_046845037.1), Deinococcus grandis
(WP_058978479.1). For the second set, sequences were
downloaded from PDB [20] and NCBI for the members of
both families. The accession id for 11 sequences belonging to
Grx-linked arsenate reductases are as follows: Escherichia
coli O104:H4 str. C227–11 (EGT69533.1), Plasmid R773
(AAA21096.1), Plasmid R46 (AAB09628.1), Yersinia
enterocolitica (AJJ28928.1), Haemophilus influenzae
(KMZ32737.1), Neisseria gonorrhoeae NCCP11945
(ACF30932.1) and (WP_061288087.1). The accession id of
Trx-linked arsenate reductases are as follows: Plasmid pI258
(AAA25638.1), Plasmid pSX267 (AAA27589.1), Bacillus
subtilis (KIX84063.1) and Human B-Form lmwPTPase
(1XWW). Multiple sequence alignment was performed for
all 19 sequences from various Deinococcus genomes
(Fig. 2b), and for 11 sequences (Fig. 2c) from two arsenate
reductase families with ArsC of D.indicus DR1 using
MUSCLE alignment tool [21] in Molecular Evolutionary
Genetics Analysis (MEGA v7.0) software package [22].
Parameters like gap open, gap extend hydrophobicity multi-
plier, maximum iterations, and clustering method were set to
−2.9, 0, 1.2, 8, and UPGMB, respectively.
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Phylogenetic analysis

Phylogenetic analysis of two sequence sets of arsenate reduc-
tases was performed. The sequence set consisting of 12 se-
quences was used to identify ArsC D. indicus’s evolutionary
relationship with two arsenate reductase families: Grx-linked
and Trx-linked prokaryotic ArsC reductases [22]. The second
sequence set consisting of 19 sequences from various
Deinococcus genomes was analyzed for its sequence conser-
vation and evolution.

The alignment generated by MUSCLE tool was subjected
for construction of phylogenetic tree using the UPGMAmeth-
od inMEGAv7.0 software package with the following param-
eters: statistical method (UPGMA), substitutions type (amino
acid), model (Poisson model), rate among sites (uniform
rates), and pattern among lineages (homogenous) [22].

De novo motif discovery

The Multiple EM for Motif Elicitation (MEME) [23] tool was
used to search for previously unidentified sequence motifs,
e.g., short patterns representing significant structural or func-
tional characteristics of a protein and MEME motifs differ
from random patterns overrepresented in a sequence. The se-
quence of ArsC D.indicus DR1 was given as query sequence
in the MEME tool with parameters like motif discovery tool
set to normal mode, motif distribution in sequence to any
number of repetitions, number of motifs to be found by algo-
rithm to 3, value of minimum and maximum width of motifs
was set to 6 and 50, respectively; andminimum andmaximum
number of sites for each motif to 2 and 600, respectively.

Molecular modeling of ArsC

In order to decipher the structural aspect of arsenate reduc-
tases, the 3D structure was predicted using the ab initio meth-
od of Robetta server [24]. Amino acid sequence of ArsC of
D. indicus DR1 (OWL94580.1) was given as input into the
Robetta server for computational structure prediction. For a
given sequence, Robetta breaks the query sequence into puta-
tive domains using the Ginzu domain prediction algorithm.
The method used by Robetta is discussed in detail in [24].

Molecular dynamics simulation

Among the five models predicted by Robetta, we selected the
first model, called Model1 throughout this study, as the struc-
tural variations among the five structures were negligible.
Molecular dynamics (MD) simulation of Model1 was per-
formed in GROMACS v5.1.2 [25–27] for 100 ns to validate
the stability of the homology modeled structure of ArsC. The
use of MD on homology modeled structures with longer time-
scales, recently, is a necessary step to evaluate stability and

observe time-dependent trajectories of protein in explicit sol-
vent [28–31].The coordinates of Model1 obtained from
Robetta were solvated using SPC water model [32, 33] in a
cubic box and charge neutralized using six chloride ions. The
resulting structure was energy minimized for 50,000 steps
using the steepest descent algorithm, followed by NVT (con-
stant number of particles, volume, and temperature) and NPT
(constant number of particles, pressure, and temperature)
equilibration for 100 ps, each using the leap-frog integrator
algorithm [34]. The modified Brendensen thermostat [35] was
used for controlling temperature, and Parrinello-Rahman iso-
tropic pressure coupling [36] was used for controlling pres-
sure. The force field used for the MD simulation was OPLS-
AA/L all-atom force field [37]. The production MD was reset
to time of 0 ps and the total run was for 100 ns, with coordi-
nates, velocities, energies stored every 10 ps. The timestep for
integration was 2 fs, with all atoms treated explicitly and
coupled with LINCS constraint algorithm [38] for
constraining the hydrogen and heavy atom bonds, the Verlet
cutoff scheme was used with Coloumb, and van der Waal
cutoff was kept at 1.0, with particle mesh Ewald long range
electrostatics [39], initial velocities were assigned based on
Maxwell distribution at 300 K with a minimum distance of
1 nm in the periodic boundary conditions applied in all three
directions. The root mean square deviation (RMSD) and root
mean square fluctuation (RMSF) calculations were performed
using the inbuilt g_rms and g_rmsf tools, respectively.

Structural homologs

DALI was used to find structural neighbors of ArsC in order
to functionally annotate from the structure predicted through
Rosetta. The DALI server enlists ortholog proteins for a query
3D protein structure through pairwise comparison based on a
specific search called branch-and-bound search and gives
nonoverlapping solutions as output in decreasing order of
alignment score [40].

Active site prediction

Protein possesses global and local physicochemical properties
that are created either by specific amino acid positioning or by
the cavities present on the surface of proteins, which translates
to its function. Mapping functionally important residues high-
lights the structural basis of protein function. In ArsC
D.indicus DR1 the active site residues were mapped through
CASTp (http://sts.bioe.uic.edu/castp/), an online tool that
helps to locate voids and pockets present on 3D protein
structures using annotations derived from three sources
namely, Protein Data Bank (PDB), Online Mendelian
Inheritance in Man (OMIM), and Swiss prot [40].
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Active site validation

The canonical Simplified Molecular-Input Line Entry System
(SMILES) format for As(V) (CID:27401) and As(III) (CID:
5460562) were obtained from PubChem (https://pubchem.
ncbi.nlm.nih.gov/) database. Their 3-D structure was obtained
using Corina (https://www.mn-am.com/online_demos/
corina_demo), and the coordinates were downloaded in
PDB format. The PDB files of ArsC of E.coli (pdb id: 1I9D)
(closest homolog) and D. indicus DR1 (Model1) were super-
posed in PyMOL (http://www.pymol.org) to identify the
location of possible arsenate binding sites. Manual docking
was performed using the SO3 ion from the E.coli structure
as reference, where the substrate As(V) and product As(III)
were oriented in a similar spatial position as SO3. The manual
method was used as arsenic is not identified by other
commercial/academically free molecular docking tools. The
As(V) was mapped and oriented to the active site and possible
interacting residues/atoms were identified by the measure-
ment wizard of PyMOL.

Results

D indicus DR1, a radiation resistant, Gram-negative, rod
shape bacterium has additional resistance toward highly toxic
forms of arsenic [19]. The strain D. indicusWt/1aT, originally
isolated from an aquifer in West Bengal, India, can survive
very high concentration of arsenate As(V) (10 mM) as well as
arsenite As(III) (0.2 mM) [41]. Compared to the previous
study, the newly identified D. indicus DR1 exhibited higher
resistance to arsenic [19].D. indicus DR1 was able to grow in
As(V) (up to a concentration of 30 mM) arsenate and in
As(III) (up to a concentration of 0.5 mM) (Fig. 1a and b),

which is threefold and 2.5-fold more than what is reported
for D. indicus Wt/1aT. At 40 mM arsenate concentration,
D. indicus DR1 was able to survive with slightly lower cell
density (~0.33 OD600), which further declined at 50 mM con-
centration (Fig. 1a). In the case of arsenite, concentrations
above 1 mM drastically reduced cell density.

To elucidate the mechanism of action of ArsC inD. indicus
DR1, we looked at ArsC of available Deinococcus genomes
and also to categorize the ArsC to the reported three families
of arsenate reductases. The multiple sequence alignment
(MSA) for the available 19 ArsC protein sequences from
Deinococcus genomes showed that a major part of their se-
quence is conserved. The red highlighted regions signify the
amino acids that are conserved in all the sequences considered
(Fig. 2a), which indicates the evolutionary relationship that
most likely exists between the different species of this genus.
However, in some Deinococcus genomes (D. geothermalis,
D. puniceus, D. actinosclerus, D. maricopensis, and
D. peraridilitoris) there is more than one sequence annotated
as arsenate reductase. Also, six ArsC sequences (Accession id:
WP_015237143.1, NP_285447.1, WP_062158691.1,
WP_013555254.1, WP_011529899.1, WP_064015050.1)
have varying length compared to the rest of the 13 ArsC
sequences.

ArsC D. indicus closer to Grx-linked arsenate
reductases

Study of all known ArsC reductases in both prokaryotes and
eukaryotes reveal that though these enzymes are functionally
similar they are thought to evolve independently at least three
times by convergent evolution [42]. Therefore, we performed
phylogenetic analysis to infer evolutionary relationship of
ArsC reductases of D. indicus DR1 with the reported ArsC

Fig. 1 Arsenate and arsenite resistance in D. indicus DR1. Arsenic
resistance was determined by inoculating overnight grown cells (TSB)
with various concentrations of (a) Na2HAsO4.7H2O [As(V)] (0–50 mM
range) and (b) AsO4 [As(III)] (0–0.75 mM range), followed by 24 h

incubation at 30 °C (200 rpm). Absorbance was measured at 600 nm.
Error bar represents standard deviation obtained from three independent
experiments
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of prokaryotic family. Results generated from MEGAv7.0
shows that ArsC of D. indicus DR1 has closely co-evolved
with the Grx-linked prokaryotic ArsC reductases family (Fig.
2c) and not with the Trx-lined prokaryotic ArsC reductases
family.

Sequence motifs in ArsC of D.indicus

Three motifs identified by MEME [23] in ArsC reductases of
D. indicus DR1 (Fig. 2d and Supplementary Table T1) were
found twice in the sequence. Motif 1 was identified at residues
23–28 and 39–44, where two residues (Phe 26/42 and Val 27/
43) had 4 bits level of conservation, and others had 2 bits level
of conservation. Also, motif 2, ranging from 58 to 63 and 65–
70 (Fig. 3d), had three residues (Ala 58/65, Tyr 59/66, and Arg
61/68) with the same 4 bits level of conservation, and other
residues with 2 bits level of conservation. However, motif 3,
spanning between residue number 78–83 and 98–103 (Fig.
3d), had three residues (Val 78/98, Asp81/101, and Glu83/
103) with 4 bits level of conservation and three with 2 bits
level of conservation.

Molecular modeling of ArsC

Since ArsC of D. indicus does not have a characterized 3D
structure available in the PDB database, comparative model-
ing was performed using Robetta to obtain a high-quality
structure, which gave five models (Supplementary

Table T2). In the case of ArsC, the ArsC C12S mutant (PDB
ID: 1S3C) from E. coli was used as the template to model the
query sequence. The resultant models had a confidence score
of 0.9040, indicating a very high quality model, where an
accurate modeled structure has a score of more than 0.8
[43]. The models generated and used in this study have been
deposited at ModelArchive (https://doi.org/10.5452/ma-
abpir) (http://www.modelarchive.org/doi/10.5452/ma-asp8e).
Figure 3a shows the structural superposition of the five
models obtained from Robetta. The Ramachandran plot of
Model1, considered in further analysis, shows that all the
residues are within the favorable regions and there are no
outliers (Supplementary Fig. S1).

Molecular dynamics simulation for 100 ns of the Model1
structure was performed to validate the predicted structure as
stable, and MD simulation is a necessary step in molecular
modeling [28, 29]. The simulation trajectory indicates conver-
gence as indicated by RMSD analysis of the trajectory
(Supplementary Fig. S2). Specifically, until 20 ns the structure
shows fluctuations, but after that it shows minimal RMS fluc-
tuations, indicating that the structure reached equilibration af-
ter 20 ns and the resultant trajectory is a stable conformation of
ArsC. Also, the residues that fluctuate the most in the trajec-
tory are at the C-terminus as this part is predicted to form a
loop (Supplementary Fig. S2). We did not observe high fluc-
tuations for the residues that are predicted to be in the active
site (Supplementary Fig. S3). The radius of gyration analysis
shows that the protein does not denature during the simulation

a

b

e

c d

Fig. 2 Sequence analysis of arsenate reductase in Deinococcus. (a)
Multiple sequence alignment of ArsC from published Deinococcus
genomes, where the red regions indicate conserved residues. (b)
Phylogenetic tree constructed using the MSA of 3A, where the position
of ArsC D. indicus is shown in a red box. (c) Phylogenetic tree of ArsC
D. indicus DR1 (shown in red box) with the two families of prokaryotic
arsenate reductases, indicating that D.indicusDR1 belongs to Grx-linked

prokaryotic arsenate reductases. (d) MEME motif identification of se-
quence motifs involved in structural and functional activity in ArsC
D. indicus, where three motifs were identified occurring in six regions.
(e) Global sequence alignment of E. coliArsC withD. indicusDR1 ArsC
showing the location of active site residues, where the E. coli residues are
shown in green boxes and D. indicus DR1 predicted residues from this
study are shown in red boxes
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and was stable throughout the simulation (Supplementary Fig.
S4).

Thus, MD simulation demonstrates that the high-quality
homology modeled structure obtained from Robetta is ener-
getically stable to perform a molecular docking of arsenate
and arsenite to identify the possible active site residues
(Supplementary Fig. S5).

Structural homologs and putative active site
prediction

Using DALI we identified structural homologs for Model1 of
ArsC, where the top hits were arsenate reductases fromE. coli,
Vibrio cholerae, Yersinia pestis, Staphylococcus aureus, and
Bacteroides fragilis. Comparing the structural homologs we
observed that ArsC D. indicus DR1 is closest to ArsC E.coli
(RMSD of 1.5 Angstroms) (Fig. 3b). Also, the results indicate
that the fold is conserved among the various arsenate reduc-
tases. However, there are differences between Model1 (shown
in green in Fig. 3b) with the other structural orthologs (shown
in cyan and magenta in Fig. 3b). Specifically, the loop regions,
the spatial position of the helices, and the β strands show
variations.

Comparing the closest structural homolog from E.coli, the
three active site residues (Cys 12, Arg 60, Arg 94, and Arg

107) reported by Mukhopadhyay [42] were used to identify
structurally equivalent residues in ArsC of D. indicus DR1.
Surprisingly, the structurally equivalent residues in ArsC were
Asp 53 and Leu 87, for Arg 60 and Arg 94, respectively.
However, there was no structurally equivalent residue found
for Cys 12.

In order to identify key residues that bind to As(V) and
convert it to As(III), we used CASTp to predict the active
site/substrate binding site region of ArsC. As a general rule,
the largest cavity in a protein is the most likely place for an
active site [44, 45]. Thus, among the 15 cavities predicted by
CASTp, the largest cavity with a surface area of 227.6 Å2 and
a volume of 342.6 Å3 was selected for further analysis. The
residues that comprise this cavity are Thr 4, Ser 7, Glu 9, Lys
30, Asp 53, Pro 82, Glu 83, Leu 85, Arg 86, Leu 87, Val 98,
and Glu 100.

Discussion

Growth of D. indicus DR1, isolated from wetland of Dadri, at
higher As(V) and As(III) concentration (Fig. 1a and b) indi-
cates that the organism is capable of degrading or detoxifying
arsenic more than the strain D. indicus Wt/1aT [41].
Specifically, the 2.5–3 fold higher tolerance is indicative of

Fig. 3 Molecular modeling and active site prediction in ArsC
D.indicus DR1. (a) Superposition of five models obtained from
Robetta showing low variations among each other. (b) Superposition of
Model1 of ArsC with structural homologs identified using DALI (pdb id:
3RDW, 1I9D, 1J9B, 2KOK, 2 M46, 2MU0, and 3F0I) showing the fold
level conservation among the various arsenate reductases. The RMSD
difference between Model1 of ArsC with 3RDW is 1.5 Å, 1I9D is

2.2 Å, 1J9B is 2.2 Å, 2KOK is 3.0 Å, 2 M46 is 2.4 Å, 2MU0 is 3.7 Å,
and 3F0I is 1.7 Å. (c) MEME motifs (colored gray, cyan, and blue) and
CASTp active site residues Thr 4, Ser 7, Glu 9, Lys 30, Asp 53, Pro 82,
Glu 83, Leu 85, Arg 86, Leu 87, Val 98, and Glu 100(shown as sticks)
mapped ontoModel1 structure. (d) Molecular docking of As(V) substrate
with ArsC, indicating the putative residues (Glu 9, Asp 53, Arg 86, and
Glu 100) that are proposed in this manuscript as crucial residues

15 Page 6 of 9 J Mol Model (2019) 25: 15



efficient cellular machinery that can allow the organism to
survive harsh conditions. The inferences of the results obtain-
ed using MSA were further extended to understand the phy-
logenetic tree constructed (Fig. 2b) using MEGA, which
shows that D. indicus has most likely co-evolved with
D. actinosclerus, D. grandis, and D. soli as they form a dis-
tinct subclade. This is also in correlation with the output of
MSA (Fig. 2a) wherein it is evident that the alignment corre-
sponding to ArsC of D. indicus (OWL94580.1) and ArsC of
D. actinosclerus (WP062159886.1) is significantly similar.
However, its evolutionary distance (0.75) (Fig. 2c) with the
homolog from E.coli (sharing a sequence identity of 31%)
indicates that although they belong to the same family (Grx-
linked) of arsenate reductase, the mechanism of action to de-
grade As(V) may be different in ArsC ofD. indicus compared
with the Grx-lined prokaryotic family of ArsC reductases, as
the phylogenetic tree indicates that ArsC D. indicus DR1 is
not that close to Grx-linked arsenate reductases.

Molecular modeling of ArsC D. indicus DR1 showed that
all five structures belong to a 3-layer sandwich fold, indicating
that ArsC of D. indicus DR1 has α/β topology, where there
are seven helices and four β-strands sandwiched between the
helices. Comparing all five models (Fig. 3a), the structural
differences between the five models is minimal (average
RMSD between all five models was 0.58 Angstroms), and
we selected Model1 for further analysis and predictions. A
possible explanation to the structural variation in Model1
compared with other ArsC structures (Fig. 3b) could be the
diverged sequence in D.indicus. While D.indicus shows to be
part of the Grx-linked prokaryotic ArsC reductase sub-clade
(Fig. 2c), it is not closer in terms of sequence similarity to the
Grx-linked prokaryotic ArsC reductases.

Comparison of the three motifs (motif 1, motif 2, and motif
3) identified byMEME onModel1 (Fig. 3c) and the predicted
residues by CASTp was performed to find any residue(s) that
possibly have a function associated with As(V) binding.
Accordingly, Pro 82 and Glu 83 residues of motif 3 (78–83
in Fig. 2d) that are part of the helical structure (Fig. 3c), and
Val 98 and Glu 100 residues, also of motif 3 (98–103 in Fig.
2d) and part of a loop (Fig. 3c), were also predicted by CASTp
as putative active site residues. This indicates that certain res-
idues are likely to be involved in the function of ArsC, while
others are possibly involved with providing structural stability
to the protein. Specifically, the residues involved in motif 1
and motif 2.

Novel mechanism of action in ArsC D. indicus DR1?

To identify the putative residues from the above mentioned
computational methods to predict the motifs and active site
residues, the superposed ArsC structures of E.coli and
D. indicus DR1 were used, and we identified a sulfite ion that
is in close proximity to Cys 12. We think that although the

sequences of E.coliArsC andD. indicusDR1ArsC diverge to
a large extent (31% sequence identity), their structural conser-
vation (1.5 Å RMSD) coupled with the absence of the crucial
cysteine (Cys 12 in E. coli) in ArsC of D. indicus DR1 indi-
cates that there could be an alternate mechanism of action
involving different residues. This is supported by comparing
the E.coli andD.indicus sequences (Fig. 2e), where they are of
unequal length (E.coli has 141 residues andD.indicus has 112
residues) and the three active site residues of E.coli (green
boxes in Fig. 2e) andD.indicus are not aligned. The exception
is Arg 94 of E.coli that aligns with Asp 53 of D.indicus. It is
interesting to note that the sequence-based alignment of E.coli
residues is not reflected in the structure based alignment of the
modeled strcture of ArsC in terms of the active-site residues.
Hence, the manual docking of arsenate was performed using
the sulfite ion of E. coli as a reference. Calculating the dis-
tances between the As(V) ion to the predicted active site res-
idues, we found Glu 9, Asp 53, Arg 86, and Glu 100 within
5 Å radius of As(V) (Fig. 3d). Also, As(V) makes a polar
contact with the oxygen atom of Asp 53 suggesting that Asp
53 is indeed one of the crucial active site residues.
Surprisingly, Leu 87 (structurally equivalent residue to Arg
94 of E.coli) was not in close proximity to As(V). However,
we observed that with suitable rotamer change, Arg 86 and
Glu 9 can also make polar contacts with As(V). A preliminary
analysis of the product, As(III), with ArsC ofD.indicus shows
that Asp 53, Glu 100, and Arg 86 are in close proximity as
well (within 5 Å radius) (Supplementary Fig. S5). Thus, we
propose that As(V) binds to ArsC of D. indicus DR1 to four
charged residues and is most likely to have evolved a different
mechanism of action for degrading arsenate as compared to
the existing literature and reports.

Future work to establish the mechanism as to how
D. indicus DR1 tolerates conditions of high arsenic concen-
tration needs to be performed, involving site-directed muta-
genesis and biochemical characterization of ArsC. Also, the
synergistic activity of other ars operon genes and their prod-
ucts with ArsC in D. indicus DR1 would shed light on the
precise mechanism.
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