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Deinococcus indicus DR1 is a novel Gram-negative bacterium, isolated from the Dadri wetlands in Uttar Pradesh,
India. In addition to being radiation-resistant, the rod-shaped, red-pigmented organism shows extraordinary
resistance to arsenic. The proteins of the corresponding ars gene cluster involved in arsenic extrusion in D.
indicus DR1 have not yet been characterized. Additionally, how these proteins regulate each other providing
arsenic resistance is still unclear. Here, we present a computational model of the operonic structure and the
corresponding characterization of the six proteins of the ars gene cluster in D. indicus DR1. Additionally, we
show the expression of the genes in the presence of arsenic using qRT-PCR. The ars gene cluster consists of two
transcriptional regulators (ArsR1, ArsR2), two arsenate reductases (ArsC2, ArsC3), one metallophosphatase fa-
mily protein (MPase), and a transmembrane arsenite efflux pump (ArsB). The transcriptional regulators are
trans-acting repressors, and the reductases reduce arsenate (As®") ions to arsenite (As>") ions for favourable
extrusion. The proteins modelled using RoseTTAFold, and their conformationally stable coordinates obtained
after MD simulation indicate their various functional roles with respect to arsenic. Excluding ArsB, all the
proteins belong to the « + B class of proteins. ArsB, being a membrane protein, is fully a-helical, with 12
transmembrane helices. The results show the degree of similarity or divergence of the mechanism utilized by
these proteins of ars gene cluster in D. indicus DR1 to confer high levels of arsenic tolerance. This structural

characterization study of the ars genes will enable new and deeper insights of arsenic tolerance.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li-
censes/by-nc-nd/4.0/).
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1. Introduction

Arsenic is a toxic metalloid that is released into the environment
through natural processes like leaching, and anthropogenic activity
like fossil fuel combustion and mining [1]. Arsenic exists primarily in
two oxidation states- a pentavalent arsenate ion (As®*) and a triva-
lent arsenite ion (As>*). Despite being an essential micronutrient
with a daily requirement of upto 12 pg per day in humans, arsenic is
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highly toxic to all living cells [2]. The phosphate transporters and
glyceroporin membrane proteins are involved in the uptake of ar-
senate, As(V); and arsenite, As(Ill), respectively. The phosphate
transporters cannot discriminate between phosphate and arsenate
due to structural similarity. Arsenate is a structural analogue of or-
ganic phosphate, making it a potent inhibitor of oxidative phos-
phorylation [3]. Arsenite has a strong affinity towards sulfhydryl
functional groups of proteins, disrupting the function of many es-
sential enzymes including those involved in DNA repair and glyco-
lysis [4]. At an organism level, arsenic is a known carcinogen with
chronic exposure causing neurological, respiratory, endocrinal, and
developmental disorders [5-7].

The prevalence of heavy metals in the environment has caused
microorganisms to acquire and select for variants possessing genetic
determinants encoding heavy metal tolerance, and in this case,
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towards arsenic. Arsenic resistance genes are often found on plas-
mids and confer tolerance through extracellular immobilization,
chelation, and transformation into less toxic analogues that are ei-
ther metabolized or extruded by the cell [8]. These genes are usually
encoded within the arsenite inducible transcription unit known as
the arsenic operon. Some bacteria have evolved to contain multiple
copies of ars operon which may be regulated under different con-
ditions. A few examples are Cornybacterium glutamicum, Pseudo-
monas putida KT2440, Rhodopseudomonas palustris CGA009, Bacillus
sp., etc [9-12|. Herminiimonas arsenicoxydans is a classic example
which has four copies of ars operons on the chromosome and is
believed to be one of the ancient colonizers in arsenic-rich en-
vironment [ 13]. The number of genes within the operon varies across
organisms, where the ars operon in Staphylococcus aureus contains
three genes (arsRBC) encoded in pI258 plasmid, while that of Es-
cherichia coli has five genes (arsRDABC) on the R773 plasmid [14].
Overall operon expression is controlled by a trans-acting repressor
element ArsR, while additional control is provided by a second trans-
acting protein ArsD [15]. ArsR binds to an operator site proximal to
the promoter of the operon and acts as a repressor |[16]. Binding of
arsenite to the cysteine residues within ce-helix of the repressor leads
to conformational change in the repressor molecule; helix un-
winding and repressor dissociation from the operator site on DNA,
thus, inducing arsenic tolerance gene expression [17]. In vitro, DNA
binding experiments show that arsenite (As][IIl]) is the true inducer
of the operon, that interacts with ArsR, releasing it from its bound
state [18]. ArsD is an inducer-independent regulatory protein, which
is transcribed along with arsABC in the presence of the operon in-
ducer. When intracellular ArsD levels reach a critical concentration,
ArsD prevents further ars operon expression [15]. Other structural
products of the operon include ArsA, an ATPase which associates
with ArsB, an integral membrane protein to form a membrane-
bound efflux pump ArsAB [19]. In the absence of ArsA, as in the case
of S. aureus, ArsB acts as a membrane potential driven secondary
pump that confers partial resistance by preventing arsenite accu-
mulation in the cell [20]. ArsC is an oxidoreductase that gains re-
ducing power either directly from thiol transfer protein thioredoxin
or indirectly from glutaredoxin through glutathione. In E. coli R773,
Cys-12 in ArsC active site has been shown to be essential for the
disulfide bond formation between ArsC and reduced glutathione
[21,22]. Multiple arsC genes have been identified in the case of
Cornybacterium efficiens [3]. Additionally, ArsD has a secondary role
as a metallochaperone that transfers reduced arsenite from the re-
ductase to the efflux pump, where it is then expelled from the cell
[23]. Recently, the function of some more arsenic tolerance genes
have been identified such as arsH (methylarsenite oxidase) [24],
arsM (arsenite S-adenosylmethionine methyltransferase), [25,26]
arsl (C-As lyase) [27] for providing organoarsenical tolerance.

The Deinococcaceae family comprises of aerobic, non-spore
forming microbes that exhibit extremophilic traits. Consequently,
members of this family have been isolated from a range of locations
including hot springs, Antarctic soils, desert soil, radiation sites,
heavy metal contaminated sites, and the human stomach [28,29].
Deinococcus is one of the three primary genera within the family and
comprises of members like the radiation and desiccation tolerant D.
radiodurans, D. geothermalis, and D. deserti [30-32]. Deinococcus in-
dicus DR1, a novel bacterium, was isolated from wetlands in Dadri,
Uttar Pradesh, India and studied for its arsenic tolerance potential
[33]. D. indicus DR1 contains genes for arsenic (ars operon), mercuric
(mer operon), and copper (cop operon) tolerance [33]. In this study,
we have utilized homology-based approaches to identify the genetic
elements present in D. indicus DR1 that encode for arsenic tolerance.
The arsenic gene cluster present on the chromosome, is flanked on
either side by ArsR regulatory proteins, and contains two arsenate
reductases ArsC, an efflux pump protein ArsB, and a metallopho-
sphatase family protein. D. indicus DR1 genome encodes three
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arsenate reductases; arsCl encoded outside the ars gene cluster,
arsC2 and arsC3 encoded within the cluster. In this study, we use
computational methods including ab initio molecular modelling,
molecular dynamics simulations, docking, and active site prediction
tools to study the genes involved in arsenic tolerance in D. indicus
DR1. This study aims to fill the gap of arsenic utilization in D. indicus
DR1 through structural models and their functional roles.

2. Materials and methods
2.1. Bacterial strain and growth conditions

Deinococcus indicus strain DR1 was grown in peptone yeast ex-
tract (PYE) media at 30 °C under aerobic conditions as described
previously [34]. Arsenate and arsenite were added to the growth
media as required. All chemicals were obtained from Sigma-Aldrich
(USA) and Himedia Pvt. Ltd. (India).

2.2. RNA isolation, cDNA synthesis and real-time quantitative RT-PCR of
arsenic resistance genes in D. indicus DR1

To investigate the levels of expression of ars genes in D. indicus
DR1, RT-qPCR was performed for all the 8 genes in the ars gene
cluster in presence and absence of both arsenate and arsenite. The
cells were grown in PYE media and induced at mid exponential
phase with 2.5mM Na,HAs040.7 H,0 [As(V)] (Sigma-Aldrich) and
0.25mM NaAsO, [As(Ill)] (Sigma-Aldrich, USA) for 3 h. The cells
without arsenic treatment were used as control. RNA was isolated by
TRIzol method [35], with some modifications. Briefly, the cells were
pelleted and heated with TRIzol (Ambion, Life Technologies) at 65 °C
for 15 mins. Genomic DNA contamination was determined by PCR
using Taq polymerase. DNase I (NEB, USA) was used to remove re-
sidual DNA if required. cDNA synthesis was done from 1 pg of the
extracted RNA with Verso cDNA synthesis kit using random hexamer
primers following the kit’s protocol (Thermo Scientific, USA). The
resulting cDNA was used for qPCR after 1:3 dilution in nuclease free
water.

qPCR was performed on the BioRad CFX 96 Real Time PCR
system. The 10 pl reaction mixture consisted of 2 ul of cDNA, 300 nM
forward and reverse primers, and iTaq Universal SYBR Green
Supermix (BioRad, USA) according to the manufacturer’s instruc-
tions. The primers used for qPCR are listed in Table 1. The conditions
for qPCR consisted of an initial denaturation step at 95 °C for 5 mins,
followed by 40 cycles of 20s at 95°C, 1 min at 60 °C, and 20s at
72 °C. Each reaction was performed in duplicate. Expression of the
ars genes was normalized to 16S rRNA expression [36]. Fold change
was calculated using the AAct method, or the Livak method [37]. The
data is shown as mean fold change over untreated.(Table 2).

2.3. Sequence retrieval

Sequences of the six proteins comprising the ars gene cluster
were downloaded from NCBI: ArsR1 family transcriptional regulator
(OWL98583.1), Metallophosphatase family protein (OWL98584.1),
arsenate reductase ArsC2 (OWL98585.1), Arsenical efflux pump
membrane protein (OWL98586.1), arsenate reductase ArsC3
(OWL98587.1), and ArsR2 transcriptional regulator (OWL98588.1).

2.4. Sequence alignment and phylogenetic tree construction

Multiple Sequence Alignment (MSA) was performed for ArsB and
the arsenite efflux pumps present in all 62 Deinococcus species on
Mega X software [38] using the MUSCLE alignment tool [39]. A
phylogenetic tree was constructed using the Maximum Likelihood
method of analysis and the Jones-Taylor-Thornton substitution
model, with a bootstrap of 500.
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Table 1
List of primers used in qRT-PCR.

Gene Primer 5’-sequence-3’

arsC1 ArsC1-FP CTACGAACGCAGCAACCTC
ArsC1-RP CGACGGTCAGGTGCTTCC

arsC2 ArsC2-FP CTCCGCACGGTCACACA
ArsC2-RP GCTGCAGGAGTCCGGT

arsC3 ArsC3-FP TGCACGAAGGCCTCGAA
ArsC3-RP GTGACCGTGTGCGACAG

arsR1 ArsR1-FP GTGTGCACCTGCGACG
ArsR1-RP TTCTGCGCTGTGACCAGT

arsR2 ArsR2-FP TGCGTCTGCGATCTGGAAG
ArsR2-RP GGCAACAGGTCGGTCAGC

arsB ArsB-FP GCACTGGTGGTGCTGCTG
ArsB-RP ACGATGTTCACGAGGTTGCT

Hypothetical protein CBQ26_01570-FP TGACCAACCGCAAGTTCCTG

(CBQ26_01570) CBQ26_01570-RP GGTGACTGACGTGGTACTGA
Metallophosphatase Metallophosphatase-FP TGACCGAGACGACCGAGAA
family protein ~ Metallophosphatase-RP  GGTACGTCCACGCGGAAT

16 S rRNA 16 S rRNA-FP CCTACGGGAGGCAGCAGTAG

16 S rRNA-RP CAACAGAGCTTTACGATCCGAAA
Table 2
Residues comprising the transmembrane helices of ArsB of E. coli and D. indicus DR1.

Transmembrane Helix E. coli D. indicus DR1

1 Ala6 - Trp26 Ala4 - Leu21

2 Phe60 - Ala80 Leu28 - Ala50

3 Leu93 - Asn111 Val54 - Leu76

4 Ille121 - Met141 Gly97 - Alal16

5 Thr149 - Phe168 Thr120 - Leu137

6 Val178 - Phe198 Ala144 - Val166

7 Pro221 - Leu241 Tyr181 - Leu203

8 1le246 - Ala263 Gly233 - Val252

9 Trp280 - Ala299 Val256 - 1le275

10 Leu317 - Asn336 Val280 - Leu302

1 Ser351 - Leu371 Gly322 - Met341

12 Tyr401 - Leu421 Val411 - Val433

Amino acid sequence of ArsB was also aligned with ArsB se-
quence found in the plasmid R773 of E. coli strain K12, since it is a
known structural homolog.

Sequence alignment was performed for the three arsenate re-
ductases (ArsC1, ArsC2, and ArsC3) as well, to see the degree of si-
milarity among them, and to identify the family they can be
categorized into.

2.5. Molecular modelling of ars gene cluster proteins

The sequences of the five proteins were submitted to
RoseTTAFold to predict their tertiary structure. For ArsB, both
RoseTTAFold and comparative modelling in the Rosetta server
(https:/[robetta.bakerlab.org/) was used, where comparative mod-
elling involves the usage of sequence homology to experimentally
derived structures to predict structure of the proteins. RoseTTAFold
uses deep-learning to predict the 3D structure of proteins - the
amino acid sequence is broken down into recognizable domains, and
these domain sequences are searched against protein structure da-
tabases [40]. It provides five models for each query sequence with a
confidence score indicating the quality of the models obtained [40].
Similarly, in the comparative modelling approach Rosetta uses a
sample of 1000 models by superposing partial threads before per-
forming a hybrid sampling approach.

2.6. Median model and structure validation

To choose the median model among the five predicted structural
models for each protein by RoseTTAFold, Theseus software [41]| was
used, which performs Maximum Likelihood (ML) superposition. In
order to validate the 3D structures, the structure files of all the
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proteins were submitted to PDBsum to conduct PROCHECK analyses
[42]. Specifically, structures before and after energy minimization
were analyzed using the Ramachandran plot.

2.7. Hydropathy plot

Since ArsB is the only transmembrane protein among the six ars
gene cluster proteins, it required additional steps before molecular
dynamics simulation. The protein structure file was submitted to the
TMHMM server that uses a Hidden Markov Model to predict trans-
membrane residues and construct what is known as a Hydropathy
Plot [43]. A hydropathy plot is a graph describing the hydrophobicity
of the residues of a protein. When a stretch of amino acids is found
to be hydrophobic, they are assumed to form a transmembrane helix.
The result obtained from TMHMM was compared to the trans-
membrane residues of ArsB of E. coli, the only known arsenite efflux
pump, which is also a structural homolog to ArsB of D. indicus DR1.

2.8. Molecular dynamics simulation

Molecular Dynamics (MD) simulation was performed for all the
proteins. Five of the ars gene cluster proteins (ArsR1, ArsR2, MPase,
ArsC2, and ArsC3) were simulated using GROMACS (GROningen
MAchine for Chemical Simulations) v5.0.4 to validate the models and
obtain an energy minimized structural coordinates [44]. The se-
lected models were kept in a solvent environment using the gen-
eralized OPLS forcefield and SPC6 water model. The protein was kept
in the center of the cubic box with 1 nm distance from the periodic
boundaries to avoid the protein from seeing its own image. The final
system used in MD simulations (including solvent and ions) for
ArsR1 consisted of 59,364 atoms, 48,521 atoms for ArsR2, 47,525
atoms for MPase, 53,914 atoms for ArsC2, and 29,696 atoms for
ArsC3. The system was neutralized by adding appropriate number of
Na* and CI” ions. The system was first energy minimized using the
steepest descent method for 50,000 steps or until convergence was
achieved earlier than the number of steps. Following this, equili-
bration was performed in the canonical NVT phase at constant
temperature of 300K and this was followed by NPT equilibration,
where the temperature and pressure were stabilized in isothermal-
isobaric conditions at 300K and 1 bar. Both NVT and NPT equili-
brations were carried out for 50 ps. The production MD simulation
for the five proteins were performed until 100 ns and a frame of
velocities and coordinates was dumped every 500 ps. After the si-
mulations, the protein conformation was analyzed by examining the
root mean square deviation (RMSD), root mean square fluctuation
(RMSF) and radius of gyration (Rg).

ArsB transmembrane protein structural dynamics was studied
using NAMD 2.9 in the presence of a lipid bilayer [45]. The mem-
brane bilayer was built using the Membrane Builder tool of
CHARMM-GUI server (https://www.charmm-gui.org/) [46,47]. This
membrane bilayer consisted of 6 lipid tails (PMPE, POPE, QMPE,
PMPG, PSPG, OSPE) in the order of abundance, whose composition is
based on the TOP6 membrane model [48].

The system of ArsB dimer in lipid bilayer, solvated in TIP3P water
model of cubic water box of dimensions 113.36 Ax113.36 A
x109.71 A and electrically neutralizing ions consists of 1,31,401
atoms. This system was energy minimized using the conjugate gra-
dient method, for 10,000 steps. Following energy minimization, the
system was heated to 300K for 25 ps, after which restrained equi-
libration was conducted in six steps for 675 ps to relax the system.
The system was equilibrated for an additional 5ns in the NPT en-
semble. The subsequent step was the final molecular dynamics
production run for 20ns in the NPT ensemble, whose integration
time step was 2 fs. Throughout the simulation, the temperature and
pressure of the system were maintained at 300 K using the Langevin
thermostat and 1 atm using the Nose-Hoover barostat respectively.
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At every 10 ps, the energies and coordinates of the system were
recorded, and the trajectory was used for analyses.

After production MD run for all simulations, the trajectory was
processed by removing periodic boundary condition effect, re-
moving jumps, and rotating and translating the proteins at the
center of the box. For all the six proteins, the last conformation at the
end of the trajectory was used for further analysis, such as active site
prediction and finding structural homologs.

2.9. Active site prediction

Active site prediction was performed for all the proteins (except
ArsB) using the Computed Atlas of Surface Topology of proteins
(CASTp) server [49]. CASTp analyzes the structural file of the protein,
and all pockets and voids are predicted as an active site. In the event
of the presence of multiple such pockets in the protein, the largest
pocket is assumed to be the active site.

2.10. Structural homologs

The DALI server [50] was used to obtain the structural homologs
for the proteins of ars gene cluster (excluding ArsB). DALI searches
the Protein Data Bank (PDB) to find homologs using the given
structural coordinates. The top 10 structurally similar proteins with
their specific chain were noted along with their RMSD values and Z-
score. The functionally important residues of each of these homologs
were compared to those of D. indicus DR1 by performing structural
alignment and obtaining the structurally equivalent residues, to
identify the active site residues as predicted by CASTp.

3. Results

The arsenic efflux system of D. indicus DR1 consists of an ars gene
cluster and an arsenate reductase, ArsC1, located external to the
cluster. The arsenic resistance gene cluster itself is comprised of 6
proteins - two transcriptional regulators flanking the cluster (re-
ferred as ArsR1 and ArsR2 henceforth), a metallophosphatase family
protein (referred as MPase henceforth), two arsenate reductases
(referred as ArsC2 and ArsC3 henceforth) and a transmembrane ef-
flux protein (ArsB). Here, ArsR1 and ArsR2 are trans-acting re-
pressors, ArsC2 and ArsC3 reduce arsenate (As*) to arsenite (As>*)
ions, ArsB is the inner membrane transmembrane protein involved
in the extrusion of arsenite, and the function of MPase in this ars
cluster is unknown.

3.1. Modelling ars gene cluster proteins, selecting a representative
model, and their validation using molecular dynamics

The RoseTTAFold prediction statistics are given in the
Supplementary Table T1. The ArsR1 and ArsR2 transcriptional reg-
ulators had a confidence score of 0.84 and 0.81, respectively, and for
the arsenate reductases (ArsC2 and ArsC3) the confidence score was
0.90 and 0.88, respectively. MPase was predicted to have an o/p fold
with a confidence score of 0.86, while ArsB was predicted to be a
homodimer consisting of 12 a-helices with a confidence score of
0.55 using RoseTTAFold (Supplementary Table T1). At the same time,
ArsB was predicted as a monomer consisting of 17 a-helices with a
confidence score of 0.83 using the comparative modeling approach
of Rosetta. The confidence score for a model represents how struc-
turally close or distant it is to a target structure (which is an ex-
perimentally verified structure for a known protein). This number is
derived from distances of individual residues of the prediction from
that of the target against a threshold of 4 A. Higher the confidence
score, the more accurate the prediction. The lower confidence score
for ArsB is due to the presence of multiple sections in the predicted
structure containing an error estimate of more than 2 A. Regions in a
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protein with higher error estimates are considered to harbor mod-
eling errors.

Using Theseus software [51], the median model for all the pro-
teins were selected. Model 3, Model 1, Model 5, Model 1, Model 5,
and Model 3 were selected as the median models of ArsR1, ArsR2,
MPase, ArsC2, ArsC3, and ArsB, respectively. These models were used
for subsequent analyses. Validation of protein structures was per-
formed by generating Ramachandran plot (Supplementary Figs. S1-
S3, S6-S8, and S12) using PROCHECK [52]. The presence of less than
1% of the residues in the disallowed regions for all the proteins was
an indicator of well-modelled structures. For the proteins of ars gene
cluster of D. indicus DR1, only one active site was predicted by CASTp
for each of them.

Molecular Dynamics (MD) Simulation for the proteins ArsR1,
ArsR2, MPase, ArsC2, and ArsC3 was performed in explicit water
environment using the software GROMACS for 100 ns, and ArsB was
simulated in the lipid bilayer using NAMD program for 20 ns. The
structures generated after energy minimization were deposited at
ModelArchive.

(ArsR1: https://www.modelarchive.org/doi/10.5452/ma-m92cj;.

ArsR2: https://[www.modelarchive.org/doi/10.5452/ma-dkxdu;.

MPase: https://www.modelarchive.org/doi/10.5452/ma-jOxxh;.

ArsC2: https://www.modelarchive.org/doi/10.5452/ma-28bjc;.

ArsC3: https://www.modelarchive.org/doi/10.5452/ma-xpwd6; and.

ArsB: https://[www.modelarchive.org/doi/10.5452/ma-yrymn).

The obtained trajectories were utilized to examine the behavior
of these proteins in a simulated environment, and many properties
were analyzed, which are discussed in the subsequent sub-sections.

3.2. ArsR1 and ArsR2 are diverse

arsR1 (NCBI Accession ID: OWL98583.1) is the first gene and
arsR2 transcriptional regulator (NCBI Accession ID: OWL98588.1) is
the sixth and last gene located in the arsenic resistance gene cluster
of D. indicus DR1 (Fig. 1 and Fig. 2). Both genes encode trans-acting
repressors of the ars gene cluster, referred to as ArsR1 and ArsR2
respectively in this manuscript. Crystal structures of ArsR1 protein
from organisms such as Acidithiobacillus ferrooxidans and Cor-
ynebacterium glutamicum show that it is a homodimer in its active
state, interacting with up to two arsenite ions [53]. It contains a DNA
binding domain which interacts with the ars operon promoter and
its active site cysteine residues allow it to interact with the As>*
oxyanions. In D. indicus DR1, the predicted ArsR1 protein structure is
a monomer consisting of six a-helices and two B-strands (Fig. 2A),
and that of ArsR2 consists of eight a-helices and three p-strands
(Fig. 2E). The Ramachandran plot of both proteins’ structures show
that there are no residues in the disallowed region, indicating that all
the residues are sterically stable (Supplementary Fig. S1 and S2). The
a-helices are labelled «;(Thr6-Leul3), az(Asp15-Thr27), as(Asp43-
Gly49), a4(Ser51-Gly66), as(Gly85-Arg90), ag(Gly94-Ala99) in ArsR1;
and oq(Thr8-1le13), ay(Lys14-Leul6), as(GIn18-Ala29), ay(Val35-
Asnd3), as(Pro45-Gly60), «g(Ser76-Gly84),  ay(Gly85-Leu92),
ag(Ala97-Ser102) in ArsR2. The B-strands in ArsR1 are labelled
B1(Leu67-GIn71), Bo(Tyr78-Ser82), and in ArsR2, they are labelled
B1(His33-Cys34), p(Leu61-Arg67) and Bs3(Asn70-Leu75). To check
the degree of similarity between ArsR1 and ArsR2, sequence and
structural alignment was performed for their amino acid sequences.
This revealed a lower sequence percentage identity of 36.99% be-
tween them as shown by BLAST [54], but the structures were similar
as the C-a atoms RMSD was 2.71 A (Supplementary Table T2).

For both proteins, the conformation obtained at the end of 100 ns
of MD simulation was analyzed for potential binding sites. For this,
active sites were predicted using CASTp server (Fig. 2B for ArsR1 and
Fig. 2F for ArsR2). In ArsR1, this active site is 28.534 A2 in area, and
13.025 A% in volume and in ArsR2, the active site has an area of
71.969 A%, and a volume of 42.280A3. The active site residues in
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Fig. 1. The organization of ars gene cluster in Deinococcus indicus DR1 depicting the gene locations. The predicted and validated structures of the ars gene cluster are shown below
each gene. All the structures except ArsB belong to o/p structural class of proteins. ArsB is completely made of « helices because it is a transmembrane protein involved in the
efflux of arsenite ions. As described in the MM section, the validated structures are equilibrated and are the lowest binding energy conformation, obtained after 100 ns of MD
Simulation. The subsequent sub-sections are discussed with respect to each protein and suitable comparison-based discussions are elaborated.

ArsR1 consist of Metl1, Phe3, Argll, Ala98, Asp104, Ala105, and comparison of these proteins with homologs derived from DALI as
Ala106 (Fig. 2C), while those in ArsR2 consist of Leu16, GIn18, Asp19, shown in Fig. 2D (ArsR1) and Fig. 2H (ArsR2) indicate that the top
Tyr22, Arg26, Leu92, Pro93, Asp94, and His95 (Fig. 2G). Structural hits are transcriptional regulators from Acidithiobacillus ferrooxidans

I 66 1R1V protein aureus
L) BCDA ArsR family transcriptional regulator Staphylococcus aureus

6CDB ArsR family transcriptional regulator Staphylococcus aureus

I 4GGG Repressor protein|Staphylococcus aureus

1U2W Cadmium efflux system accessory protein Staphylococcus aureus

9 3F72 Cadmium efflux system accessory protein Staphylococcus aureus
20QG Possible regulator ArsR family protein Rhodococcus sp.
% 3FB60 Probable regulator ArsR family protein Rhodococcus sp. RHA1
33 BJOE Arsenic p ArsR Cor
2 6J05 Transcriptional regulator ArsR Acidithiobacillus ferrooxidans
% 2KKO Possible Trancriptional Regulatory Protein Mycobacterium bovis
100 3GW2 Possible regulatory ArsR-family protein Mycobacterium bowvis

Fig. 2. : ars gene cluster transcriptional regulators ArsR1 and ArsR2: (A) ArsR1 after 100 ns of Molecular Dynamics Simulation. (B) Active site pocket (pink) of ArsR1 predicted by
CASTp. (C) Active site residues (coloured blue, shown as sticks) of ArsR1 predicted using CASTp. The residues are Met1, Phe3, Argll, Ala98, Asp104, Ala105, and Ala106.
(D) Superposition of ArsR1 with structural homologs identified using DALI (PDB ID: 6J05, 6JOE, 1U2W, 20QG, 3F60, 3F72, 1R1U, 4GGG, 3GW2, and 6CDA) showing fold level
conservation among various transcriptional regulators. (E) ArsR2 after 100 ns of Molecular Dynamics Simulation. (F) Active site pocket (pink) of ArsR2 predicted by CASTp.
(G) Active site residues (coloured blue, shown as sticks) of ArsR2 predicted using CASTp. The residues are Leu16, GIn18, Asp19, Tyr22, Arg26, Leu92, Pro93, Asp94, and His95. (H)
Superposition of ArsR2 with structural homologs identified using DALI (PDB ID:1R1U, 1R1V, 1SMT, 1U2W, 2KKO, 3F72, 4GGG, 6CDA, 6CDB, and 6J0E) showing fold level con-
servation among various transcriptional regulators. (I) Phylogenetic tree of ArsR1 and ArsR2 with their combined structural homologs obtained from the DALI server.
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(PDB ID: 6J05) [53], Corynebacterium alumaticum (PDB ID: 6JOE) [53],
Staphylococccus aureus (PDB ID: 1U2W, 3F72, 1R1U, 4GGG, and
6CDA) [55-59], Rhodococcus jostii (PDB ID: 20QG and 3F60), and
Mycobacterium tuberculosis (PDB ID: 3GW2) for the former and
transcriptional regulators from Staphylococccus aureus (PDB ID:
1R1U, 4GGG, 1U2W, 1R1V, 3F72, 6CDB, and 6CDA) [55-59], Myco-
bacterium tuberculosis (PDB ID: 2KKO), Corynebacterium alumaticum
(PDB ID: 6J0E) [53], and Synechococcus elongatus (PDB ID: 1SMT) [60]
for the latter. The common structural homologs between the two
ArsRs are 6JOE, 1U2W, 3F72, 1R1U, 4GGG, and 6CDA, all of whom are
transcriptional repressors in Staphylococcus aureus, excluding 6JOE,
which is in Corynebacterium alumaticum [53]. Upon superposition
with these structural homologs, ArsR1 showed high structural si-
milarity where the C-a RMSD ranged between 2.4 and 52A
(Supplementary Table T2). Similarly, for ArsR2, this value was in the
range 3-4A. When ArsR1 and ArsR2 were aligned with their re-
spective structural homologs, none of the active site residues pre-
dicted by CASTp for both proteins showed any consensus among the
homologs obtained from the DALI server. Multiple Sequence Align-
ment (MSA) was performed, and a phylogenetic tree was con-
structed with the amino acid sequences of both these proteins
(Fig. 2I) with their structural homologs obtained from the DALI
server to trace their relative evolutionary relationships. It was found
that the sequence percentage identity for their alignment ranges
between 17.53 % and 31.31 % for ArsR1 and 18.10 % and 29.47% for
ArsR2, numbers that indicate that there is evolutionary divergence
from these structural homologs. The phylogenetic tree revealed the
collective closeness of both ArsRs of D. indicus DR1 to the Cadmium
efflux system regulators of Staphylococcus aureus.

Modeling ArsR1 and ArsR2 using both RoseTTAFold and
AlphaFold (using ColabFold) [61] showed highly similar tertiary
structures (Fig. 3). The structure of ArsR1 predicted by AlphaFold and
RoseTTAFold show the monomeric structure (Fig. 3A) in highly si-
milar conformation (RMSD of 0.797 A) and with high pLDDT score of
91.4 in AlphaFold and confidence score of 0.84. RoseTTAFold does not
predict oligomeric states, hence the oligomeric states was predicted
using ColabFold. Comparing the dimeric and tetrameric states pre-
diction, the dimeric conformation (Fig. 3B) had a higher ptm (0.898),
and iptm (0.902) scores than the tetrameric conformation, where the
ptm score was 0.544, and iptm score was 0.418. Visualizing the
tetrameric conformation of ArsR1 also indicated that the tertiary
structure most likely prefers to be in dimeric state than tetrameric
state. The PAE plots of the monomer, dimer, and tetramer are shown
in Supplementary Fig. S4.
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In the case of ArsR2, we observed similar trend in terms of ter-
tiary structure prediction, where the structure predicted by
RoseTTAFold and AlphaFold are highly similar (RMSD of 0.786 A)
(Fig. 3C). Specifically, the confidence score of RoseTTAFold structure
was 0.81 and the pLDDT score for the monomer was 89.2 and a ptm
score of 0.722 indicating high quality structure prediction. Similarly,
prediction of dimeric (Fig. 3D) and tetrameric (Fig. 3E) states of
ArsR2 gave high confidence oligomeric states, where it looks like
both dimer and tetramer formation are highly possible. This is evi-
dent by the high scores obtained in the three parameters: the pLDDT
score for the dimer and tetramer were higher, 88.3 and 88.7, re-
spectively; the ptm score for the dimer and tetramet were 0.818 and
0.874, respectively; and finally the iptm score for the dimer and
tetramer were 0.804 and 0.872, respectively. The PAE plots of the
monomer, dimer, and tetramer are shown in Supplementary Fig. S5.

Additionally, the Ramachandran plots obtained for the structures
by RoseTTAFold for ArsR1 (Supplementary Fig. S1a) and for ArsR2
(Supplementary Fig. S2a) in comparison with the Ramachandran
plots for the structures by AlphaFold for ArsR1 (Supplementary Fig.
S3a) and for ArsR2 (Supplementary Fig. S3b) shows that both models
are highly similar and of high quality.

3.3. MPase could be an ATPase

Mpase (NCBI Accession ID: OWL98584.1) is the second gene in
the ars gene cluster of D. indicus DR1, encoding a metallopho-
sphatase family protein, referred as MPase in this manuscript.
Metallophosphatases are a diverse superfamily of proteins with
varied functions. They all share a conserved domain of a double B-
sheet sandwich, containing metal ions in their active site, that are
stabilized by histidine, arginine, and aspartate residues [62]. In the D.
indicus DR1 ars gene cluster, the metallophosphatase could poten-
tially function as an ATPase. We analyzed the structure of the me-
tallophosphatase protein from arsenic gene cluster and found that
MPase consists of nine a-helices and 10 p-strands (Fig. 4A). The
Ramachandran plot of the structure shows that there are no residues
in the disallowed region, indicating that all the residues are sterically
stable (Supplementary Fig. S6a and S6b). The alpha helices are la-
belled  o;(Arg13-Ala20),  ap(Asp22-Arg27), as3(Gly46-Ala56),
a4(Gly65-Arg70), as(Met84-Leu92), ag(Asp139-Argl44), a;(Asn210-
Trp217), ag(His224-Ala230), ag(GIn231-Thr234) and the beta strands
are labelled B;(Arg2-Phe6), py(Ala30-Leu34), Bs3(Leu61-Val63),
B4(Thr105-Leu109), B5(Glu113-His118), Be(Arg152-Val156),
B7(GIn163-1le167), pg(Val170-Asn174), Bo(Ala188-Gly196), B1(1le199-

C

Fig. 3. : AlphaFold prediction of ArsR1 and ArsR2, their oligomeric states, and comparison with RoseTTAFold predicted structures. (A) ArsR1 of RoseTTAFold (colored green) is
superposed with ArsR1 predicted by AlphaFold indicating highly similar structures with a RMSD of 0.797 A. (B) Predicted dimeric state of ArsR1 (colored cyan and yellow) in
comparison with the RoseTTAFold predicted ArsR1 (colored green) structure. The tetrameric state is not predicted as a possibility (refer text for discussion) (C) ArsR2 of
RoseTTAFold (colored green) is superposed with ArsR2 predicted by AlphaFold indicating highly similar structures with a RMSD of 0.786 A. (D) Predicted dimeric state of ArsR2
(colored cyan and yellow) in comparison with the RoseTTAFold predicted ArsR2 (colored green) structure. (E) Predicted tetrameric state of ArsR2 (colored cyan, yellow, orange,
and magenta) in comparison with the RoseTTAFold predicted ArsR2 (colored green) structure, indicating the possibility of higher order oligomeric states in ArsR2.
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1NNW Hypothetical protein Pyrococcus furiosus

2GJU Hypothetical protein Pyrococcus horikoshii

3RQZ Metallophosphoesterase Sphaerobacter thermophilus

3QFO Putative uncharacterized protein Streptococcus pneumoniae
3QFM Putative uncharacterized protein Streptococcus pneumoniae
3QFN Putative uncharacterized protein Streptococcus pneumoniae

1 MPase Deinococcus indicus DR1

5UI1 Serine/threonine-protein phosphatase 5 Homo sapiens
— 1595 Serine/threonine protein phosphatase 5 Homo sapiens

nb— 472vz Serine/threonine-protein phosphatase 5 Homo sapiens

5WG8 Serine/threonine-protein phosphatase 5 Homo sapiens

Fig. 4. : Metallophosphatase Family protein MPase: (A) MPase after 100 ns of Molecular Dynamics Simulation. (B) Active site pocket (pink) of MPase predicted by CASTp. (C)Active
site residues (coloured blue, shown as sticks) of MPase predicted using CASTp. The residues are Asp8, His10, Asn12, Phe39, Gly41, Ala42, Ser179, Arg180, Glu228, GIn231 and
Leu232. (D) Superposition of MPase with structural homologs identified using DALI (PDB ID: 1INNW, 2GJU, 3QFO, 3QFM, 3QFN, 3RQZ, 1595, 5UI1, 5WG8, and 4ZVZ) showing fold
level conservation among various phosphatases. (E) Phylogenetic tree of MPase with its structural homologs as given by the DALI server.

Val207). Analyzing the conformation obtained at the end of 100 ns of
MD simulation of MPase for potential binding sites, active site pre-
diction was obtained from CASTp, as shown in Fig. 4B. Specifically,
the active-site residues are Asp8, His10, Asn12, Phe39, Gly41, Ala42,
Ser179, Argl180, Glu228, GIn231, and Leu232 (Fig. 4C). Structural
comparison of MPase with homologs derived from DALI as shown in
Fig. 4D indicates that the top hits are Phosphatase enzymes from
Pyrococcus furiosus(PDB ID: 1NNW), Pyrococcus horikoshii (PDB ID:
2GJU), Streptococccus pneumoniae (PDB ID: 3QFO, 3QFM, and 3QFN),
Sphaerobacter thermophilus (PDB ID: 3RQZ) and Homo sapiens (PDB
ID: 1S95, 5UI1, 5WG8, and 4ZVZ) [63-65]. The structure is highly
similar to these known structural homologs, where the C-o atoms
RMSD ranges from 3.4 to 4.8 A (Supplementary Table T2), MSA with
its structural homologs reveals a sequence identity range of 17.89
%—28.36 %, and a phylogenetic tree was constructed with this set
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(Fig. 4E). The results of the superposition and MSA suggest evolu-
tionary divergence from the known structural homologs.

When MPase was aligned with its structural homologs, three active
site residues, namely Asp8, His10 and Phe39 had structural equivalence
with Asp242, His244, and Asp274 respectively from all identified
homologs. While Asp242 and His244 are involved in metal co-
ordinating, Asp274 stabilizes the active site with the help of hydrogen
bond with His304, with another hydrogen bond between Arg275 and
Tyr451 [64]. We hypothesize that this function can be extrapolated to
the structurally equivalent residues in the ars gene cluster MPase.

3.4. ArsC2 and ArsC3 arsenate reductases are different from ArsC1

arsC2 (NCBI Accession ID: OWL98585.1) is the third gene in the
ars gene cluster of D. indicus DR1. This gene’s translated product is a
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ArsC2 Deinococcus indicus DR1

ArsC3 Deinococcus indicus DR1

4ETN YwIE Bacillus subtilis

4KK4 YwIE Bacillus subtilis subsp. subtilis
172D Arsenate reductase Bacillus subtilis
1JL3 Arsenate Reductase Bacillus subtilis

2CD7 Protein ArsC Staphylococcus aureus

— 1LJL Arsenate reductase Staphylococcus aureus
40 L—— 1LKO Arsenate reductase Staphylococcus aureus

63

63

—1
—

1LJU Arsenate reductase Staphylococcus aureus

1RXE Arsenate reductase Staphylococcus aureus
1RXI Arsenate reductase Staphylococcus aureus

2FXI Protein ArsC Staphylococcus aureus

1JF8 Arsenate reductase Staphylococcus aureus

Fig. 5. : Arsenate reducatses ArsC2 and ArsC3: (A) ArsC2 after 100 ns of Molecular Dynamics Simulation. (B) Active site pocket (pink) of ArsC2 predicted by CASTp. (C) Active site
residues (coloured gray, shown as sticks) of ArsC2 predicted using CASTp. The residues are Met1, Asn2, Glu5, Arg7, Pro8, Val9, Ser10, His32, Gly34, Gly35, Arg36, Tyr37, His79,
Thr81, Arg143, and Val144. (D) Superposition of ArsC2 with structural homologs identified using DALI (PDB ID: 1JF8, 1JL3, 1LJL, 2CD7, 1LKO, 2FXI, 1RXI, 1RXE, 1LJU, and 1Z2D)
showing fold level conservation among various transcriptional regulators. (E) ArsC3 after 100 ns of Molecular Dynamics Simulation. (F) Active site pocket (pink) of ArsC3 predicted
by CASTp. (G) Active site residues (coloured blue, shown as sticks) of ArsC3 predicted using CASTp. The residues are Cys8, Thr9, His10, Ser12, Ala13, Arg14, Ser15, Thr43, Arg44,
Lys46, Val83, Cys84, Phe105, Asp107, Pro108, Ser109, Gly110, and Trp116. (H) Superposition of ArsC3 with structural homologs identified using DALI (PDB ID: 1RXE, 2FXI, 1RXI,
1JL3, 1JF8, 1LKO, 2CD7, 1LJL, 4ETN, and 4KK4) showing fold level conservation among various transcriptional regulators. (I) Phylogenetic tree of ArsC2 and ArsC3 with their

collective structural homologs, which were listed using the DALI server.

low molecular weight phosphatase family protein, as annotated by
NCBI, labeled as ArsC2 in this manuscript. The predicted and vali-
dated ArsC2 protein structure consists of six a-helices and four p-
strands (Fig. 5A). The Ramachandran plot of the structure shows that
there are no residues in the disallowed region, indicating that all the
residues are sterically stable (Supplementary Fig. S7a and S7b). The
a-helices are labelled o;(Ala20-His31), ay(Asn50-Val54), az(GIn55-
Ser60), a4(Pro74-Glu78), as(Cys87-Ala92), and og(Ser117-Argl43)
and the B-strands are labelled p;(Val9-Cys15), B»(Ala38-Leud4),
B3(Thr81-Val86), and B4(Tyr102-Trp106). Analyzing the conforma-
tion obtained at the end of 100 ns of MD simulation for potential
binding sites, active site was obtained from CASTp, as shown in
Fig. 5B. Specifically, the active-site residues are Met1, Asn2, Glu5,
Arg7, Pro8, Val9, Ser10, His32, Gly34, Gly35, Arg36, Tyr37, His79,
Thr81, Arg143, and Val144 (Fig. 5C). Structural comparison of ArsC2
with other homologs derived from DALI as shown in Fig. 5D indicates
that the top hits are arsenate reductases from Staphylococcus aureus
(PDB ID: 1JF8, 1LJL, 2CD7, 1LKO, 2FXI, 1RXI, 1RXE and 1LJU) [66-69],
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and Bacillus subtilis (PDB ID: 1JL3 and 1Z2D) [70,71]. ArsC2 structure
is highly similar to other known structural homologs, where the C-a
atoms RMSD ranges from 2.1 to 2.9A (Supplementary Table T2).
Superposition with structural homologs obtained from DALI server
was done to identify structurally equivalent active residues.

All the known structural homologs had a common set of active
site residues, which are Cys10, Argl6, Cys82, Cys89 and Asp105,
along with a conserved Asn13, that helps in the proper conformation
of the active site. When ArsC2 was aligned with these proteins,
structural equivalence was observed from the presence of identical
residues at the aligned sites. But these residues were not part of the
predicted active site residues from CASTp server.

arsC3 (NCBI Accession ID: OWL98587.1) is the fifth gene in the
ars gene cluster of D. indicus DR1. The protein product of this gene is
also annotated as low molecular weight phosphatase family protein,
and for the sake of nomenclature and ease of addressal, referred as
ArsC3 in this manuscript. The predicted and validated ArsC3 protein
structure consists of four a-helices and four p-strands (Fig. 5E). The
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Ramachandran plot of the structure shows that there is only one
residue in the disallowed region (Ser109), however all the other
residues are sterically stable (Supplementary Fig. S8a and S8b). The
a-helices are labelled o(Ser12-Gly30), ay(Lys46-Glu55), as(Cys84-
Glu89), and oy(Ser112-Gly137), and the p-strands are labelled
B1(Thr2-Cys8), p,(Pro32-Thr40), p3(Asp78-Val83), and pB4(Thr99-
Tyr103). Analyzing the conformation obtained after 100 ns of MD
simulation of ArsC3 for potential binding sites, active site was ob-
tained from CASTp, as shown in Fig. 5F. Specifically, the active-site
residues are Cys8, Thr9, His10, Ser12, Ala13 Argl4, Ser15, Thr43,
Arg44, Lys46, Val83, Cys84, Phe105, Asp107, Pro108, Ser109, Gly110,
and Trp116 (Fig. 5G). Structural comparison of ArsC3 with other
homologs derived from DALI as shown in Fig. 5H indicates that the
top hits are arsenate reductases from Staphylococcus aureus (PDB ID:
1JF8, 1LJL, 2CD7, 1LKO, 2FXI, 1RXI, and 1RXE) [66-69], and Bacillus
subtilis (PDB ID: 1JL3) [70] and low molecular weight protein tyr-
osine phosphatases (LMW PTPases) from Bacillus subtilis (PDB ID:
4ETN and 4KK4) [72]. ArsC3 structure is highly similar to other
known structural homologs, where the C-o atoms RMSD ranges from
2.3 to 3.3A (Supplementary Table T2). Among the structural
homologs identified from DALI, specifically in the arsenate re-
ductases, Cys10, Asn13, Argl16, Cys82, Cys89, and Asp105 comprise
the catalytic site residues and in the LMW PTPases, Cys7, Thrll,
Arg13, and Asp118 constitute the residues of the active site. The
structurally equivalent residues for the former were found to be
Cys8, Arg14, Cys84, Cys91, and Asp107 respectively. For the latter, the
structurally equivalent residues in ArsC3 are Cys8, Ser12, Arg14, and
Asp107, respectively. In the first case, Cys10 acts as a nucleophile,
and attacks arsenate ion, with the help of Asp105. Next, Cys82 and
Cys89 get oxidized and form a disulfide bond to donate electrons to
the arsenate to reduce it to arsenite and this step is aided by Arg16.
In the case of LMW PTPases, while Arg13 helps in coordinating the
phosphate group of the substrate, Thr11 and Asp118 orient the in-
coming phosphate substrate for the two nucleophilic attacks, the
first one by Cys7, and the second one by an active site water mole-
cule, where this second step helps in the release of the phosphate
from the substrate, regenerating the enzymatic cleft for the next
reaction. It is proposed that the corresponding structurally equiva-
lent residues perform similar functions.

Sequence alignment performed using BLAST revealed that these
two arsenate reductases (ArsC2 and ArsC3) show a percentage
identity of only 38.24 %. When a multiple sequence alignment (MSA)
of ArsC1, ArsC2, and ArsC3 was performed using ClustalW, it re-
vealed that ArsC2 and ArsC3 show a significantly low percentage
identity with ArsC1 (18.69 % and 19.09 % respectively).

Results of the MSA performed with the collective structural
homologs show the sequence identity range is 21.17 %-35.25 % for
ArsC2, and 27.01 %-38.17 % for ArsC3. For these two reductases as
well, these results are suggestive of evolutionary divergence from
known structural homologs. Construction of a phylogenetic tree of
the sequences of ArsC2 and ArsC3 with their cumulative structural
homologs shows that both arsenate reductases of D. indicus DR1 are
close to those of Bacillus subtilis than those of Staphylococcus aureus
(Fig. 5I).

The presence of three arsenate reductases, ArsC1, ArsC2, and
ArsC3, in a single organism prompted the investigation of similarity
between their sequences and structures. It was expected that all
three would have similar sequences and structures. Surprisingly, it
was found that while the reductases inside the cluster show con-
siderable sequence and structural similarity, they do not share the
same level of similarity with ArsC1, which is outside the ars gene
cluster. This was inferred from the MSA and a phylogenetic tree
constructed including the sequences of ArsC1, ArsC2, and ArsC3 of D
indicus DR1 with their respective structural homologs. ArsC1 belongs
to the Grx-linked prokaryotic ArsC reductases family of arsenate
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reductases [34], while ArsC2 and ArsC3 seem to be associated with
the Trx-linked prokaryotic ArsC reductases.

3.5. Global properties of molecular dynamics simulation trajectories’
analyses

The following analyses were conducted for MD trajectories si-
mulated in GROMACS:

Root Mean Square Deviation (RMSD) of all atoms in each frame,
residue-wise Root Mean Square Fluctuation (RMSF), and Radius of
Gyration (Rg) of the protein in each frame. RMSD value is the root of
the squared value of deviation of atomic coordinates between con-
secutive frames in a simulation when these frames are super-
imposed on each other. The RMSD is plotted on the Y-axis against
simulation time on the X-axis. This graph tells us the difference
between consecutive conformations during the trajectory. Lower the
RMSD, higher the stability of the structure in the simulation during
the course of the simulation. Backbone RMSD has been calculated for
all proteins here. RMSF is the fluctuation of C-a atoms of each re-
sidue of the protein with respect to a mean position derived from the
trajectory. Residues with higher flexibility tend to show higher va-
lues, while rigid residues exhibit lower values. These highly flexible
residues are usually part of the loop regions. The Radius of Gyration
plot helps us understand the compactness of the polypeptide
structure in the simulation. The Rg value is calculated by finding the
distribution of the atoms around a central axis of the protein. When
this distribution changes drastically (i. e., the value goes up), it in-
dicates rapid conformational change in the protein structure, which,
in turn, signifies a reduction in the compactness of the structure, and
even unfolding or fold change of the protein. These three plots give a
good measure of the performance of the protein model in a simu-
lation, thereby giving insights about its residue placement, steric
clashes, and conformational stability. All of the plots were con-
structed using Xmgrace, the 2-D numerical value plotting tool. The
results are discussed protein-wise.

3.5.1. ArsR1

The RMSD plot of ArsR1 plateaus very early into the simulation,
at about 5ns. The RMSD values every 10 ps is never more than
0.7 nm. The RMSF values range between 0.1 nm at its least and
0.65nm at its most. The high values correspond to loop regions,
which is not unexpected. The helical regions show a consistent RMSF
of about 0.15-0.2 nm, which is not a high fluctuation value. The Rg
plot shows plateauing less than 5 ns into the simulation, after which
the difference between the radii of gyration does not exceed 1.5 nm.
All three are signs of good energy minimization, therefore deeming
100 ns simulation time sufficient (Supplementary Fig. S9).

3.5.2. ArsR2

The RMSD values for ArsR2 start at 0.6 nm, dip to 0.2 nm, and
then stabilize at 0.3 nm after 50 ns. But since the overall difference
between the maxima and minima of RMSD is just 0.4 nm, this range
is not of concerning significance. The loop regions show relatively
high residue fluctuation in this protein as well. But some of the re-
sidues in the helical regions flanking the loop regions also exhibit
some fluctuation. However, this fluctuation does not go above
0.5 nm, hence, it cannot be a reason for assuming a conformation
change. The Rg plot for ArsR2 begin at 1.6 nm, then averages at about
1.45 nm after 35 ns of simulation. These values made us confident
about the adequacy of 100ns simulation time (Supplementary
Fig. S9).

3.5.3. MPase
RMSD values were consistent at 0.3 nm. The RMSF values were,
expectedly, at the loop regions, and one helix (ag), which is
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punctuated by two highly fluctuating loop regions. Yet, the RMSF
values are maintained below 0.2 nm otherwise. The Rg values of this
protein are preserved in the range 1.75-1.8 nm, from the beginning
to the end of the simulation. These plots provide enough assurance
for 100 ns simulation time being enough to study the properties of
this protein (Supplementary Fig. S10).

3.54. ArsC2

The RMSD curve of ArsC2’s MD trajectory initially shows a fluc-
tuation range of 0.2 nm for the first 40 ns of the simulation, after
which the curve stabilizes at 0.3 nm. RMSF plot for this protein is
maintained low at less than 0.2 nm except at two loop regions and at
the termini, which is not unexpected. In the Rg plot, the values
fluctuate around a mean of about 1.525nm, and become nearly
constant in the second half of the simulation. These results show
that 100 ns of simulation time was enough for ArsC2 for proper
energy minimization, and for the protein to converge to a stabilized
structure (Supplementary Fig. S11).

3.5.5. ArsC3

The RMSD graph is almost constantly maintained at about
0.275 nm throughout all frames, except at 50 ns, where it is 0.4 nm,
indicating a slight conformational change, but not significant enough
to destabilize the protein structure. In ArsC3, just like ArsC2, the
RMSF values for the polypeptide residues is consistent at about
0.2 nm except the termini. The Rg plot shows consistency at close to
1.47 nm throughout the trajectory. There is a point of increased Rg
value at 50ns, but the trajectory falls back to the average im-
mediately, suggestive of a change in conformation, but one that
quickly switches back to the stable conformation. Therefore, 100 ns
was sufficient for ArsC3 to remove steric clashes, and stabilize its
behaviour in a simulation (Supplementary Fig. S11).

3.6. Arsenical efflux pump

arsB (NCBI Accession ID: OWL98586.1) is the fourth gene in the
ars gene cluster, encoding an arsenical efflux pump membrane
protein , referred to as ArsB in this manuscript. Robetta server, using
Comparative Modelling, predicted this protein to be a homodimer.
However, RoseTTAFold predicted it as a monomer. While the quality
of the model from RoseTTAFold is higher (0.83) than the model
obtained from comparative modeling (0.55), the templates used for
modeling in the latter have metal transporting function and the
biological assembly is a homodimer. Additionally, in Vibrio cholerae
ArsB’s homologs are seen to function as a multimeric transmem-
brane protein (PDB ids: 5ULD and 4F35) [73,74].

The median model structure (Model 3), validated using a
Ramachandran plot, reveals the presence of five residues in the
disallowed region of the plot. These five residues out of 870 residues
in total, Ile30 in Chain A, Ser163 in both chains, and 1le384 in both
chains. Since this number is only 0.7 % (less than 1 % residues, the
allowed threshold for number of residues that can be present in the
disallowed region), the model was deemed a confident one to take
up for further work, (Supplementary Fig. S12a and S12b).

TMHMM server [43] analyzed the amino acid sequence of the
homodimeric ArsB, and predicted the transmembrane residues of
the 12 o-helices of each monomer of this protein. Fig. 6A and B show
the front and top views of the protein, respectively, with its trans-
membrane helices labelled according to the predictions made by
TMHMM server. These residues are indicated in Table 1 along with
the transmembrane residues of Arsenical efflux pump ArsB of E. coli
for comparison. These residues were used as a reference to model
and place ArsB inside a lipid membrane using the CHARMM-GUI
Membrane Builder tool (Fig. 6C and D) [48].

The focus is mainly on the conformational change of the protein
in a lipid bilayer environment and not on the impact of the protein
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directly on the membrane curvature nor the effect of ionic strength.
If there are any conformational changes observed it would happen at
an early time in the MD simulation, hence 20 ns was deemed to be
sufficient to obtain the coordinates of ArsB. Additionally, the RMSD,
RMSF, and Rg plots of MD simulation of ArsB modelled plateau very
early in the simulation (at about 5 ns), reinforcing the sufficiency of
the simulation time (Supplementary Fig. S11).

A phylogenetic tree was constructed of arsenical membrane
pumps from all species of the genus Deinococcus, with ArsB of E. coli
as an outgroup, since that is the only known and the closest struc-
tural homolog (Fig. 6E and F). Analysis of the tree showed that ArsB
is highly similar to the arsenical pump membrane pump of D.
radiophilus (80.91 %), which is a radiation-resistant bacterium.
Structural superposition of ArsB was performed with ArsB of E. co-
li-the monomeric ArsB of E. coli exhibited high degree of closeness
with either monomer of the dimeric ArsB of D. indicus DR1 with a C-
a atoms RMSD of 4.90 A (Fig. 6G).

The Molecular Dynamics simulation trajectory of 20 ns was used
to analyse the curves for RMSD, RMSF, and Rg. The RMSD plot shows
the emergence of a plateau by around 2 ns, after which this plateau
is maintained well. The RMS fluctuation of the dimer residues shows
raised values for specific residues only, and it was found that these
residues belong to loop regions. Otherwise, the RMS fluctuation is
consistent at an average value of 3.44 A. In the graph of Rg against
time, the values are persistent at about 30.15 A after around 2.5 ns.
This continuance of values in all three plots made us confident of the
adequacy of the 20 ns simulation time.

Although literature has always recorded ArsB as a transmem-
brane o-helical protein, it has remained monomeric - there are no
records of an arsenical efflux pump that is dimeric or multimeric. On
the contrary, there are previous publications and evidences that
point towards other heavy metal anion transporters and drug efflux
pumps, such as cadmium efflux systems, and zinc removal operons,
that are dimeric and/or multimeric which are also shown to exhibit
high level of resistance to the chemical species they remove [75-77].
Establishing the homology between these proteins could reveal the
rationale behind the evolution of a dimeric protein and also help in
deducing its mechanism of action, which is yet to be elaborated.

3.7. Expression of arsenic resistance genes in D. indicus DR1

All the genes showed significant increase in expression both in
presence of 2.5 mM arsenate and 0.25 mM arsenite, suggesting that
both arsenate and arsenite can induce gene expression. A two-fold
increase in expression of all the three arsenate reductases were
observed in presence of arsenate (Fig. 7). arsB gene was also found to
be inducible by both arsenate and arsenite. Both arsR1 and arsR2 also
displayed significant increase in expression in presence of arsenate.
A fourfold increase in gene expression was observed for hypothetical
protein, indicating an important role of this gene in arsenic tolerance
in D. indicus DR1.

4. Discussion

The shared structural similarity between arsenate and phosphate
at neutral pH leads to the arsenate uptake via phosphate uptake
system. Though there is a specific pump for arsenite efflux, uptake of
arsenite is mediated via aquaglyceroporin due to the similarity be-
tween arsenite and glycerol at physiological pH. While the cells
cannot differentiate between arsenate and phosphate, the pre-
liminary response to avoid arsenic toxicity is the reduced uptake.
This is mediated via membrane bound respiratory arsenate re-
ductase (converts arsenate to arsenite) and respiratory arsenite
oxidase (converts arsenite to arsenate). Once arsenic enters the cells,
further arsenic toxicity is relieved by ars operon which transforms
arsenate to arsenite in cytosol (with the aid of cytosolic arsenate
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Fig. 6. : Arsenical Membrane Efflux Pump ArsB: ArsB, predicted to be a homodimeric a-helical protein, with its 12 helical chains labelled, and seen from the front (A) and from the
top (B). ArsB was modelled inside a lipid membrane, and is visualized from the front, with lipids in front of the protein sliced away in image (C), and from the top in image (D). (E)
Phylogenetic tree constructed with amino acid sequences of arsenical efflux pumps from all species in the genus Deinococcus. (F) A close-up of the section of the phylogenetic tree
highlighting ArsB of D. indicus DR1 using a red box. (G) Superposition of ArsB of D. indicus DR1 (green) to ArsB of E. coli (purple).
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Fig. 7. : Quantitative real-time PCR analysis of D. indicus DR1 cells induced with arsenate and arsenite. Bars show mean fold change (+/- standard deviation) over untreated.
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(OWL98583.1); arsR2, transcriptional regulator (OWL98588.1); arsB, arsenical efflux pump membrane protein (OWL98586.1); metallophosphatase family protein (OWL98584.1);

and hypothetical protein CBQ26_01570 (OWL98582.1).

reductase) and exports the more toxic arsenite from the cell. The
ubiquity of ars operon across different species signifies the need for
arsenic detoxification.

Three families of cytosolic arsenate reductase enzyme have been
identified so far. The first one known as Grx-linked arsenate re-
ductase utilizes glutaredoxin and reduced glutathione as reducing
equivalent for enzymatic activity. It is generally present in gram-
negative bacteria, such as Escherichia coli, Haemophilus influenza,
Yersinia enterocolitica, etc [78-80]. The eukaryotic arsenate reductase
identified in Saccharomyces cerevisiae also require glutaredoxin and
reduced glutathione as reductants [78]. The Trx-linked arsenate re-
ductase family is mostly found in gram positive bacteria. The well-
studied examples of this family include ArsCs of Staphylococcus
aureus, Bacillus subtilis, etc. [81-84]. They use thioredoxin as the
reducing equivalent. This family is related to the low molecular
weight protein-tyrosine phosphatases (LMW PTPases) family protein
[70]. Arsenate reductase of B. subtilis, S. aureus plasmid pI258 and T.
thermophilus HB27 can also display weak phosphatase activity
[66,70,85]. Recently, it was shown in T. thermophilus HB27 that both
arsenate and arsenite can inhibit the phosphatase activity through
non-competitive mode of inhibition [85]. Our results indicate that
both the arsenate reductases of ars gene cluster i.e., ArsC2 and ArsC3
of D. indicus belong to the LMW PTPases family protein and probably
utilize thioredoxin.

All the arsenate reductases, irrespective of families or organism,
perform the same function i.e., to convert arsenate, As(V) to arsenite,
As(III). Arsenate binding with the enzyme is inhibited by phosphate
as it is an analog of arsenate and inhibits the reduction of arsenate to
arsenite. It has been shown that phosphate competes with arsenate
for the active site in ArsC [22,86]. The translated gene products of
arsC2 and arsC3 share 39 % identity with each other, query coverage
being 91 %. It should be noted that the conserved active site sig-
nature sequence of phosphate binding loop (P-loop) in LMW PTPases
(Cys-X(5)-Arg-Ser) (where, X=any amino acid) [87], is present in
both ArsC2 (Cys-Thr-Gly-Asn-Thr-Ala-Arg-Ser) and ArsC3 (Cys-Thr-
His-Asn-Ser-Ala-Arg-Ser), indicating towards their phosphohy-
drolase potential. The role of cysteine in active site is to form a
covalent phosphoenzyme intermediate, which is further stabilized
by arginine [88]. Another role of this conserved cysteine with respect
to arsenate reductase feature is formation of thioester bond with
arsenate [79]. In S. aureus and B. subtilis arsenate reductase, the three
cysteine residues form a redox relay network [70,82]. The

530

structurally equivalent cysteine residues of S. aureus pI258 arsenate
reductase (Cys10, Cys82, and Cys89) [82] are Cys15, Cys87 and Cys94
in ArsC2; and Cys8, Cys84 and Cys91 in ArsC3.

In addition, it has been proposed that an aspartate residue in B.
subtilis (Asp-105) positioned close to the active site is conserved in
Gram-positive bacteria and LMW PTPases. It plays a key role in the
acid/base catalysis and stabilizes the enzyme-substrate complex by
acting as a general acid [70]. An aspartate residue close to the pair of
cysteine residues is also present in ArsC2 (Asp-110) and ArsC3 (Asp-
116), where it may play the same role. It forms a part of the con-
served D-P motif, crucial for phosphate binding. Based on the con-
served active site residues in LMW PTPases, and arsenate reductase
of other bacteria belonging to the LMW PTPases family, there is a
possibility that ArsC2 and ArsC3 of D. indicus can also bind phos-
phate. However, it further needs to be assessed whether ArsC2 and
ArsC3 can also display phosphatase activity in vitro.

The ArsR proteins belong to ArsR/SmtB family of transcriptional
regulators, which can bind to heavy metals such as cadmium, ar-
senic, lead, bismuth, zinc, cobalt, nickel, etc. [89]. The repressor
proteins have a helix-turn-helix DNA binding domain, metal binding
site and a dimerization domain, which is essential for the activity.
Binding of metal ions to the repressor leads to its dissociation from
the promoter/operator region of DNA due to helix-unwinding. In E.
coli ArsR, a single domain of nearly 80 amino acids is required for
DNA binding, dimerization and recognition of arsenite [90]. ArsR
functions mostly as a homodimer. Recently, AioF of Thiomonas ar-
senioxidans belonging to the ArsR/SmtB family was shown to have
the ability to form dimer and tetramer [91]. The cadmium and lead
sensing CmtR in M. tuberculosis can even form octamer under non-
reducing conditions and interact with multiple sites in the promoter
region [92]. Arsenite binding to the repressor has no effect on the
dimerization state. Metal binding produces a conformational change
that leads to the release of repressor from promoter/operator region.
It should be noted that the binding sites in ArsR/SmtB family pro-
teins can be present together in same monomer such as in AfArsR
protein from Acidithiobacillus ferrooxidans or distributed between
two different subunits, as seen in CgArsR repressor from Cor-
ynebacterium glutamicum [53], and CmtR repressor from Myco-
bacterium tuberculosis [92]. D. indicus DR1 has two arsenic
repressors, ArsR1 and ArsR2 that share only 37% sequence identity.
However, they both are phylogenetically closer to S. aureus cadmium
repressor CadC protein and C. glutamicum ArsR. The metal binding
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sites, dimerization, DNA binding region and residues crucial for re-
pression have been well characterized in CadC [55].

Both arsenic and cadmium bind to the repressor via cysteine
residues. The location of these cysteine resides can vary among
different organisms. In AfArsR of Acidithiobacillus ferrooxidans, the
three cysteines are located at 95, 96 and 102 position [93]. In E. coli
plasmid R773, Cys32, Cys34, and Cys37 of the CXCXXC domain
(where, X=any amino acid) interact with arsenite, AsIll+[17].
However, binding to only Cys32 and Cys34 facilitates de-repression
of the operon [94]. The conserved ELCV(C/G)D domain in ArsR re-
pressor located in the HTH region binds with metal [95]. However in
D. indicus DR1, this metal binding domain is present in ArsR2
(EHCVCDL), but not in ArsR1. ArsR1 (OWL98583.1) has four cysteine
residues at positions 32, 33, 40, and 42, which are a part of the
putative helix-turn-helix (HTH) region. In ArsR2 (OWL98588.1), the
residues are located at 34, 36, and 106 positions. Cys34 and Cys36
are part of the putative DNA binding domain. Note that the Cys106 is
also the last amino acid in the ArsR2 protein, located at the C-ter-
minus. Since vicinal cysteine residues are required for binding ar-
senite, there is a possibility that to complete the triad, the remaining
cysteine is contributed by another subunit of ArsR2 homodimer or
tetramer.

There are several bacteria which have more than one copy of ars
operon. The arrangement of genes and copies, operon regulation
varies hugely among different organisms. One such example is
Pseudomonas putida strain KT2440 [10]. It has two ars operons lo-
cated on the chromosome, likely to be the result of a duplication
event. The percent identity in amino acid sequence between
homologous proteins within the four genes operon (arsRBCH) ar-
rangement ranges from 73% to 87%. One interesting feature of this
organism is the crosstalk between ArsR1 and ArsR2 repressors,
which can bind to their promoters as well as the non-cognate pro-
moter. This bifan network model is another example of efficient
arsenic detoxification system in bacteria [10]. Further investigation
is required to reveal DNA binding properties of ArsR1 and ArsR2 and
their interactions in D. indicus DR1.

5. Conclusions

In this paper, we present computationally validated structures of
an entire arsenic resistance gene cluster and correlated them with
their functions. To our knowledge, the ars gene cluster’s structural
map for Deinococcus indicus DR1 is unknown, due to which the
metabolic pathway for arsenic tolerance is unclear. Specifically, for
D. indicus DR1 the structural mapping using RoseTTAFold, a deep
learning-based approach for structure prediction, along with com-
parative modeling sped the process of filling the knowledge-gap for
this organism.

Expression analysis via RT-qPCR showed that all the genes are
highly expressed in the presence of arsenic, indicating that the ar-
senic tolerance genes are working in synergy to metabolize arsenic
and enable the organism to thrive in toxic environments.
Specifically, ArsC is an oxidoreductase that reduces pentavalent ar-
senate to trivalent arsenite oxyanions which are then extruded from
the cell by the ArsB export system. Traditionally, arsenate reductases
contain a cysteine residue in their active site that carries out this
reduction. The lack of this residue in ArsC1 of D. indicus DR1, which
is thought to be imperative for enzyme interaction with the arsenic
anion, could be indicative of an alternate mechanism of enzyme
action. Previously studied arsenate reductases are known to gain
their reducing power from one of two cellular oxidoreductases -
glutaredoxin, usually found in gram negative bacteria, or thioredoxin
in gram positive bacteria. In a recent study, nine isofunctional groups
were identified based on the active site signature, in order to un-
derstand the proteins comprising the ArsC superfamily [96].
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Homology based analysis of the arsenate reductases from D. indicus
DR1 show structural similarity with that of E. coli and S. aureus in-
dicating that its reducing power likely derived from the thioredoxin
(Trx)-fold pathway. A study published in 2007 showed the crystal-
lized structure of ArsC with thioredoxin in Bacillus subtilis, and found
that other than the three main catalytic cysteine residues, Cys29 also
had a role in catalysis by forming disulphide bonds with both Cys32
and the active site Cys89. Such additional disulphide linkages seem
to help in better reaction progression [83]. Another study that de-
scribes the presence of additional buried disulphide linkages be-
tween non-active site cysteines and active site cysteines and this
interaction seems to help in selectivity of thioredoxin to resolve
disulphide linkages in the Trx-ArsC system, and also to bring the
oxidized ArsC to its native reduced state [84].

It has been observed that a conserved Asn13 residue is important
for the active site in Trx-linked ArsCs [97]. The structurally equiva-
lent residue for Asn13 in ArsC2 and ArsC3 is observed at the 18th
position and 11th position respectively. The behavior of this residue
was observed in MD simulations and was seen to stabilize the active
site in longer simulation times. This reinforces the observation that
ArsC2 and ArsC3 could belong to the Trx-family of arsenate re-
ductases.

In another study, the Trx-type arsenate reductase in
Corynebaterium glutamicum, uses not three, but just one cysteine
residue in its active site, but with a LMW PTPase fold, and a con-
served Asnll [98]. This enzyme could also serve as a link to un-
derstand arsenate reductases in bacteria better, and in turn, enable
us to elucidate the mechanisms of action of ArsC2 and ArsC3 of D.
indicus DR1. Additionally, the presence of multiple arsenate re-
ductases within the genome of D. indicus DR1 could account for its
high level of arsenic tolerance and may be a result of gene dupli-
cation or other evolutionary processes.

In conclusion, prevalence of arsenic in the natural environment
has led to evolution of arsenic detoxification system in different
organisms. The arsenic tolerance genes have been identified across
several bacterial species and a few of them have been employed for
biosensors and other industrial applications. D. indicus DR1 ars genes
are highly diverse in their sequence to each other as well as the
previously characterized proteins.

Further understanding of the gene cluster, corresponding protein
structure and gene regulation is required to shed light on the sur-
vival mechanism and to address the questions like how some bac-
teria can withstand high arsenic stress, despite having the same set
of homologous proteins. While the exact regulation between the ars
genes is still unclear, having validated structural models can shine
light onto the molecular mechanisms and future studies can be ex-
plored that take a systems-level approach to identify gene regulatory
mechanisms in the ars operon. Additionally, constraint-based mod-
eling such as Flux Balance Analysis or structural systems biology can
be explored with the models studied in this work as a starting point.
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