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ABSTRACT: An assortment of environmental matrices includes arsenic
(As) in its different oxidation states, which is often linked to concerns that
pose a threat to public health worldwide. The current difficulty lies in
addressing toxicological concerns and achieving sustained detoxification of
As. Multiple conventional degradation methods are accessible; however, they
are indeed labor-intensive, expensive, and reliant on prolonged laboratory
evaluations. Molecular interaction and atomic level degradation mechanisms
for enzyme-As exploration are, however, underexplored in those approaches.
A feasible approach in this case for tackling this accompanying concern of As
might be to cope with undertaking multivalent computational methodologies
and tools. This work aimed to provide molecular-level insight into the
enzyme-aided As degradation mechanism. AutoDock Vina, CABS-flex 2.0,
and Desmond high-performance molecular dynamics simulation (MDS) were
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utilized in the current investigation to simulate multivalent molecular processes on two protein sets: arsenate reductase (ArsC) and
laccase (LAC) corresponding arsenate (ART) and arsenite (AST), which served as model ligands to comprehend binding,
conformational, and energy attributes. The structural configurations of both proteins exhibited variability in flexibility and structure
framework within the range of 3.5—4.5 A. The LAC-ART complex exhibited the lowest calculated binding affinity, measuring —5.82
+ 0.01 kcal/mol. Meanwhile, active site residues ILE-200 and HIS-206 were demonstrated to engage in H-bonding with the ART
ligand. In contrast to ArsC, the ligand binding affinity of this bound complex was considerably greater. Additional validation of
docked complexes was carried out by deploying Desmond MDS of 100 ns to capture protein and ligand conformation behavior. The
system achieved stability during the 100 ns simulation run, as confirmed by the average P-L RMSD, which was ~1 A. As a
preliminary test of the enzyme’s ability to catalyze As species, corresponding computational insights might be advantageous for

bridging gaps and regulatory consideration.

1. INTRODUCTION

Arsenic (As) is a metalloid known for its toxic nature, which
has prompted significant interest among the scientific
community in recent years.l‘2 This interest stems from its
hazardous effects when it is present in environmental matrices.
An excess of water-soluble arsenate and/or arsenite salt
(permissible limit of 10 ug/L as recommended by the
WHO) in water has been proven to cause a number of
human health conditions.”* The concern about water resource
contamination has been documented in various countries
throughout the world.* Hence, it is necessary to improve the
appropriate technologies for the remediation of water
resources contaminated with As in a sustainable manner.
According to documented investigations, India and Bangladesh
have been identified as the countries most affected by the
reported incidents.’® Pentavalent-As, also known as As(+5),
or arsenate, and trivalent-As, also known as As(+3), or arsenite,
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are the two main valences (or oxidation states) found in
environmental matrices. There are three distinct types of As
that may be found in natural groundwater: trivalent-As,
pentavalent-As, or a mixture of both. Although all types of
As have the potential to be hazardous to human health,
trivalent-As is regarded as more detrimental than pentavalent-
As (https:// www.epa.gov/dwreginfo/chemical-contaminant-
rules). The toxicity of As hinders a wide variety of processes,
including the synthesis of ATP during oxidative phosphor-
ylation and many others.”™"* As may exert its toxicity by
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Figure 1. Schematic representation of the multivalent computational methodology flow that has been adopted in the computational study of

arsenic degradation mechanism.

inhibiting up to 200 enzymes; these enzymes are mostly
involved in cellular energy processes and DNA synthesis/
repair.'* As has been categorized as a human carcinogen
according to International Agency for Research on Cancer
(IARC) and the U.S. Environmental Protection Agency
(EPA). Numerous noncancerous consequences have also
been linked to an increased risk of chronic exposure to high
As concentrations.'” Inorganic arsenate (HAsO,7), a
molecular analog of phosphate (HPO,>”), is thought to
compete for phosphate anion transporters and replace
phosphate in various biological activities."* The removal of
As from polluted sites may be accomplished using
bioremediation, which is an eco-friendly and cost-effective
method. Numerous fungal species have proven the ability to
remove As, and accumulation by microorganisms has been
identified as a potentially cost-effective and environmentally
friendly remediation method. Aspergillus candidus, Phaeolus
schweinitzii, Fusarium oxysporum, Sinorhizobium meliloti, Neo-
sartorya fischeri, Trichoderma sp., Neocosmospora sp., Rhizopus
sp., and Paecilomyces sp. are among the fungal strains capable of
accumulation or biosorption of As from the environment."
Considering the multitude of heavy metal resistance
mechanisms and the documented efficacy of fungi in removing
As, it is likely that sites contaminated with As might contain
As-tolerant fungi that possess considerable potential for As
removal. In contrast to fungi, bacterial species are also
thoroughly investigated to screen As removal potential
including Bacillus, Acidithiobacillus, Deinococcus, Desulfitobacte-
rium, Pseudomonas, Enterobacter sp., Klebsiella pneumoniae,
Acinetobacter gandensis, and Delftiatsuruhatensis.'”'” Despite
the presence of several eco-friendly methods to perform As
removal, there is no complete molecular basis (i.e., catalytic
residues, chemical interactions between amino acids, and
corresponding ligands) for remediation known by such
enzymes. Even more, such methods are slow and time-
consuming. In light of this, a computational approach with
joint efforts might be advantageous in facilitating the
development of an environmentally friendly and highly
effective solution for coping with this obstacle. Furthermore,
this technique has the potential to more efliciently identify
alternative enzymes that could be used for the removal of As.
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Several computational studies have been conducted in recent
years to get insight into the As degradation process employing
a variety of proteins or peptides.”'*™*" Such computational
techniques featuring molecular docking and molecular
dynamics simulation (MDS) have drawn significant attention
in the domain of sustainable remediation of a variety of
pollutants from environmental matrices including As.”' 7>° The
aforementioned techniques exhibit not only high efficiency but
also the potential to strengthen the degradation of recalcitrant
pollutants through the prediction of their degradability using
either a single potential enzyme or a combination thereof. To
accomplish the degradation assay with joint technological
efforts, conventional experimental approaches must be
employed.””*® Arsenite oxidase and arsenate reductase from
microorganisms are two enzymes that have been investigated
for a long time owing to potential applications in conventional
remediation. From a structural perspective of proteins, arsenite
oxidase protein (PDB ID: 4AAY) from Rhizobium species
strain NT-26 comprises a total of 1020 residues dispersed in
eight chains to form a protein complex.” Likewise, arsenate
reductase (1JZW) from Escherichia coli has just 140 residues in
a single chain.’” The diversity of amino acid residues and the
architectural configuration of proteins in the form of a
secondary structure play a vital part in As species binding
and catalysis within an optimal environment.'® However, it is
feasible that similar homologous protein species have the
capability to bind to various As species and potentially have a
significant impact on the remediation of these distinct As
species. In this context, the presented study utilized two
different bacterial enzymes, namely, (1) laccase from
Streptomyces coelicolor origin and (2) arsenate reductase from
Rhizobium radiobacter. Since both enzymes have not been
deployed in the computational study of the As binding
mechanism, in an attempt to fill this research gap, protein
structural dynamics and flexibility modeling along with docking
and MDS were conducted dedicated to binding behavior by
deploying the CABS-flex 2.0 web server, AutoDock Vina
(1.2.0), and Desmond software.'”*'~** In addition, chemical
interactions of bacterial enzymes corresponding to As species
as ligands (arsenate and arsenite) were evaluated using
molecular docking and high-performance MDS to capture
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Table 1. Chemical Characteristics of Arsenic Model Compounds with Different Parameter Attributes

Ligand Structure Chemical Atomic SMILES
(arsenic model representation mass
compound)
Arsenate 0 HAsOs* 138919 au | [O-][As](=O)([O-])[O-]
(ART) 1
” A S ~ -
HO ' O
Arsenite (AST) 0. o AsOs* 125.944 au [O-][As]([O-DIO-]
~ ”
As
I -
0

the protein—ligand conformational behavior over a time period
of 100 ns as a way to comprehend the degradation mechanism.
The results obtained from comparative analyses reveal that
laccase exhibits a greater affinity for As binding. This
characteristic makes it potentially applicable as an environ-
mentally sustainable scale-up solution for the remediation of
As model compounds.

2. METHODOLOGY FLOW

Multivalent computational methodology was deployed in the
presented study, as depicted in Figure 1.

2.1. Preparation of Proteins for Computational
Analyses. A set of two enzymes was used in this study,
namely, (1) arsenate reductase (ArsC) and (2) laccase (LAC).
The protein sequence of ArsC (AOAOF4FWW?7) from R.
radiobacter in FASTA format was retrieved from UniProt
(https://www.uniprot.org/).”* Meanwhile, the LAC (PDB:
3CG8) crystal structure from S. coelicolor was retrieved from
Protein Data Bank (https:/ /www.rcsb.org).35’36 Both bacterial
enzymes belong to the oxidoreductase family and have been
less studied in the computational study of As remediation;
therefore, they were picked for possible catalytic action against
As model compounds. The protein FASTA sequence of ArsC
was further deployed in homology modeling to obtain a
protein model employing the SWISS-MODEL web server
(https://swissmodel.expasy.org).”” Both protein models were
kept in a single oligomer form by eliminating water molecules
and other ligands from their native structures.

2.2. Comparative Structural Analyses and Flexibility
Modeling. Comparative structural analyses for determining
the difference in the structural architect of both selected
enzymes were undertaken by deploying UCSF ChimeraX.*®
Structural differences dedicated to superimposition within the
2 A RMSD cutoff value were implemented to get structural
insight into both enzymes (ArsC and LAC). The most
prevalent feature of proteins is their adaptability to environ-
mental changes, ligand binding, and chemical variations.
Changes to a protein’s flexibility may affect its ability to
perform its native or wild function.” Large-scale protein
conformational changes for both the aforementioned proteins
were performed by implementing the CABS-flex 2.0 web server
resource (http://biocomp.chem.uw.edu.pl/CABSflex2).** All-
atomic molecular dynamics, a common approach for
simulating proteins, is replaced with the computationally
eficient CABS-flex model. The CABS-flex simulation
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approaches depend on the data methodology based on
molecular dynamics simulation.

2.3. Arsenic Model Compound Selection and Opti-
mization for Ligands. Two model compounds of As that
have been previously documented were chosen: arsenate
(HAsO,*") and arsenite (AsO;*”), which are both the most
widely encountered forms of As on a global scale owing to
their toxic attributes.” Protein Data Bank was accessed for the
retrieval of three-dimensional structures of arsenate (ART)
(https://www3.rcsb.org/ligand/ART) and arsenite (AST)
(https:/ /Www3.rcsb.org/ligand/AST).35 Optimizations of the
structural geometrical aspects, charges, hydrogen, and other
fundamental factors were carried out to ensure the accuracy
and attainment of the ligand as ART and AST for subsequent
docking and MDS-based robust assessments (Table 1).

2.4. Molecular Docking Analyses. Deployment of
refined ArsC and LAC in docking for accessing the binding
affinity with As models was carried out by exploiting AutoDock
Vina (v.1.2.0).”> Docking was performed on ligands, which
were optimized and prepared as ART and AST. Using Auto
Dock Tool (ADT), both ligands were docked separately once
the grid coordinate size around the receptor (ArsC and LAC)
was specified.”’ Several important parameters, such as polar
hydrogen, unified atom Kollman charges (default), solvation
parameters, and fragmental volume utilizing ADT, were
assigned to the receptors.”’ Using the Auto Grid and the
grid box, a grid map with appropriate dimensions with
appropriate grid spacing was also defined. The structure makes
it possible to reduce the number of computational
computations by making use of predetermined grid scores
derived from the ligand. An iterated local search global
optimizer is a tool that AutoDock/Vina uses rather often. After
the initial configuration of the essential parameters, the
receptor molecule was converted into a macromolecule and
saved in PDBQT format.*’ The local microenvironment and
pH, both of which were predetermined before docking, have
an effect on the protonation states of amino acids, including
Arg, Lys, Tyr, Cys, His, and Glu. Throughout the entirety of
the docking operation, both the protein and ligands were
considered to be rigid. A positional root-mean-square deviation
(RMSD) of less than 1.0 was clustered together, and the result
with the most favorable free binding energy was chosen to
represent it. With the help of the AutoDock Vina scoring
method, we were able to predict that ligand-binding affinities
would result in negative Gibbs free energy (G) scores (kcal/
mol).*""** The rankings of the AutoDock results are dominated
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by the highest negative binding free energies and the
corresponding RMSD values that originate from the
experimentally determined binding sites. Vina exhibits the
binding energies, indicating that the top-ranking binding free
energy consistently corresponds to an RMSD value of 0.* The
best-fitting (surface) ligand in the pose with the lowest binding
energy or affinity was rendered and captured for further
binding attribute investigation.

2.5. Postdocking Assessment for Leveraging the
Degradation Mechanism. Each docked complex was
investigated for its optimal (2D) interaction pose, which
included ligand fitting at the active site and displayed the
occurred bonding sorts that appeared among active site
residues of ArsC and LAC. Each docked complex’s protein—
ligand interaction, prospective bond contracts, and optimal
pose were portrayed using a combination of the molecular
visualization tools PyMOL (version 2.2.3) and BIOVIA
Discovery Studio Visualizer (BIOVIA, Dassault Systémes
v20.1.0.19295). 4+

2.6. Molecular Dynamics Simulation for Unraveling
the Binding Behavior of Enzyme-Arsenic Models. The
behavior of protein—ligand interactions in a specified build
system can be observed and analyzed in real time by using
trajectory analyses. By calculating the energy of the system and
a few other parameters, important insights into catalytic
behavior can be obtained. For capturing the behavior of each
docked complex, 100 ns MDS was conducted deploying high-
performance molecular dynamics simulation Desmond (Schro-
dinger v2019-1 (Maestro v11.9 and Desmond vS.7, Schrd-
dinger, LLC, and New York-2). The OPLS3 integrated force
field was included (Optimized Potentials for Liquid Simu-
lations).**® Along with specifying the specific parameters, a
specific model system (NPT) was built using a system builder
wizard for a simulation run of 100 ns.*” In addition, the startup
mechanism was designed with the SPC (simple point charge)
and water as a solvent within the periodic boundary condition
of the cubic box (10 A X 10 A X 10 A) for the sophisticated
concern complex also built. Further, the system energy was
minimized, and Na*,Cl™ salt in a specific concentration was
also added. Such a built system was set for a simulation run of
100 ns, also initiated under the NPT ensemble, where 300 K
temperature was maintained by the Berendsen thermostat
algorithm and 1 ATM pressure bar by the Berendsen barostat
algorithm throughout the simulation process.** Coulombic
interactions were analyzed using the smooth particle mesh
Ewald method with a cutoff of 9.0 A distance by implementing
the SHAKE algorithm.”® Output parameters were set for
output report generation concerning Ca-ligand, P-L RMSD, P-
L contacts, and so on. A 100 ns trajectory of protein (Ca) and
ligand interactions was captured to analyze protein and ligand
activity during a 100 ns simulation run.

2.7. Molecular Mechanics and Binding Energy
Assessment with Prime Molecular Mechanics-General-
ized Born Surface Area (MMGBSA) Calculations. The
MMGBSA strategy utilizes molecular mechanics, the general-
ized Born model, and the solvent accessibility method to
extract free energies from structural information, hence
avoiding the computational intricacies of free energy
simulations.””*” A physical-based MMGBSA technique was
employed to compute ligand-binding energies using the Prime
module in Schrodinger (Schrodinger v2019-1, Maestro
v11.9).>>* MMGBSA techniques are often used to estimate
the free energies of biological macromolecules when they are
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bound to small ligands. The approach was adopted for both
the docked complexes and structures extracted at regular time
intervals in MDSs. These methods are frequently utilized for
calculating the free binding energy as determined by the
following equation:

DG bind = EComplex - ELigand - EReceptor
where Ecomplen ELiginds a0d Egeceptor are the calculated energies,
performed in Prime MM-GBSA of the optimized complex
(complex), optimized free ligand (ligand), and optimized free
receptor (receptor). In the calculations, the OPLS2.1/3/3e
force field and VSGB2.1 GB model were applied.

2.8. Principal Component Analysis (PCA). The
trajectory files produced by the MDSs include a substantial
volume of data that assisted in the comprehension of the
significant influences on protein motion. A covariance matrix
comprising the coordinates of all Ca atoms was utilized for
calculating the eigenvectors and eigenvalues for the protein
systems and protein—ligand complexes.”> The primary
objective of principal component analysis (PCA) is to simplify
dynamic data, identify patterns of movement among atoms of a
protein, and extract collective movements. The PCA analysis
was conducted during the 100 ns simulation by storing
snapshots every 1 ps. The essential collective motions of
proteins, both with and without ligands, were captured by
covariance matrices consisting of Car atoms. The relationship
between statistically significant conformations (i.e., significant
global movements) throughout the trajectory was determined
by computing the PC. Correlated motions between two Ca
atoms are denoted by positive entries in the covariance matrix,
whereas anticorrelated motion is denoted by a negative sign.
PCA was extensively employed as a statistical technique to
reduce the dimensionality of molecular dynamics simulation
data and to identify the dominant modes of molecular motion.
For the purpose of determining the protein’s motion, the initial
two eigenvectors (PC1 and PC2) of the maximal motions were
obtained via projection. An eigenvector and eigenvalue were
assigned to each prime movement.”* The eigenvalue denoted
the contribution of a particular component to the overall
motion of the complex, while the eigenvector denoted the
direction of motion.>” Utilizing the simulation trajectories, the
dynamic motion of the system’s atoms was computed to
examine the conformational differences that occurred through-
out the simulation.’®> PCA analysis was carried out by
implementing the Bio3D package.”®

3. RESULTS

3.1. Preparation of Proteins for Computational
Analyses. Only the ArsC model was built in automated
mode by using standard parameters. This model was
constructed by using the FASTA sequence obtained from
UniProt. The SWISS-MODEL workspace provides access to
experimental 3D structures that may be used to build
straightforward to complicated protein homology models.
The investigation focused on a majority of query proteins that
displayed well-defined three-dimensional structures, accom-
panied by inherent parameters for structural assessment (Table
2). The ArsC model was built with a sequence identity of
82.39% in a monomer state with a GMQE value of 0.95. A few
vital parameters were obtained for each built model as
MolProbity Score (0.77), Ramachandran Favored (98.57%),
Ramachandran Outliers (0.00%), Rotamer Outliers (0.00%),
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Table 2. Comparative Modeling-Derived Detailed
Parameters of Arsenate Reductase

parameter arsenate reductase

MolProbity Score 0.77
Ramachandran 98.57%

Favored
Ramachandran 0.00%

Outliers
Rotamer Outliers 0.00%
Bad Bonds 0/1119
Bad Angles 4/1521 ASS THR, A9 HIS, (A65 THR-A66 PRO),

Al1S ASP

Bad Bonds (0/1119), Bad Angles (4/1521ASS THR, A9 HIS,
(A65 THR-A66 PRO), A11S ASP), etc. The protein model
constructed exhibits no errors in its geometrical coordinates
and demonstrates a high level of accuracy concerning the built
model derived from its primary sequence. The constructed
protein model with key parameters is portrayed in Figure 2.
3.2. Comparative Structural Analyses and Flexibility
Modeling. The UCSF ChimeraX program was used to
compare and contrast the structural similarities to the
corresponding amino acid residues. Both structures were
determined to have RMSD distance that was more than or
equal to the iteration cutoff value of 2.0. Similar potential
binding activity of both enzymes was measured; however,
significantly different structural activity was observed. Figure 3
portrays the results of a superimposed structural comparison of

both potential enzymes involved in As model binding. Protein
flexibility modeling offers insight into fluctuations among
residing residues within a time frame. Each refined protein
model was examined by selecting the default parameters. LAC
exhibited comparatively higher fluctuations than ArsC.
Flexibility fluctuation was measured comparatively higher in
LAC within the range of RMSD [A] values of 0.7—4.5.
Significantly higher fluctuations were measured in residues 141
(4.5 A), 251 (3.5 A), and 313 (3.5 A) in LAC. The far lowest
fluctuation was measured in ArsC within the highest RMSD
[A] value of 3.6. Residue 74 was measured for the highest peak
of fluctuation in ArsC. Comparative flexibility modeling plots
of both proteins are portrayed in Figure 4.

3.3. Molecular Docking Analyses for Leveraging the
Degradation Mechanism. Docking is the most reliable
computational approach in the virtual screening of proteins
and ligand binding for concluding the degradation mechanism,
and it is often employed in finding the best conformational
state for protein—ligand interaction. Among the attributes
designated for docking are its lowest-binding-energy con-
formations for enzyme pollutants, binding orientation, binding
pose, and binding energy scores. A theoretical assessment of
degradation reliability might be accomplished with the
aforementioned findings. Docking investigations were carried
out on the prepared-for-usage proteins ArsC and LAC using As
model compounds, yielding accurate binding affinities and the
best conformations for each protein—ligand complex. The
binding energy scores and interaction types of docked
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Figure 3. Structural analyses of potential oxidoreductase enzymes. Superimposed analyses exhibited that both are not aligned within the cutoff
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Arsenate reductase

Figure 4. Protein flexibility modeling of arsenate reductase (upper panel) and laccase (bottom panel) has depicted a single model and top 10
imposed models with a residue fluctuation plot. Laccase can be observed for comparatively high fluctuation peaks. (A) Single model. (B) Ten
superimposed models. (C) Fluctuation plot.

complexes exhibited significant dissimilarities with respect to
site-specific residues. The top lowest binding affinity/energy
score was noted for the LAC + ART complex with a binding
energy score of —5.82 + 0.01 kcal/mol, while a higher value
was observed for the ArsC + AST complex as —3.82 + 0.02
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kcal/mol. The docked complex LAC + ART was found to
involve the interaction of the active site amino acid residues,
including ILE-200 and HIS-206. The docked complex ArsC +
AST was found to involve the interaction of the active site
amino acid residues, including THR-15, ASN-18, and SER-
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110. The detailed comparative docking results are listed in
Table 3. Most common active site residues of selected proteins

Table 3. Docking Assessment of Arsenate Reductase and
Laccase with Corresponding Ligands (ART and AST)

MMGBSA
Binding prime
S. Docked affinity (mean energy H-bond
NO. complex + 8D, n=3) (kcal/mol) interactions

1 ArsC + ART —4.34 + 0.06 —4597.42  THR-1S, ASN-18,
SER-110(2), and
LYS-127

2 ArsC + AST —3.82 + 0.02 —4727.23  THR-1S, ASN-18,
and SER-110(2)

3 LAC + ART —5.82 + 0.01 —8952.15  ILE-200 and HIS-
206

4 LAC + AST —5.08 + 0.01 —8866.57  ILE-200(2), ARG-

203, LYS-204,
THR-207, GLY-
208, and GLY-297

corresponding to As ligands are portrayed in Figures S and 6,
respectively. A comparative binding affinity plot is depicted in
Figure 7. MMGBSA analyses also were performed for all four
simulated complexes. Prime energy (kcal/mol), apparently
referred to as complex energy, was calculated (Table 3) from
the zero trajectory frame to 3336.

3.4. Molecular Dynamics Simulation Event Analyses.
3.4.1. Protein—Ligand RMSD Investigation. MDS is one of

the most robust computational tools to investigate protein—
ligand binding properties in multiple conformations. Binding
orientation, binding pose, and binding energy scores are
among the key aspects of MDS that are essential for achieving
a stable state in the lowest binding energy conformations. All
docked complexes were subjected to a 100 ns Desmond-
assisted simulation to capture real-time protein—ligand binding
conformational and fluctuation shifts. Significant protein—
ligand changes, ligand conformations at the active sites of ArsC
and LAC, energy score, and equilibrium state all were
monitored during the simulation run. The protein—ligand
trajectory’s RMSD was investigated using simulation quality
analysis (SQA), simulation event analysis (SEA), and
simulation interaction diagram (SID), as well as protein
root-mean-square fluctuation (RMSF) utilizing DESMOND
postsimulation analyses. The robustness and stability of the
docked complex were therefore evaluated and assessed from
MDS. The LAC—AST complex was the only complex not
observed sustaining a stable and equilibrium state during the
simulation (Figure 7D). From the beginning of the simulation
(~10 ns), the protein backbone (Car) of LAC—AST could not
achieve a stable state. Nevertheless, the backbone (Ca)
became equilibrated from the beginning of the simulation for
all complexes (except LAC—AST) with an average mean
RMSD value in the range of 1.99—2.29 A. Figure 8 depicts the
comparative protein—ligand RMSD plot over 100 ns. For small
globular proteins, changes in the range of 1—3 A are entirely

Ser 11O(A)

ART

o AST

1 '/ \. O

—Pro 109(A)

I'hr 15(A)

Asn I18(A)

Figure 5. Docking assessment of arsenate reductase and arsenic model compounds. Arsenate reductase and arsenate (ART) are portrayed in the
left (A) panel, while arsenate reductase and arsenite (AST) are portrayed in the right panel (B). The upper panel displays a 3D surface view
containing corresponding ligands and labeled interacting residues, while the bottom panel displays the 2D interaction of protein and corresponding

ligands with hydrogen bonds.

https://doi.org/10.1021/acsomega.3c06313
ACS Omega 2024, 9, 7529-7544


https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 6. Docking assessment of laccase and arsenic model compounds. Laccase and arsenate (ART) are portrayed in the left (A) panel, while
Laccase and arsenite (AST) are portrayed in the right panel (B). The upper panel displays a 3D surface view containing corresponding ligands and
labeled interacting residues, while the bottom panel displays a 2D interaction of protein and corresponding ligands with hydrogen bonds.
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Figure 7. Docking assessment of docked complexes with comparative binding affinity. The far lowest binding affinity can be observed for the
LAC—ART complex while comparatively higher for the ArsC—AST complex.

acceptable. Variations much larger than that, however, imply
that the protein underwent considerable conformational
changes throughout the simulation period.

3.4.2. Protein—Ligand Interactions. During the simulation,
interactions between the protein and the ligand were
monitored. During protein—ligand contact of the ArsC—ART
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complex (Figure 9A), residue LYS-127 was noted for making
H-bond- and ionic-type interactions, and SER-110, GLU-111,
and ASP-129 were noted to make ionic interactions in large
fraction corresponding to ART. Similarly, ArsC—AST ex-
hibited only H-bond- and water bridge-type interactions in
large fraction and lacked ionic interaction. Residue ARG-203
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Figure 8. Protein—ligand RMSD plots of a 100 ns simulation. (A) Arsenate reductase and arsenate complex (ART). (B) Arsenate reductase and
arsenite complex (AST). (C) Laccase and arsenate complex (ART). (D) Laccase and arsenite complex (AST). All complexes seem to be at an
equilibrium state at the end of the simulation except complex D. However, complex D exhibited a stable state initially and was subsequently found

to be not in an equilibrium state until 100 ns of simulation.

in the LAC—ART complex (Figure 9C) was noticed to form a
H-bond and ionic-type contact in large fraction, while the
other residues VAL-74, ASN-201, and ASP-210 were reported
to form ionic- and water bridge-type interactions. Similarly,
ArsC—AST exhibited only H-bond- and water bridge-type
interactions and lacked ionic interaction (Figure 9B). Residues
ILE-200, ARG-203, HIS-206, THR-207, GLY-208, GLY-297,
and VAL-299 were involved in H-bond-type interaction, while
MET-198, GLY-208, MET-296, GLY-297, and VAL-299 were
involved in water bridge contact either completely or partially
in the LAC—AST complex (Figure 9D).

3.4.3. Radius of Gyration (rGyr). The extendedness of a
ligand is measured in rGyr, which is equal to its primary
moment of inertia. It serves as a measure of how compact the
protein structure is. It investigates how regular secondary
structures can be compactly packed into the three-dimensional
structure of protein. Potential modifications in the folding and
conformation of the proteins (LAC and ArsC) under
investigation were ascertained through calculation of the
compactness measure. The average rGyr values of 3336
trajectories were measured post simulation as 0.991, 1.054,
0.966, and 1.055 A for Arc-ART, Arc-AST, LAC—ART, and
LAC—AST, respectively, implying that regular secondary
structures are compactly packed into the 3D structure of
protein.

3.4.4. System Energy Analyses. System energy was further
evaluated for the postsimulation energy calculations. Among all
simulated complexes, postsimulation energy was analyzed for
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each complex. An average potential energy of —68,204.655
kcal/mol was calculated as for the ArsC—ART complex, while
it was calculated as —67,278.740 kcal/mol for the ArsC—AST
complex. Comparatively variable P_E scores were noted for
LAC—ART (—123,612.351 kcal/mol) and LAC—AST
(—122,694.773 kcal/mol).

3.5. Principal Component Analysis (PCA). Eigenvalue
rank and PC1 versus PC2 and PC1 versus PC3 PCA analyses
were conducted within the proteins that correspond to the
bound ligands. ArsC proteins in the investigated system served
to emphasize the variations in the collective motion of LAC.
The initial three principal components (PC1, PC2, and PC3)
of PCA are designed to account for the majority of the
variability present in the initial distribution of conformational
sets within molecules. CA reported that the initial three PCs
accounted for 31.28, 9.19, and 31.28%, respectively, of the
movement variance observed in the ArsC—ART trajectories.
The value of ArsC—AST was variable (Figure 10). Similarly,
17.66, 10.33, and 17.66% of the movement variance observed
in the trajectories were accounted for by LAC—ART. In
contrast, the values of LAC—ART were likewise diverse
(Figure 10). Throughout the 100 ns MDS, the computed
conformations in each system were dynamic and fluctuated,
eventually stabilizing in a dominant state. ArsC and LAC
proteins underwent dissimilar conformational changes in
response to the ligand, which corresponded to the alignment
of their respective structures. The considerable dispersion of
data points along PC1 in comparison to PC2 indicates that
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Figure 9. Protein—ligand contact plots of all simulated compounds comprising the specific types of interactions. H-bond-, ionic-, and water bridge-
type interactions are the key contacts that occur during simulation. Panels (A)—(D) represent the arsenate reductase and arsenate complex (ART),
arsenate reductase and arsenite complex (AST), laccase and arsenate complex (ART), and laccase and arsenite complex (AST), respectively. No
ionic interactions were noticed in the laccase—arsenite (AST) complex (D).

PC1 is the position of a preponderant motion or conforma-
tional change within the system. The reduced spread along
PC2 suggests that the motion captured by PC2 is slightly
significant but nevertheless noticeable. Comparative to the
complexes of ArsC and LAC, the other complexes exhibit a
negative correlation in a comparable region that is less intense.
Similarly, the anticorrelation movements of the native proteins
in the same regions tend to be negligible. Conversely, all
systems exhibit a positive correlation (emphasis in red
outlines), although with a comparatively smaller magnitude
in the LAC—ART complex. Comparative analysis of the
complexes reveals variations in the movement of protein
residues, indicating that the ligand interaction influences the
residue movements. A PCA derived from MDS primarily
reveals the changes in the protein trajectory. The eigenvectors,
which represent the overall atomic motion, and eigenvalues,
which indicate the atomic contribution to each movement, are
computed to gain a more comprehensive understanding of the
structural and conformational changes induced by the ligands
in ArsC and LAC.

The position of a residue indicates its individual
contribution to PCl. Prominent protein regions that
substantially contribute to the dominant motion detected by
PC1 may be observed by sharp peaks or trends in the plot. The
significant rise in the plot’s end tails indicates that the terminal
residues contribute more to PCI, which might be related to
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higher flexibility at the protein’s ends. All complexes exhibited
sharp peaks of residue motion, as shown in the color-coded
plot (Figure 11). RMSF vs residue location analysis revealed
differences in each bound complex. The flexibility of each
residue along the trajectory is depicted in the RMSF plot
(Figure 12). Comparatively higher RMSF values indicate
greater flexibility in the simulation for the ArsC—ART
complex, while the LAC—AST complex exhibited the lowest
RMSEF value. Proteins typically contain significant flexibility at
their termini, as indicated by the sharp rise in RMSF at
terminal residues, particularly near the C terminus (right side
of the plot). Additionally, RMSF peaks may signify regions that
are not well structured, contain flexible loops, or are engaged in
binding interactions with the ligand or other molecules.

4. DISCUSSION

An increasing number of individuals are at risk for developing
cancer and other As-related illnesses due to chronic exposure
to As from groundwater, which has been identified as a major
environmental health hazard on a global scale. The extent and
severity of health problems that it triggers, the potential for
human exposure, and its environmental prevalence all
contribute to its detrimental effects. It is probable that
trivalent-As species engage in a mechanism of action involving
sulthydryl groups present in proteins as a way to induce
toxicity. The conformation and function of a protein, in

https://doi.org/10.1021/acsomega.3c06313
ACS Omega 2024, 9, 7529-7544


https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06313?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

.. '.
2 0.\1 * e C) "
_ . ® . _ . v 7o
§ o - P ) v\‘ R w4 .:? e 'o.té g
€ o an.* ..'_{ .-: f & .‘o'r » 'o. ERXS 5 °©
e - - . >
& ;] - :':o.. * AL N ") e !-.' - :. 8
1% . g 0
& .'.o" o ous e & -f.rg'... a %
4 ° 1 e
e 3 0 . e
T T o T T T T
15 S 0 5 10 10 5 0 5
PC1 (31.28%) PC3 (9.19%)
wn
R A DL —
5 .. 5 .3 * |8
o
o 1 " 8% [T S =
T e 2 " = S| =
S IR
O v J_*¢ - [s] .
o v ° o v . s L a
T T 17711 | | | |
15 5 5 -10 0 5
PC1 (22.7%) PC3 (10.22%)
=] - . c 4
- 9 Y o o - . . - L e
) TR S BRPAK U
L o 4%+ .t.b ﬁ' - ‘-'.q.l;" 5 ’
R N S - B N g -
g el ¢ i §ed  w 3 @
a r a J P 8 &
. ™ . =
T ~.. 8 o ' ;
& . . LA 2
T T T T Ll L] L T T T r
-10 0 10 20 15 10 5§ 0 5 10
PC1 (17.66%) PC3(10.33%)
2 o . e 4 ® - o e
_ o ) l;.:. _ e '..0: e
§ o « ™ " § o D 4 £ o
o © e ‘ =h - . o °o A o -:u‘:“ ..‘ g
~ Ve gt ~ '..-'-'.'-' = g e
o v oo o w» . -
o . -.l ‘ “ .’ N N "‘:'.‘:.. ¢
e - : . L e ] ...'v 2
* T T T T - T T T T T
20 <10 0 10 2 20 10 0 5 10
PC1 (20.26%) PC3 (8.39%)

. i -1
o Sagn, £ ° =
T ..."o-- i g o«
ol o5 <
e, . ‘. e é S . 481 s
LI Y TOF) - O
. e®e b g ® k] w
¥ ] .. L5
U e § g4 A\ <
e e g E 4
. . .
{ . . £ o]
T T T T T 7 bl
-15 5 0 5 10 1 4 7 20
PC1 (31.28%) Eigenvalue Rank
- ~
Q .
L]
o g g
0 - - - % E
o - & > ~N g
4 *esc © 2
°
o I# il B =
v - 5 2 4
T T T §' S T T
15 5 5 g 16 20
PC1 (22.7%) Eigenvalue Rank
~ - " _ B 7.7
4 & s G £ 24 V3
e0a e oy . g - -
-.'? H “ .0. . g < -]
. o r} . ; €7 Q4 <l
L] . - 5 o 9.7 U
. el . g o
o .6 s
- } .’ g <]
N e o
- . S “rrrrrrrr T
T T T T
10 0 10 20 e ®
PC1(17.66%) . e ok
©
] . = = 8 203
. ,22" by -
41 e .*? 2
1=k |, 2
MR W A g o= <
- "o ¥ o » i
1.5 Sl § o d Ndes g
. ©
] B £ 2 5
g )
N . a o | e beved
T 2 - . - TTTTTTTT T
2 10 0 10 20 147 2
PC1 (20.26%) Eigenvalue Rank

Figure 10. Simple clustering in the PC subspace. Plots have been drawn for the ArsC and LAC complex. According to the first three main
components, the scatter plots show how each frame from the MDS is distributed out. The substantial proportion of variance captured by PC1
(49.01%) suggests that this element effectively captures the majority of the motion within the system itself. Consistent with the fact that subsequent
PCs capture progressively less motion, PC2 and PC3 explain considerably less variance (8.15 and 8.31%, respectively). A wide dispersion of data
points along PC1 in the PC1 versus PC2 scatter plot indicates that PC1 is the site of the system’s predominant motion or conformational change. A
smaller spread is observed along PC2, suggesting that the motion caught by PC2 is less substantial but still noteworthy. The proportion of variance
explained by each principal component is displayed on the eigenvalue rank plot.

addition to its ability to recruit and interact with other
functional proteins, may be modified by binding of As to the
targeted protein. As(III) and As(V) are examples of
pentavalent species that are frequently found throughout the
environment and are known to have impact on human
health.’”*® Several bacteria, such as R. radiobacter, Acid-
othiobacillus ferrooxidans, Enterobacter sp., and Klebsiella, have
undergone thorough investigation into their proteins asso-
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ciated with As reduction.'”'”*® Nevertheless, the detailed
atomic-level molecular mechanisms of proteins engaged in the
degradation of As are not extensively known despite the
employing of computational approaches. Nevertheless, these
obstacles may be overcome through the intelligent application
of computational techniques. Therefore, this study aimed to
investigate the binding mechanism and chemical interactions
of two model compounds, ART and AST, with two potential
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Figure 11. Cross-correlation map for MDS for ArsC and LAC. The region of dark blue rectangles includes residues of greater variability, both
positive and negative, respectively. This plot likely represents the contribution of each residue to PC1. Sharp peaks or trends in the plot may
indicate regions of the protein that contribute significantly to the dominant motion captured by PC1. The end tails of the plot, showing a steep
increase, suggest that the terminal residues contribute more to PC1, which could be due to increased flexibility at the protein’s ends.

oxidoreductases (ArsC and LAC) employing docking and
high-performance MDS. Structure and flexibility investigations
revealed that proteins with similar functions carried very
distinct structure and flexibility characteristics. The super-
imposed investigation (2 A) of ArsC and LAC revealed that
both structural architects are entirely different within 2 A of
RMSD. In its original structure, LAC possessed a more
pronounced beta component, while ArsC exhibited a larger
abundance of helix component. Similarly, protein flexibility
peaks were found to be greater in LAC and somewhat lower in
ArsC. Docking investigations were performed to determine the
binding and chemical attributes of two potential oxidoreduc-
tases, ArsC and LAC, corresponding to ART and AST. ArsC is
notable for its conventional As reduction capabilities, whereas
LAC is recognized for its effectiveness in oxidizing phenolics
and other environmental contaminants. However, both have
not yet been used in computational investigation to
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comprehend As degradation at the molecular level.”**
Hence, considering previous computational research on LAC,
it was selected to investigate the molecular-level degrading
processes of As in the present investigation.”>****°" LAC
exhibited better binding affinity than ArsC. The far lowest
binding energy was measured for the LAC + ART complex
(—5.82 + 0.01 kcal/mol), while the ArsC + ART complex was
noted for binding affinity at —4.34 + 0.06 kcal/mol. Hydrogen
bonding patterns consistent with As models were identified in
both types of oxidoreductases. Both proteins featured THR as
an important active site residue. On the other hand, THR-15,
ASN-18, SER-110, LYS-127, ILE-200, ARG-203, LYS-204,
HIS-206, THR-207, GLY-208, and GLY-297 were identified as
major contributors to the active site. In contrast to each other
(ArsC and LAC), LAC has the lowest binding affinity, which
proves that it could also catalyze inorganic compounds as well.
Akhter et al. conducted a docking investigation of arsenite
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Figure 12. Residue-wise loadings for PC1 (black) and PC2 (blue) plots of ArsC and LAC complexes. The RMSF plot indicates the flexibility of
each residue throughout the trajectory. Regions with higher RMSF values are more flexible or disordered during the simulation.

oxidase and As models in an approach similar to the presented
study, except that they used arsenite oxidase from Pseudomonas
stutzeri TS44."® Subsequently, active site residues were then
determined to be His197, Glu20S, Arg421, and His425."
However, no MDS was carried out to validate docked
complexes and to examine the real-time conformational
behavior of the aforementioned enzyme. To validate docked
complexes and get insights into structural robustness
corresponding to bound ligands, DESMOND high-perform-
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ance MDS of 100 ns was performed. During simulation, all
complexes attained stability except the LAC—AST complex.
Protein—ligand RMSD clearly indicated that the oxidoreduc-
tase member underwent substantial conformational changes
and could attain an equilibrium state during simulation run.
During the simulation run, H-bond-, ionic-, and water bridge-
type chemical interactions were predominant in all complexes.
MDS examination prompted both proteins to have the
potential to catalyze both ligands sufficiently. However, real-
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time degradation assay remains essential to practical
application. The simulation outcomes were evaluated by
statistical analysis by way of PCA. Both examined proteins
exhibited significant variations in comparison to ligand binding
and protein structural changes and fluctuations. Computational
findings, especially docking and MDS, concluded that ArsC
and LAC have sufficient chemical binding and interactions
with corresponding ligands. This information could be useful
to translate potent solution to findings into designing of
degradation assay in an eco-friendly way. Nevertheless, protein
engineering continues to be a promising potential approach
that might improve the catalytic efficiency of proteins and
enhance both their binding affinity and catalytic properties.

5. CONCLUSIONS

The current work used ArsC, a member of the oxidoreductase
family along with LAC, to investigate the binding and chemical
interaction features of ART and AST. To address the problem
of As species, we applied computational techniques that
included the employment of ArsC and LAC. These approaches
aimed to understand the degrading process at the molecular
level by docking and MDS analyses. The chosen proteins
revealed an extensive array of diverse structural configurations
and exhibited varying degrees of flexibility. The docking
analyses pointed out the formation of a stable complex
comprising ArsC and LAC. The LAC—ART complex exhibited
the lowest binding affinity (—5.82 = 0.01 kcal/mol), which was
considerably better than that of ArsC. All docked complexes
were verified to be stable by MDS throughout the simulation
run. A subsequent 100 ns high-performance MDS was utilized
to analyze the docked complexes. The dynamic behavior of a
protein—ligand complex was observed and analyzed in real
time using MDS until the attainment of system equilibrium.
The computational results presented here indicate that LAC is
a more effective catalyst for As species than ArsC. By
combining computational and conventional methodologies,
we could implement these findings in real-time assays to
remove As from environmental matrices.
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