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ABSTRACT
Microbial-assisted removal of natural or synthetic pollutants is the prevailing green, low-cost technol-
ogy to treat polluted environments. However, the challenge with enzyme-assisted bioremediation is
the laborious nature of dehalogenase-producing microorganisms’ bioprospecting. This bottleneck
could be circumvented by in-silico analysis of certain microorganisms’ whole-genome sequences to pre-
dict their protein functions and enzyme versatility for improved biotechnological applications. Herein,
this study performed structural analysis on a dehalogenase (DehHsAAD6) from the genome of
Halomonas smyrnensis AAD6 by molecular docking and molecular dynamic (MD) simulations. Other
bioinformatics tools were also employed to identify substrate preference (haloacids and haloacetates)
of the DehHsAAD6. The DehHsAAD6 preferentially degraded haloacids and haloacetates (�3.2–4.8 kcal/
mol) and which formed three hydrogen bonds with Tyr12, Lys46, and Asp182. MD simulations data
revealed the higher stability of DehHsAAD6-haloacid- (RMSD 0.22–0.3 nm) and DehHsAAD6-haloacetates
(RMSF 0.05–0.14nm) complexes, with the DehHsAAD6-L-2CP complex being the most stable. The detail
of molecular docking calculations ranked complexes with the lowest binding free energies as:
DehHsAAD6-L-2CP complex (�4.8 kcal/mol) ¼ DehHsAAD6-MCA (�4.8 kcal/mol) < DehHsAAD6-TCA
(�4.5 kcal/mol) < DehHsAAD6-2,3-DCP (�4.1 kcal/mol) < DehHsAAD6-D-2CP (�3.9 kcal/mol) <
DehHsAAD6-2,2-DCP (�3.5 kcal/mol) < DehHsAAD6-3CP (�3.2 kcal/mol). In a nutshell, the study findings
offer valuable perceptions into the elucidation of possible reaction mechanisms of dehalogenases for
extended substrate specificity and higher catalytic activity.
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1. Introduction

The marine environment is affected by extreme pressure,
temperature, salinity, nutrient availability, which invariably
drives the microbial inhabitants’ molecular adaptability and
gives rise to their unique biochemistry characteristics. The
same characteristics are now exploited in different fields to
solve an array of issues. For example, scientists have success-
fully expedited molecular changes in certain microbial
enzymes to mimic those produced by microbes living in
extreme environmental conditions for different applications,
viz. to degrade proteins, polysaccharides, and many environ-
mental pollutants (Gupta & Diwan, 2017; Nwodo et al., 2012;
Salama et al., 2016). The versatility of extremophilic microor-
ganisms to utilize different substrates is associated with their
unique intracellular and extracellular enzymes.

Natural or synthesized chemicals contamination has a pro-
found effect on the marine environment. To date, marine

bacteria, algae, sponges, fungi, and insects are documented
to produce over 4000 natural organohalides, in addition to
several other xenobiotic substances (Gribble, 2003, 2012).
Commonplace marine contaminants encompassing halogen-
ated organic compounds include haloacids [(2, 2-dichloropro-
pionic acid (2, 2-DCP), 2, 3-dichloropropionic acid (2,3-DCP),
(L-2-chloropropionic acid (L-2-CP), D-2-chloropropionic acid
(D-2-CP), 3-chloropropionic acid (3CP)] and haloacetates com-
prising monochloroacetate (MCA), Dichloroacetate (DCA) tri-
chloroacetate (TCA)]. Fortunately, nature compensates and
curbs their accumulation in the environment by having
microbes producing specialized enzymes called dehaloge-
nases. This group of biotechnologically important enzymes is
capable of detoxifying an array of halogenated compounds
by cleaving the carbon–halogen bond.

However, the downside of using such enzymes for the
bioremediation of halogen-contaminated marine
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environments is the laborious nature of bioprospecting for
suitable microorganisms. The culturing, isolation and the
identification of exceptional dehalogenase-producing
microorganisms may take several years and warrants a high
cost. To date, several dehalogenases have been amplified
from cultivable fractions of marine microbes (Edbeib et al.,
2017). To overcome the two above issues, novel enzymes
derived from a specific microbe are possible using robust
bioinformatics analyses on the whole–genome sequences
of known microorganisms. The computational investiga-
tions include the structure-to-function relationship of deha-
logenase, homology modeling, substrate docking, and
molecular dynamics simulations to uncover the dynamics
of enzyme-substrate complexes and functions, particularly
those related to the diversity in binding affinity, specificity,
and flexibility. The computationally gathered data could
serve as a basis for empirical study and identify specific
catalytic and substrate binding residues responsible for the
success of the various dehalogenation reactions. The above
approach could expedite studies on halophilic bacteria’s
genetic and metabolic diversity for bioremediation pur-
poses (Oyewusi et al., 2021a).

Genome analysis of Halomonas smyrnensis AAD6T isolated
from soil samples of the Çamaltı Saltern area (Turkey) was previ-
ously reported (Diken et al., 2015; Sogutcu et al., 2012). The bacter-
ium is Gram-negative, non-motile, and is a moderately halophilic
aerobe (Poli et al., 2013). Interestingly, the bacterium excretes high
levels of levan exopolysaccharide which has applications in nano-
structured thin films and peptide-based drug nanocarrier systems
(Ates et al., 2013; Aydin et al., 2018, Poli et al., 2009; Sarilmiser
et al., 2015; Sezer et al., 2017; Tohme et al., 2018). The bacterial
levan exopolysaccharide also found value as a flocculating- and
anti-cancer agent (Sam et al., 2011; Sarilmiser & Oner, 2014).
Because of the high-value biopolymer the Halomonas smyrnensis
AAD6T produces, this study conducted an in-silico analysis on the
genome of Halomonas smyrnensis AAD6 which encodes for a
dehalogenase, to predict the enzyme’s pollutants (halogenated
organic compounds) degradation potential. It is worth mentioning
here that this study provides the first evidence to understand the
function and structure of the predicted dehalogenase, encoded in
the genome of Halomonas smyrnensis AAD6T. The data obtained
from this investigation may prove useful for future empir-
ical analysis.

2. Materials and methods

2.1. Whole-genome sequence retrieval

Halomonas smyrnensis AAD6 genome was retrieved, and the
annotated genomes were downloaded from http://www.ncbi.
nlm.nih.gov/genome (GenBank accession number:
AJKS00000000 (AJKS02000001 to AJKS02000034 for the
second version). Keywords dehalogenase searches were first
done to identify the gene from the whole genome before pre-
dicting the dehalogenase gene organization using the anno-
tated genome location and other dehalogenase accessories.

2.2. Primary and secondary structure prediction

The amino acid sequence of the dehalogenase designated as
DehHsAAD6 (protein_id: WP_016855717.1, locus tag:
72875_73549) from the annotated genome of Halomonas
smyrnensis AAD6 (GenBank accession number: AJKS02000001
to AJKS02000034) was retrieved from the National Center for
Biotechnology Information (NCBI) database. The amino acid
sequence was then subjected to an in-depth characterization
of the physicochemical properties on the ExPASy server via
the Protparam tools (https://web.expasy.org/protparam/)
(Gasteiger et al., 2005). The entry name was employed in
BRENDA (The Comprehensive Enzyme Information System)
(http://www.brenda-enzymes.org/) to identify the Enzyme
Commission number for the DehHsAAD6. The secondary
structure of the enzyme protein was predicted by the Self-
Optimized Prediction Method with Alignment (SOPMA)
(Geourjon & Deleage, 1995), PSIPRED (Buchan & Jones, 2019),
PHD (Rost & Sander, 1994). and GOR4 (Combet et al., 2000)
servers. The servers also estimated the percentage of helix
and sheet regions on the DehHsAAD6.

2.3. Construction of 3D protein model

The DehHsAAD6 amino acid sequence was submitted to the
SWISS-MODEL Automatic Comparative Protein Modelling
Server website (https://swissmodel.expasy.org) (Waterhouse
et al., 2018) to build the DehHsAAD6 model template, based
on the architecture of a homologous protein of the haloacid
dehalogenase of a Polaromonas sp. strain JS666 (PDB ID:
3um9). PyMOL (DeLano, 2002) was used to view the gener-
ated model. The software packages in VERIFY-3D was used
to structurally evaluate the compatibility of sequences to its
structure (L€uthy et al., 1992), stereochemical quality assess-
ment on the protein used PROCHECK (Laskowski et al., 1993),
and the non-bonded interactions were evaluated by ERRAT
(Colovos & Yeates, 1993).

2.4. Model refinement by molecular dynamic simulation
and validation

The generated DehHsAAD6 homology model was further
refined by molecular dynamic (MD) simulation, to guarantee
that the attained native state was truly at the global min-
imum (Feig, 2017), and the protein model was found to be
free from significant errors compared to its native structure
(Park et al., 2018). MD simulation of DehHsAAD6 was carried
out on a parallel version of GROMACS 5.1.2 that employed
the Gromos96 53a7 forcefield (https://www.gromcs.org/
About_Gromacs). In this study, energy minimization used the
steepest descent and conjugate gradient methods at 515
steps and MD simulation was carried out under a constant
temperature, and pressure of 300 K and 1 atm, respectively.
The production simulation was triplicated, where the
DehHsAAD6 protein was placed in a defined cubic box with a
1.0 nm minimum distance between the solutes and the box’s
edge. The solutes were solvated using the simple point
charge (SPC) water model, and seven sodium ions were
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added to the protein simulation box to neutralize the sys-
tem. The equilibrated structure was simulated for 100 ns with
an integration time step of 2 fs. All outputs were plotted as
finished Xmgrace graphs to analyze the simulation trajecto-
ries (Lindahl et al., 2001), where the snapshots were
extracted from the trajectories based on published protocols
(Lemkul, 2018). The geometry of the refined 3D model was
generated using GROMACS ‘gmx trjconv’ functions and again
validated using PROCHECK, ERRAT, and Verify-3D at the
SAVEs server (http://servicesn.mbi.ucla.edu/SAVES/). Finally,
the dynamic behavior and structural changes of the
DehHsAAD6 protein were then gauged using the root-mean-
square deviation (RMSD) and root-mean-square fluctuation
(RMSF) functions.

2.5. Identification of the DehHsAAD6 catalytic residues

The prediction of the DehHsAAD6 active-site residue used the
multiple sequence alignment method constructed by the
software Multalin (http://multalin.toulouse.inra.fr/multalin/).
Visualization of the primary structure alignment used the
ESPript, and PyMOL (DeLano, 2002) detected the catalytic
residues. This was done by superimposing the putative
active-site residues over the template structure (Oyewusi
et al., 2020). The COACH meta-server was also employed to
predict the protein-ligand binding site, in which the
COFACTOR, FINDSITE, and ConCavity function were com-
bined to generate the final ligand binding site predictions
(Yang et al., 2013).

2.6. Preparation of 3D ligand’s structure

The 3D structures of the ligands, haloacids: [2,2-dichloropro-
pionic acid (2,2-DCP), 2,3-dichloropropionic acid (2,3-DCP), L-
2-chloropropionic acid (L-2-CP), D-2-chloropropionic acid (D-
2-CP), 3-chloropropionic acid (3CP)], haloacetate [monochlor-
oacetate (MCA) and, trichloroacetate (TCA)] (Figure 1) were
retrieved from PubChem database (3D modelling conformer).
The SDF files of the ligands were converted to PDB files (ver-
sion 2.3.1) using BABEL before hydrogens were added to the
3D model of DehHsAAD6 using the Avogadro software.
Finally, structures were submitted to the Automated
Topology Builder (ATB) and Repository version 3.0 server to
optimize the geometries of the molecules.

2.7. Substrate docking

Molecular docking is valuable for elucidating interactions
between a protein and ligand. In this study, the Autodock
version 4.2.6 was used for molecules preparation (i.e. protein
and ligands preparation) and molecular docking between
each single ligand and DehHsAAD6 was conducted using
AutoDock Vina, which combines certain advantages of know-
ledge-based potentials and empirical scoring functions. It
extracts empirical information from both the conformational
preferences of the protein-ligand complexes and the experi-
mental affinity measurements (Trott & Olson, 2010). Briefly,
the investigation started with the blind docking method

followed by specific docking into the predicted active site of
DehHsAAD6. According to a previous study, specific molecu-
lar docking is substantially more precise than blind molecular
docking. Water molecules were excluded from the
DehHsAAD6 protein following the addition of polar hydro-
gens and non-polar hydrogens before assigning the total
Kollman and Gasteigher charges. The ligands underwent the
same treatment to ensure the correct adoption of torsions
for rotation during docking. The binding region comprising
the amino acid residues in the simulated protein was demar-
cated by the Autogrid tool in Autodock for DehHsAAD6 was
fixed at ±1.000 Å from the 6.283 Å, 1.500Å and 9.117 Å coor-
dinates with sizes 50, 62, and 46 (x, y, and z positions
respectively). The simulation proceeded for 100 runs and 10
million energy evaluations per trail of each flexible ligand.
The Vina program’s exhaustiveness parameter was set to the
default value of 8 Å. A maximum of 10 binding modes were
generated, with a maximum energy difference of 3 Kcal/mol
between the best and worst binding modes. A redocking
experiment was carried out in this study to recreate the
native binding poses with the co-crystal reference compound
(sulphate ion) into the binding pocket of the template to val-
idate the molecular docking protocol and algorithm. The
result of the re-docking experiment of that of docked and
co-crystalized reference molecule was superimposed using
Pymol and the RMSD value for docked ligand with respect to
reference ligands at crystal structure was determined. Then,
AutoDock Vina estimated in the subsequent docking analysis
where the best result for each substrate was chosen as the
largest conformation cluster registering the lowest binding
free energy (kcal/mol). Lastly, the ‘pdbqt’ file for each
DehHsAAD6 substrate complex was converted to the ‘pdb’
format and visualized by PyMOL to identify the amino acid
positions and their corresponding hydrogen bond distances
(Houston & Walkinshaw, 2013). LigPlot was then used to
visualize both the hydrogen bond and hydrophobic interac-
tions of each DehHsAAD6 substrate complex.

2.8. MD simulations for enzyme-ligand complex

The parallel version of the GROMACS 5.1.2 software was
used for the DehHsAAD6 protein simulation using the 53a7
Gromos as the forcefield (http://www.gromacs.org/About_
Gromacs). Coordinate and topology files of the DehHsAAD6
protein and ligands were prepared separately to provide the
input files for the subsequent MD simulations. For the con-
tents of the system, the ligands were optimized by the
Automated force field Topology Builder (ATB; http://compbio.
biosci.uq.edu.au/atb/) and Repository (Malde et al., 2011).
ATB server has been developed to provide interactive param-
eters for a wide range of molecules compatible with the
GROMOS force Field (Oostenbrink et al., 2004). While the
DehHsAAD6 protein was prepared using the pdb2gmx pro-
gram in the GROMACS package (Koziara et al., 2014; Malde
et al., 2011). The protein and the ligands were merged using
the minimized structure of the system before proceeding
with the production run to obtain a complex structure.
Simulation of the DehHsAAD6 protein occurred in a
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12.571 nm x 11.646 nm x 5.173 nm cubic simulation box. The
solutes were solvated with 180000 SPC water molecules for
100 ns under a constant temperature 300 K and pressure of
1.0 atm, and the enzyme was electrically neutralized by add-
ing seven Naþ ions.

Before performing the MD simulations, energy minimiza-
tion was performed with a maximum force per complex not
greater than 1000 kJ/mol A. The system was energy mini-
mized using the steepest descent algorithm up to a max-
imum of 10,000 steps or until the maximum force (Fmax)
was no longer greater than 1000 kJ mol�1nm�1 (the default
threshold). This step was essential to remove steric clashes
or inappropriate geometry in the solvated protein-ligand
complex system. The DehHsAAD6 protein was fixed at the
center in the system using Periodic boundary conditions
(PBC) to make a shift of the protein or protein-ligand com-
plex at the center of the box to prevent edge effect before
GROMACS analysis, and Visual Molecular Dynamics was used
to visualize the position of the simulation trajectories. The
final outputs were then plotted as Xmgrace graphs (Lindahl
et al., 2001). RMSD, RMSF, Radius of gyration (Rg), and hydro-
gen bonds trajectory were used to assess interactions
between the DehHsAAD6 protein and ligands and the corre-
sponding structural changes dynamic behavior of
the protein.

3. Results and discussions

3.1. Genetic organization of dehalogenase gene in
Halomonas smyrnensis AAD6 genome

The advent of genome sequencing coupled with advances in
bioinformatics promises invaluable insights into the genomic
analysis. Such technological development has led to new
knowledge in gene evolution, ecology, and the design of
related therapeutic interventions. In the current study, H.
smyrnensis AAD6 genome was screened for dehalogenases.

The result showed that a single 674 bp-sized haloacid deha-
logenase type II (typeII) (72875_73549) was present in the H.
smyrnensis AAD6 genome and designated as DehHsAAD6.
The gene was located in the plasmid (contig 10) with a
69.48% GþC content. The detection of type II dehalogenase
is somewhat expected because a type II haloacid dehaloge-
nase was common than D-specific dehalogenases (type I).
Literature has shown that most naturally occurring halogen-
ated compounds exist in the L-form (Adamu et al., 2016).

Moreover, the genetic organization of DehHsAAD6 was
predicted to further analyse other dehalogenase accessory
genes such as regulatory and an uptake gene that could be
important for the enzyme expression and regulation. As can
be seen in Figure 2, the study identified a putative uptake
gene (77166_77845) that encodes for permease protein
belonging to ABC Transporter Permease subunit (designated
as DehHsAAD6Pt). The gene is likely responsible for haloacid
uptake. A gene adjacent upstream of DehHsAAD6 is a gene
that encodes DUF3047 domain-containing protein
(59855_59983). An adjacent regulator gene was not observed
except the GntR family transcriptional regulator
(59773_58370) located downstream of DehHsAAD6. However,
analysis by InterPro revealed that the DUF3047 domain-con-
taining protein is a hypothetical protein with a possible role
as the regulatory gene. Herein, we hypothesized that this
hypothetical protein might control the dehalogenase of H.
smyrnensis AAD6 (DehHsAAD6) functions, given their proxim-
ity in the genome. Hence, further assessment using site-
directed mutagenesis (SDM) is useful to identify the func-
tions of the dehalogenase and its accessory genes.

3.2. Sequence analysis of DehHsAAD6

The DehHsAAD6 enzyme (EC 3.8.1.2) from H. smyrnensis AAD6
genome has a total of 224 amino acid residues, and the
BRENDA data revealed it to be a true dehalogenase. The

Figure 1. Structures of halogenated organic compounds assessed by this study.
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Protparam analysis on the DehHsAAD6 primary structure
(Table 1) showed that the dehalogenase’s amino acid
sequence comprised 3492 atoms with a corresponding
molecular formula and molecular weight C1115H1722N312O338S5
and 25066.13 Daltons. Notably, a computed theoretical pI
value of below 7 indicates acidic characters (Gasteiger et al.,
2005). The DehHsAAD6’s low theoretical pI (4.93) is the
enzyme’s unique feature, as it is similar to the hypersaline-
adapted dehalogenase from Bacillus thuringiensis H2
(DehHsAAD6) (pI ¼ 4.58) and Pseudomonas halophila HX
(DehHX) (pI ¼ 3.89) (Edbeib et al., 2017; Oyewusi et al., 2020).
The findings indicated that the acidic nature of the
DehHsAAD6 protein correlated with the high number of acidic
residues (Asp and Glu ¼ 35), a well-known adaptive strategy
towards increased salinity in brackish water (Oren et al., 2005;
Oyewusi et al., 2020).

Likewise, the instability index of DehHsAAD6 of 49.49 con-
veyed that the protein is unstable in-vitro in aqueous envir-
onment. The high aliphatic index of 82.90 thus further
affirmed the protein’s thermal stability. For clarity, stability-
and aliphatic indices of <40 and �40, respectively, are the
collective attributes of a thermally stable protein (Dutta
et al., 2018). In this study, the aliphatic index expresses the
total volume occupied by aliphatic side chains. A high value
(�40) seen for the DehHsAAD6 protein reflects a more ther-
mally stable protein (Dutta et al., 2018).

Literature has shown that halophilic enzyme proteins
tended to have lower hydrophilic amino acids (Paul et al.,
2008). This fact thus correlated well with the low percentage
of hydrophobic residues and the appreciably high percent-
age of negative charge in the amino acid sequence of the
DehHsAAD6 (24%). Equally, the data seen here consistently
agreed with the high percentage of acidic residues in the
DehHsAAD6 and its negatively valued Grand Average of
Hydropathicity (GRAVY ¼ �0.267). GRAVY index indicates
solubility of proteins, and a negative value of GRAVY defines
it as hydrophilic in nature. Notably, a negative sign preced-
ing the value of GRAVY points to a hydrophilic feature of the
protein (Oyewusi et al., 2020). It was clear that the

DehHsAAD6 proteins’ higher population of hydrophilic amino
acids is an adaptation to the marine environment, wherein
the surplus acidic residues promote better solvation of the
dehalogenase protein. The negatively/positively charged resi-
dues could ionically attract the surrounding water molecules
to bind to the DehHsAAD6 protein, averting dehydration and
loss of active conformation. The same distinctive features
were also reported for other halophilic proteins (Hutcheon
et al., 2005; Lanyi, 1974; Oyewusi et al., 2020).

The ability of halophilic enzymes to function in a highly
saline condition is their ability to maintain a balance
between protein flexibility for catalytic activity and adequate
rigidity to avert excessive unfolding (Zorgani et al., 2014).
Varied approaches for predicting protein structure yield dif-
ferent results, such as the presence or absence of a-helices,
extended strands, b-turns, and random coils, as well as the
percentage of residues in these regions. It has been widely
accepted that amino acid sequences carry all the information
required to construct three-dimensional structures (Mustafa
et al., 2017). Consequently, protein structures (2D and 3D)
can theoretically be predicted based on their animo acids
sequences. In this study, different prediction tools such as
SOPMA, PSIPRED, PHD and GOR4 secondary structure predic-
tion servers were used. Table 2 lists the results obtained
using these tools. Surprisingly, for secondary structure ele-
ments, all the tools yielded comparative results. SOPMA
revealed that DehHsAAD6 has all four elements (a-helix,
extended strands, b-turns and random coils), although
PSIPRED, PHD and GOR4 secondary structure prediction ser-
ver did not predict b-turns. Similarly, SOPMA, PSIPRED, PHD
and GOR4 all yielded essentially identical results, with
58.93%, 54.91%, 58.48% and 57.59% of residues belonging to
the a-helix, respectively. All tools showed that DehHAAD6
has 11.62%, 13.39%, 12.05% and 10.27% residues belonged
to extended strand, while 26.78%, 31.69%, 29.46%, and
32.14% residues belonged to SOPMA, PSIPRED, PHD and
GOR4 respectively. whereas 2.86% residues belonged to
b-turn according to SOPMA (Table 2).

According to Geourjon and Deleage (1995), a high popu-
lation of a-helices and coiled region indicates better conser-
vation and stability of the protein. Thus, this outcome
indicated a sufficiently flexible DehHsAAD6 protein, capable
of averting functionality loss and maintaining the enzyme’s
conformational structure under extreme salt stress. Most
importantly, the DehHsAAD6 protein could remain hydrated
in a highly saline condition because of its higher ability to
attract ambient water molecules. This observation agreed
with another hydrophilic dehalogenase protein, DehH2, that
strongly binds water molecules under a hypersaline environ-
ment (Oyewusi et al., 2020a, 2021b). Therefore, adequate
flexibility and hydration are relevant factors in ensuring

Figure 2. Gene organization of dehalogenase from the genome of H. smyrnensis AAD6. Hypothetical protein (hyp), DUF3047of the domain protein (DUF3047), GntR
family transcriptional regulator, dehalogenase enzyme (DehHsAAD6), permease protein (DehHsAAD6Pt), and the phosphotransferase system (PTS).

Table 1. Summary of physicochemical properties of DehHsAAD6 protein deter-
mined by ExPASy’s ProtParam.

Details DehHsAAD6

Amino acid residues 224
Molecular weight (Da) 25 066
Theoretical pI 4.93
Negatively charged residues 35
Positively charged residues 24
Molecular formula C1115H1722N312O338S5
Total number of atoms 3492
Aliphatic index (%) 82.90
Instability index (%) 49.49
GRAVY (Grand Average of Hydropathicity) –0.267
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effective catalysis and activity of enzymes in highly saline
environments (Zorgani et al., 2014). As a result, while predict-
ing protein secondary structure, one should not rely on a
single tool but rather attempt as many as possible before
manually selecting the best prediction. To gain a clearer pic-
ture of the presence and location of helices, strands, turns
and coils, the tertiary structure of proteins should also be
anticipated.

3.3. Homology modeling, model refinement, and
structure validation

The amino acid sequence of dehalogenase from H. smyrnen-
sis AAD6 genome was subjected to homology modeling
using the SWISS-MODEL web server (Waterhouse et al.,
2018). The three-dimensional (3D) model of DehHsAAD6 was
constructed from the crystal structure of haloacid dehaloge-
nase of a Polaromonas sp. strain JS666 (PDB ID: 3um9)
(Figure 3) that shares a 37.79% sequence similarity with the
DehHsAAD6, based on our BLAST search. The 37.79%
sequence similarity seen here affirmed (>30%) the suitability
of Bpro0530 haloacid dehalogenase of a Polaromonas sp.
strain JS666 as a template for the homology modelling
study. The root mean square deviation (RMSD) between the
DehHsAAD6 template and predicted model was 2.129 Å,
which was within the permitted range for comparative struc-
tural modelling. In practice, comparative structural model-
ling is employed for proteins with homologous templates,
and most predicted structures have an RMSD of less than
3Å compared to experimental structure, achieving the
accuracy of medium-resolution NMR or low-resolution X-ray
structures in some cases (Zhang, 2009). RMSD is no longer a
valid metric of modelling quality for poor precision models
(say, RMSD > 3Å) since a small misorientation of tails or
loops might result in a large overall RMSD even if the core
region of the model is right. The Ramachandran plot for the
DehHsAAD6 model before minimization is shown in Table 2.
The model was energy minimized using Gromos97 to
remove local strains within the 3D DehHsAAD6 model, as
minor errors from atomic overlap or bad Van der Waals
interaction could exist in the original protein structure
(Oyewusi et al., 2020). Energy minimization of enzymes
helped remove any local strain after the addition of hydro-
gens. PROCHECK, ERRAT, and Verify-3D were used as indica-
tors to verify and validate this data after energy
minimization (Table 2).

Then, energy minimization was performed to observe
the atomic-level and the dynamical properties of the
DehHsAAD6. The conformational sampling during

simulation could establish the protein’s most stable state in
relevance to its function (Oyewusi et al., 2021). The RMSD
and RMSF values of the DehHsAAD6 model are depicted in
Figures 4a and 4b. Notably, a low RMSD value (average
RMSD � 0.25 nm) implies the high stability of the
DehHsAAD6 structure, while less stable protein structures
have higher values (Anuar et al., 2020; Oyewusi et al.,
2020). The lower RMSD and RMSF values seen here were
proof of the enzyme’s ability to remain adequately flexible
and stable in a highly saline environment, indicating a
good model for DehHsAAD6.

Next, the refined output structure from the MD simulation
depicted a good protein folding comparable to a native pro-
tein. The refinement step had effectively reduced side chain
clashes and steric hindrances. The same treatment also mini-
mized the protein’s potential energy by the steepest gradient
method, yielding the most stable 3D structure of the
DehHsAAD6 protein. Data of Verify �3D, and ERRAT revealed
that 96.0% of residues occupied the most favorable region,
with 4.0% in the additional allowed region, and none are in
the disallowed region (Table 3). The good quality of the
DehHsAAD6 homology model was verified by >90% of the
residues being cited in the most favorable region (Figure 5),
thus corroborating earlier studies (Anuar et al., 2020;
Oyewusi et al., 2020). The ERRAT score for the non-energy
minimized DehHsAAD6 model exceeded the rejection limit of
95% (96.279%) but was appreciably improved to 98.144%
after energy minimization (Table 3). It should be noted that
an ERRAT score of >50% is the accepted range for a good
protein model (Rosdi et al., 2018). Also, the DehHsAAD6 hom-
ology model attained satisfactory side-chain environments,
as shown by the high Verify-3D scores of before and after
energy minimization (>0) (Table 3). A deemed satisfactory
protein model has a Verify-3D score of >80% (Rosdi
et al., 2018).

Table 2. Secondary structure of DehHsAAD6 protein predicted by differ-
ent savers.

Tools properties

SOPMA PSIPRED PHD GOR4

Value % Value % Value % Value %

a-helix 132 58.93 124 54.91 131 58.48 129 57.59
Extended strand 26 11.62 30 13.39 27 12.05 23 10.27
b-turn 6 2.86 NP NP NP NP NP NP
Random coil 60 26.78 65 29.02 66 29.46 72 32.14

NP: Not Predicted.

Figure 3. The SWISS-MODEL generated 3 D structure of DehHsAAD6 protein
(Polaromonas sp. strain JS666 (PDB ID: 3um9). Blue, red and purple represent
the a-helices, b-sheet and loop of the enzyme, respectively.
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3.4. Active-site residues prediction

This investigation used COACH, a meta-server approach to
predict protein-ligand binding site. This server generates
complementary ligand binding site predictions using two
comparative methods, TM-SITE and S-SITE and also combined

with results from other methods such as COFACTOR,
FINDSITE and ConCavity to generate final ligand binding site
predictions (Yang et al., 2013). Additionally, blind docking,
protein-ligand binding site prediction and multiple sequence
alignment to predict the catalytic triad of DehHsAAD6.

Figure 4. MD simulation of DehHsAAD6. (a) average RMSD and (b) average RMSF of the backbone conformation are shown as a function of simulation time
(100 ns) at 300 K.

Table 3. Results of structural validation of DehHsAAD6 protein model with the SAVEs Server (before and after).

Validation Parameter Scheme

Validation of analysis (%)

Before After Ranges scores (%)

ERRAT Over quality factor 96.28 98.14 >50
Verify-3D Amino acid compatibility 99.33 100 >80
Procheck Most favored region (A,B,L) Stereochemical quality 92.8 96.0 >90

Additional favored (a,b,l,p) 6.8 4.0
Generously allowed regions (wa, wb, wl, wp) 0.5 0
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Specific docking at the predicted catalytic triad by blind
docking was done to double-check the location of the active
site residues. This step is to ensure that the substrates had
bonded correctly to the DehHsAAD6 active site, to identify
the substrate-enzyme binding mechanism or for structural
determination (Awasthi et al., 2018).

Blind docking of substrates haloalkanoic acids (2,2-DCP,
2,3-DCP, L-2CP, D-2CP, and 3-CP) and haloacetate (MCA and
TCA) was performed over the whole surface of the
DehHsAAD6 to locate the possible active sites, as the active
site pocket of the enzyme is unknown (Yan et al., 2016).
Results revealed that all substrates except chlorpyrifos
formed hydrogen bonds with active site residues, Tyr12,
Lys46, and Asp182, of the DehHsAAD6. This data corre-
sponded with the COACH data that showed a similar set of
repeating numbers for Tyr12, Lys46, and Asp182. Pertinently,
the findings corroborated the earlier blind docking result,
suggesting that Tyr12, Lys46, and Asp182 are the possible
active site residues of DehHsAAD6 (Figure 6).

3.5. Molecular docking analysis

The catalytic triad plays a relevant role in the dehalogenation
reaction in the bioremediation or biodegradation of halogen-
ated organic compounds (Yu et al., 2020). Thus, the structural
basis of an enzyme and its corresponding active site residues
must be well-understood (Lemmon & Meiler, 2013). In this
study, AutoDock Vina and AutoDock 4.2.6 software using the
AutoGrid tools was employed for the docking analysis on the
DehHsAAD6. The docking procedure and algorithm were vali-
dated utilising a re-docking experiment between the original
co-crystal reference molecule (sulphate ion) and the target
protein (DehHsAAD6 model). Based on the re-docking ana-
lysis the reference molecule exhibited an RMSD value of

2.129 Å, between the docked and co-crystal conformation.
According to a recent study, docking solutions with values of
2.0, 2.0–3.0, and �3Å are regarded as good, acceptable, and
unacceptable respectively (Ram�ırez & Caballero, 2018). As a
result, a little divergence in RMSD indicated that the molecu-
lar docking protocol, parameters and algorithm utilised in
this experiment were reliable enough to mimic biological
conformation of the molecules (Gurung et al., 2020). The
results of the re-docking analysis showed that the docked
and co-crystalized reference molecules were partially super-
imposed (S1); thus, the docking method was deemed
adequate for further docking analysis. Eight different ligands
used for the molecular docking study against the
DehHsAAD6 of H. smyrnensis AAD6 were 2,2-DCP, 2,3-DCP, L-
2CP, D-2CP and 3-CP) and haloacetate (MCA and TCA).
Specific docking of protein-ligand complex helps to antici-
pate the preferred orientation when bound to each other to
form a stable enzyme-substrate complex (Oyewusi et al.,
2020); hence the lowest energy (kcal/mol) illustrates a strong
enzyme-substrate affinity (Mishra et al., 2019).

Therefore, AutoDock Vina provides an accurate and high-
performance docking score with various orientations and
conformations for a given ligand at a binding site, based on
the Broyden–Fletcher–Goldfarb–Shanno algorithm long side
with empirical and knowledge-based scoring functions
(Elmezayen et al., 2020). Results showed that the three resi-
dues (Tyr12, Lys46, and Asp182) previously predicted to be
the catalytic triad of DehHsAAD6 in the blind docking study
were found to form hydrogen bonds to the oxygen atom of
C¼O of the substrates. Table 4 enlists the docking scores of
the DehHsAAD6-ligand complexes with the corresponding
hydrogen bond distances. Figure 7 depicts the LigPlot show-
ing the formed hydrogen bonds between the DehHsAAD6-
ligands complexes.

Figure 5. Ramachandran plot of a polypeptide backbone torsion angles psi (w) against phi (u) of amino acid present in the homology modelled structures of
DehHsAAD6 generated by SWISS-MODEL (a) before and (b) after minimization. The most favored region are colored in red. The additional allowed regions [a, b, l,
p] are colored in yellow. The generously allowed regions [�a, �b, �l, �p] are colored in pale yellow. All non-glycine and proline residues are illustrated as filled
black squares, and glycine (non-end) are indicated as filled black triangles. Disallowed residues are colored in white.
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The lowest binding free energy reflects a stronger
DehHsAAD6-ligand complex interaction, wherein the
DehHsAAD6-L-2CP and DehHsAAD6-MCA complexes yielded
the lowest binding free energy of �4.8 kcal/mol. The findings
were seen to correlate well with the three hydrogen bonds
formed by Tyr12 (2.83 Å), Lys46 (2.96 Å), and Asp182 (3.01 Å)
in the DehHsAAD6-L-2CP complex. However, the DehHsAAD6-
MCA complex formed only two hydrogen bonds with Tyr12
(3.06 Å) and Lys46 (3.00 Å) (Table 4). The DehHsAAD6-TCA
and DehHsAAD6-2,3-DCP complexes also yielded comparable
binding free energies of �4.5 kcal/mol and �4.1 kcal/mol,
respectively. The former’s hydrogen bond distances were
slightly longer, formed with residues Lys46 (3.16 Å) and
Asp182 (3.02 Å). Likewise, the DehHsAAD6-2,3-DCP complex
formed hydrogen bonds with Lys46 (3.34 Å) and Tyr12
(2.70 Å). Higher binding free energies were estimated for the
DehHsAAD6-D-2CP- (�3.9 kcal/mol), DehHsAAD6-2,2-DCP-
(�3.5 kcal/mol) and DehHsAAD6-3CP (�3.2 kcal/mol) com-
plexes. All three complexes formed two hydrogen bonds
with the predicted three catalytic residues (Tyr12, Lys46,
Asp182) (Table 4). Similarly, the complexes have very close
hydrogen bond distances and form distinctively weaker
bonds (Table 4).

Pertinently, the formed hydrogen bonds in the
DehHsAAD6-ligand complexes were within the acceptable cut-
off distances of intermolecular hydrogen bonds (<3.5 Å) (Fu

et al., 2018). A longer hydrogen bond distance (>3.5 Å), on
the one hand, conveys a lower affinity of an enzyme towards
a substrate. Binding affinity is the strength of the binding
interaction between the enzyme and its ligand. It is used to
evaluate and rank order strengths of biomolecular interactions
(Oyewusi et al., 2020; 2021b). In this sense, the lower the bind-
ing affinity, the more weakly the enzyme and ligand are
attracted to and bind each other. Therefore, a more negative
binding energy value shows a greater enzyme-ligand binding
affinity (e.g. L-2CP or MCA) for the enzyme. In this study, the
binding affinity was evaluated by molecular docking. The
organohalide-binding affinity with the DehHsAAD6 was
�4.8 kcal/mol, �4.8 kcal/mol, �4.5 kcal/mol, �4.1 kcal/mol,
�3.9 kcal/mol, �3.5 kcal/mol, �3.2 kcal/mol for L-2CP, MCA,
TCA, 2,3- DCP, D-2CP, 2,2-DCP, and 3CP, respectively (Table 4).
L-2CP, MCA, and 3CP showed the highest and lowest binding
affinity values when it was bound to DehHsAAD6, respectively.
This shows that L-2CP and MCA have a great binding affinity
for DehHsAAD6, whereas 3CP is weakly attracted to
DehHsAAD6. These results rank the strength of the binding
interaction and degradation potential of these organohalide
pollutants to the enzyme as follows: for L-2CP¼MCA> TCA >

2,3- DCP>D-2CP > 2,2-DCP > 3CP. Our findings thus con-
firmed the efficacy and specificity of the DehHsAAD6 to
degrade haloacids and haloacetate. In contrast, the molecular
docking results imply the substrates L-2CP and MCA is the
preferred substrate of DehHsAAD6, but the binding affinity
observed for all the ligands were observably lower compared
to other studies in the field of medicinal chemistry (about
�7 kcal/mol). A certain degree of discrepancy was somewhat
expected for the L-2CP and MCA ligands, as binding affinity
tends to differ from one ligand to another. Moreover, in this
area of study i.e. bioremediation there is no benchmark for
assigning a certain range of binding affinity in terms in rela-
tion to the preference/strength of binding between a protein
and ligand. Likewise, in the future the study might also focus
on ligand optimization to enhance the binding of the ligands
with DehHsAAD6. Also, the findings in this work corroborated
earlier studies showing a dehalogenase that interacted simi-
larly with the two substrates and was capable of degrading
them (Oyewusi et al., 2020; 2021b).

Figure 6. Multiple sequence alignment demonstrating the catalytic triad of DehHsAAD6 that consisted of Tyr12, Lys46, and Asp182.

Table 4. Summary of AutoDock Vina scores from docking analysis of the
DehHsAAD6-ligand complexes.

Protein-ligand complexes Score (kcal/mol) Interacting residues Distance (Å)

DehHsAAD6-MCA �4.8 Lys46 3.00 Å
Tyr12 3.06 Å

DehHsAAD6-TCA �4.5 Asp182 3.02 Å
Lys46 3.16 Å

DehHsAAD6-3CP �3.2 Asp182 2.92 Å
Tyr12 2.86 Å

DehHsAAD6-2,3-DCP �4.1 Lys46 3.34 Å
Tyr12 2.70 Å

DehHsAAD6-D-2CP �3.9 Lys46 3.18 Å
Tyr12 3.31 Å

DehHsAAD6-2,2-DCP �3.5 Asp182 3.07 Å
Lys46 3.11 Å

DehHsAAD6-L-2CP �4.8 Asp182 3.01 Å
Lys46 2.96 Å
Tyr12 2.83 Å
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Figure 7. LigPlots for the DehHsAAD6-ligand interactions, which show hydrogen bonds with their equivalent distances and non-ligand residues involved in the
hydrophobic interactions. (a) MCA (b) TCA (c) 3-CP (d) 2,3-DCP (e) D-2CP (f) 2,2-DCP and (g) L-2CP.
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3.6. MD simulation of enzyme-ligand complexes

MD simulation allows an insight into the behavior and struc-
tural flexibility of protein in a system when bonded to differ-
ent ligands or substrates (Lee et al., 2015). In this study,
structural changes, stability, and flexibility of the DehHsAAD6
protein that interacted with the ligands/substrates (haloalka-
noic acid 2,2-DCP, 2,3-DCP, L-2CP, D-2CP, and 3-CP) and hal-
oacetate (MCA and TCA) were observed. Their interactions
were gauged by calculating the average values of Root Mean
Square Deviation (RMSD), Root Mean Square Fluctuation
(RMSF), radius of gyration, and hydrogen bond distance in
the triplicated 100 ns MD simulations.

3.6.1. Root mean square deviation (RMSD)
Notably, a low RMSD value (RMSD � 0.2� 0.3 nm) indicates
high stability of the complex structures and vice versa
(Anuar et al., 2020; Oyewusi et al., 2020). The RMSD values
for all complexes were seen to fluctuate weakly throughout
the 100 ns of MD simulation, indicating the adequacy of
simulation time to equilibrate the DehHsAAD6-ligand com-
plexes (Hamid et al., 2015a; 2015b). As shown in Figure 5,
MD trajectory of the DehHsAAD6-MCA complex stabilized
rapidly at 6 ns (average RMSD ¼ 0.20 nm) onwards, com-
pared to the DehHsAAD6-L-2CP complex. The latter required
20 ns (average RMSD ¼ 0.22 nm) but exhibited a major

Figure 7. (Continued).
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fluctuation at 63 ns (average RMSD ¼ 0.30 nm). The
DehHsAAD6-2,3-DCP complex achieved reasonable equilib-
rium from 9ns (average RMSD ¼ 0.20 nm) onwards with a
major fluctuation at 43 ns (average RMSD ¼ 0.25 nm) (Figure
8). Equilibration of complexes DehHsAAD6-D-2CP and
DehHsAAD6-TCA (Figure 8) occurred a little later, in which
each scored an average RMSD of 0.21 nm (15 ns) and 0.20 nm
(28 ns), respectively. The MD trajectory of the DehHsAAD6-
2,2-DCP complex was somewhat unusual with reasonable
regular fluctuations at 27 ns, 56 ns (average RMSD ¼
0.25 nm), and 93 ns (0.29 nm) before stabilizing from 95 ns
onwards (average RMSD ¼ 0.2 nm). Conversely, the study
found that the DehHsAAD6-3CP complex fluctuated until
60 ns production. The complex recorded the highest average
RMSD value of 0.29 nm; thus it was the least stable enzyme-
ligand complex suggesting dehalogenase enzymes that can
degrade alpha-chloroalkanoate (2,2DCP; 2,3DCP, D- or L-2CP)
were common compared to beta-substituted haloalka-
noate (3CP).

The L-2CP and MCA were found to be the preferred sub-
strate of DehHsAAD6 followed by, 2,3-DCP, D-2CP, TCA, 2,2-
DCP, and lastly, 3CP. In short, the MD data revealed that
nearly all ligands were within the favorable range for inter-
action with DehHsAAD6 (0.3 nm), which stabilized toward to
end of production simulation. Hence, the substrates could
form adequately strong bonds based on their hydrogen
bond distances (<0.3 nm) to DehHsAAD6, as similarly
described by similar studies (Hamid et al., 2015a, 2015b). The
findings also validated the blind docking and molecular
docking results which showed L-2CP and MCA (�4.8 kcal/
mol) having the highest affinity to DehHsAAD6 compared to
TCA (�4.5 kcal/mol), 2,3-DCP (�4.1 kcal/mol), and D-2CP
(�3.9 kcal/mol), 2,2-DCP (�3.5 kcal/mol) and 3CP (�3.2 kcal/

mol). The general convergence from the initial structure for
the DehHsAAD6-ligand configurations for substrates L-2CP,
MCA, 2,3-DCP, D-2CP, and TCA in the first 56 ns, less so for
2,2-DCP and 3CP, under the constant temperature (300 K)
and pressure (1 atm) signified their satisfactory stabilities.

3.6.2. Root mean square fluctuation (RMSF)
The RMSF value reveals the residue-specific flexibility by cal-
culating the individual residue flexibility or the extent of any
residue movement (fluctuates) along a principal axis during
simulation. A high RMSF value describes a high degree of
movement, while a low RMSF value signifies a stable and
more rigid structure (Anuar et al., 2020; Junaid et al., 2014;
Kumar et al., 2014). RMSF of >0.05 nm (0.5 Å) is the threshold
value where a significant change in residue-specific flexibility
occurs (Dong et al., 2018; Kovacic et al., 2016; Zhu
et al., 2019).

As roughly seen in the RMSF plots (Figure 9), the esti-
mated average RMSF values were low for complexes
DehHsAAD6-L-2CP, DehHsAAD6-MCA (0.05–0.10 nm), followed
by DehHsAAD6-TCA, DehHsAAD6-2,2-DCP, DehHsAAD6-D-2CP,
DehHsAAD6-3CP complexes (0.05–0.12 nm) and the
DehHsAAD6-2,3DCP complex (0.05–0.14 nm) (Figure 9). The
good structural stability of the DehHsAAD6-L-2CP,
DehHsAAD6-MCA complexes were well exemplified in their
low RMSF values (0.05–0.10 nm), as similarly described by
other studies (Hamid et al., 2015a, 2015b). The findings veri-
fied that the DehHsAAD6 bonded tightly to the ligands in
relation to their average positions. However, comparisons of
RMSF values in all tested complexes did show some suppres-
sion of conformational dynamics in certain residues, notably
residues 1–5. The outcome implied the absence of

Figure 8. MD simulation of DehHsAAD6 against the various halogenated organic compounds and chlorpyrifos. Average RMSD of the backbone conformation is
shown as simulation time (100 ns) at 300 K and the overlayed RMSD plots of L-2CP in maroon, MCA in purple, 2,2-DCP in orange, D-2CP in green, 3CP in Red, 2,3-
DCP in turquoise, and TCA in blue.
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interactions between the enzyme residues with the ligands,
as previously described by Cohen et al. (2019).

In general, the DehHsAAD6-ligands complexes showed
that lysine, methionine, glutamate, glycine, asparagine, and
valine were at positions 27, 52, 148, 169, 200, and 210,
respectively, were the fluctuating residues (Figure 9).
Complex DehHsAAD6-2,3-DCP (Figure 6) exhibited markedly
fluctuating residues, namely the lysine-27 (0.3 nm) and
methionine-52 (0.36 nm) and asparagine-200 (0.41 nm), corre-
sponding to 0.200 nm (88 ns), 0.180 nm (60 ns) and 0.195 nm
(78 ns), respectively. Similarly, glutamate, glycine, asparagine
and valine in complexes DehHsAAD6-L-2CP, DehHsAAD6-TCA,
DehHsAAD6-3CP, DehHsAAD6-2,2-DCP and DehHsAAD6-D-2CP
fluctuated at the corresponding positions 148 (0.32 nm), 169
(0.28 nm), 200 (0.41 nm) and 210 (0.32 nm) (Figure 9). The
higher DehHsAAD6-complexes RMSF values seen here
ascribed the ability of the enzyme to bind to all the ligands
firmly (Figure 9). Conversely, large RMSF fluctuations of cer-
tain residues in the DehHsAAD6-complexes (Figure 9) were
related to their location in the highly flexible a-helix region
compared to their average positions (Nemaysh &
Luthra, 2017).

Most importantly, the low RMSF values of the catalytic
triad (Tyr12-Lys46-Asp182) in the DehHsAAD6 point to their
overall tight bonding with the ligands; behavior consistent
with their location in the protein core (Figure 9). Quite the
reverse, residues located on exposed loops tend to record
higher RMSF values (Fuentes et al., 2018). The lower RMSF
values in all DehHsAAD6-ligand complexes also validated
their higher selectivity for halogenated organic substrates. A
comparable outcome was also predicted by another related
study (Oyewusi et al., 2020, 2021b). However, the slight dif-
ference in binding free energy was insufficient to reliably

establish the substrate preference of DehHsAAD6, as previ-
ously indicated by a similar study by Anbarasu and Jayanthi
(2018). Another corresponding parameter must also
be measured.

3.6.3. Radius of gyration (Rg)
The Rg value of the DehHsAAD6-substrate complexes was
measured to observe changes in compaction and the overall
protein dimensions during the MD simulation. A reasonably
constant Rg value describes a stable folded structure, while
an unfolded structure will cause the Rg value to fluctuate
throughout the simulation (Liao et al., 2014).

In this study, low average Rg values for DehHsAAD6-TCA,
DehHsAAD6-L-2CP, and DehHsAAD6-MCA, (Figure 10) com-
plexes (1.68–1.78 nm) were observed, which indicated minor
fluctuations. All the three complexes mildly fluctuated (aver-
age Rg value ¼ 1.72 nm), which corroborated their stability
and good protein folding. The DehHsAAD6-D-2CP average Rg
value appeared to stabilize moderately at the start of MD
simulation but showed noticeable spikes at 42 ns and 63 ns
(1.75 nm). The DehHsAAD6-3CP complex also behaved simi-
larly and equilibrated to an average Rg near the end of the
simulation (average Rg value ¼ 1.68 nm). For DehHsAAD6-2,3-
DCP, the Rg value gradually decreased from 1.79 to 1.67 nm
and briefly peaked at 80 ns (Figure 10) before reaching equi-
librium (average Rg �1.75 nm). The Rg value of the
DehHsAAD6-2,2-DCP gradually decreased from 1.74–1.64 nm
(Figure 10).

Based on the computer modelling research, the shift in
Rg is best explained in terms of protein compactness with
ligands. Comparatively, the Rg of DeHsAAD6 protein was
presented in S1. Consequently, enhancement in protein

Figure 9. Average RMSF plots of Ca atoms for DehHsAAD6 showing all RMSD plotted together throughout the 100 ns production simulations. The L-2CP is depicted
in maroon, MCA in purple, 2,2-DCP in orange, D-2CP in green, 3CP in red, 2,3-DCP in turquoise, and TCA in blue. The labeled residues in pink box (Tyr12, Lys46 &
Asp182) denote the catalytic triad while others (Lys27, Met52, Glu148, Gly169, Asn200 & Val210) are amino acids with the high fluctuation.
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compactness on ligand binding can be elucidated by low
values of Rg. The Rg plots for the trajectories exhibited bet-
ter structural compactness of all the ligands with
DehHsAAD6 (Rg range 1.64–1.78 nm) than Rg of DehHsAAD6
protein (1.77–1.83 nm) (S2). It should be noted that the com-
pactness of DehHsAAD6 did not remain constant throughout
the simulations, fluctuating somewhat at 5 ns, 30 ns, 45 ns,
60 ns and 85 ns, with an average Rg of 1.83 nm (S2).
According to Lobanov et al. (2008), the highest Rg plot pro-
poses a looser packing of amino acids and vice versa when
the Rg value is at the lowest. Hence, the relatively low Rg
values of all complexes represented their tight bonding to
DehHsAAD6. The findings also point to highly compact
DehHsAAD6-ligand complexes.

3.6.4. Hydrogen bonds analysis
According to Chen et al. (2016), hydrogen bonds and their
relative strength in a water environment are vital to enable
protein-ligand binding, particularly when the mechanism of
action involves hydrolysis. In any case, the important role of
water in the breakdown of a compound cannot be dis-
missed. Figure 8 illustrates the intermolecular hydrogen
bonds formed between DehHsAAD6 and the substrates. The
study found that six hydrogen bonds (H-bonds) were formed
in the DehHsAAD6-TCA (Figure 8) complex compared to only
three bonds in complexes DehHsAAD6-L-2CP, DehHsAAD6-
3CP, DehHsAAD6-2,2-DCP, and DehHsAAD6-2,3-DCP (Figure
11). The DehHsAAD6-MCA and DehHsAAD6-D-2CP (Figure 11)
complexes showed two hydrogen bonds.

Figure 10. Average of radius of gyration is shown as a 100 ns simulation time function at 300 K, showing DehHsAAD6 against L-2CP in maroon, MCA in purple, 2,2-
DCP in orange, D-2CP in green, 3CP in Red, 2,3-DCP in turquoise, and TCA in blue showing radius of gyration (Rg) plotted together.

Figure 11. Number of intermolecular hydrogen bonds at 100 ns simulation for DehHsAAD6 when bonded to different haloacetate (TCA & MCA) and haloacid (L-
2CP, 3CP, 2,2-DCP, 2,3-DCP & D-2CP).
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The DehHsAAD6-ligand outputs seen in the MD simulation
have more hydrogen bonds than those observed in the cor-
responding molecular docking study. This is because MD
simulation incorporates water into the system, which closely
resembles the actual enzymatic hydrolysis system (Anuar
et al., 2020; Oyewusi et al., 2020). Thus, the number of
formed hydrogen bonds constantly changed throughout the
simulation time. However, they were more profound in the
DehHsAAD6-2,3-DCP and DehHsAAD6-2,2-DCP complexes.

In this investigation, RMSD, RMSF, Rg and hydrogen bond-
ing were the parameters computed and analysed after a
100 ns dynamics trajectory. In fact, the context in which
RMSD and RMSF are performed is because such stabilities
and flexibilities are required to acquire good binding inter-
action. Also, low Rg values can reveal an increase in protein
compactness on ligand binding. While a high number of
hydrogen bonds between the ligand and key residues associ-
ated with protein activity indicates a high binding activity. It
must be stressed that the binding free energies derived from
molecular docking analysis for all the complexes were found
to agree with the RMSD and RMSF. Consequently, it is neces-
sary to strike a balance between computational reliability
and efficacy with experimental investigation especially in bio-
logical processes or systems. For this reason, an experimental
investigation is needed to provide more trustworthy informa-
tion on the enzyme activity with ligands, which can be based
on enzymatic kinetics and thermodynamics. In particular,
future study on enzyme kinetics will be required to confirm
the binding affinity.

4. Conclusion

Molecular docking and MD simulations successfully predicted
the order of substrate preference by the putative dehaloge-
nase DehHsAAD6 derived from genomic H. smyrnensis AAD6.
Undoubtedly, the DehHsAAD6 showed preferential interac-
tions with different haloalkanoates and haloacetates to form
stable complexes in the molecular docking and MD simula-
tion. The study discovered that the DehHsAAD6 has a broad
substrate specificity although L-2CP and MCA were shown to
be the enzymes’ top two most favored substrates. Hence, it
was confirmed that the putative DehHsAAD6 dehalogenase
is a possible exceptional enzyme for treating halogen-conta-
minated environments provided that all these substrates
were substrates for the bacterium as well.

According to study halophilic bacterium Halomonas smyr-
nensis AAD6T could be used to detoxify or degrade hazard-
ous halogenated organic pollutants in the environment. The
existence of a putative dehalogenase enzyme (DehHsAAD6)
in the genome of this bacterium suggests its functionality
and usefulness in degrading or absorbing pollutants as well
as presents a clear picture of its use in bioremediation of
polluted environments. Having said this, the in-silico would
speed up the process of selecting a specific pollutant using
computational scrutiny, which could provide valuable
insights into the explanation of dehalogenase (DehHsAAD6)
mechanism for extended substrate selectivity and catalytic
activity. It must be noted that the study needed to be

validated in a wet laboratory level degradation assay to thor-
oughly screen for degradation and fate of concern pollu-
tants, and then scaled up for real-time use on polluted sites
for environmental safety.
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