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Abstract 

The present study aimed to investigate the decolorization of various commercial dyes by azoreductases (AzrBmH21, 
AzrBmH22/3, and AzrBmH24/5) through bioinformatics means, comprising molecular docking, molecular dynamics 
simulation, and molecular mechanics Poisson–Boltzmann surface area (MM-PBSA). Therefore, four commercial dyes, 
namely acid orange 7, cresol red, methylene blue, and malachite green, were selected as potential targets for degra‑
dation by the above said azoreductases derived from Bacillus megaterium H2. The prediction of ligand binding or cata‑
lytic sites for AzrBmH21, AzrBmH22/3, and AzrBmH24/5 were performed using a machine learning algorithm based 
on the Prank Web and DeepSite chemoinformatic tool. This analysis revealed that several amino acids of AzrBmH2 
interacted with the tested dyes, indicating the presence of distinct ligand-binding sites for AzrBmH2-dye complexes. 
Likewise, the binding affinity for AzrBmH21, AzrBmH22/3, and AzrBmH24/5 ranged from − 9.4 to − 5.5 kcal/mol, 
− 9.2 to − 5.4 kcal/mol, and − 9.0 to − 5.4 kcal/mol, respectively, with each complex stabilized at a minimum of 0–5 
hydrogen bonds. MD simulations revealed stable AzrBmH2-dye complexes with RMSD and RMSF values ranging 
from 0.15 to 0.42 nm and 0.05 to 0.48 nm, respectively, with Rg values between 1.75 and 1.88 nm. MM-PBSA cal‑
culations indicated that the AzrBmH2–dye complexes, except for AzrBmH2–malachite green, exhibited the lowest 
binding energy (− 191.05 ± 7.08 to 314.19 ± 6.88 kcal/mol), with prevalent hydrophobic interactions (− 268.25 ± 12.25 
to − 418.92 ± 29.45 kcal/mol) through van der Waals forces. Therefore, this study was able to highlight the potential 
role of enzymes, specifically azoreductases from Bacillus megaterium H2, in predicting the decolorization of commer‑
cial dyes. These findings could contribute to our understanding of the azoreductases’ mechanisms in bioremediation 
and for biotechnological applications.
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Introduction
Textile industry is one of the global giant and oldest 
industries that has a significant challenge with wastewa-
ter treatment. The discharged wastewater contains salts, 
dyes, heavy metals, and levelling agents that pose a threat 
to the environment. It has been reported that approxi-
mately 20% of textile dyes are lost during manufacturing 
[35]. The discharge of textile wastewater into water bod-
ies can disrupt aquatic ecosystems and decrease oxygen 
solubility, posing severe environmental and health risks 
[14]. Consequently, releasing azo-dye wastewater into the 
environment can result in ecological hazards. Azo dyes 
are extensively used in textile industries due to their cost-
effectiveness, versatility in color range, ease of manufac-
turing, and resistance to damage. Efficient color removal 
and treatment of harmful by-products are crucial for the 
reuse of treated water. Biological decolorization and deg-
radation of azo dyes offer an eco-friendly, efficient, and 
cost-effective option with lower sludge production and 
higher efficiency for a wide range of azo dyes [7, 22]. Bac-
terial systems are particularly interesting for degradation 
due to their ease of synthesis, maintenance, ability to sur-
vive in stressful conditions, and the presence of various 
oxidative and reductive enzymes for biotransformation.

Enzymes catalyzing the reduction of azo dyes are called 
azoreductases (EC 1.7.1.6), utilizing NADH/FMN and/or 
NADPH as electron donors to decolorize these dyes by 
reductively cleaving azo bonds to form aromatic amines 
as the degradation products. The rate-limiting step is 
decolorization, followed by aerobic mineralization of the 
colorless aromatic amines. Scientists worldwide focus on 
using in silico methods before in  situ or ex situ biodeg-
radation of toxicants to identify ecologically sustainable 
strains for field-level applications. This in silico approach 
saves time and resources, making way for future biore-
mediation technologies [17, 32]. Bioinformatics tools 
provide insights into bioremediation mechanisms by 
predicting the propensity of dye degradation via oxido-
reductive enzymes [1, 20]. The systems biology approach 
for microbial bioremediation reduces the time and cost 
involved in preliminary screening for identifying fea-
sible strains for effective treatment of textile effluents. 
Molecular docking and molecular dynamics simulation 
can optimize and enhance our understanding of protein–
ligand interactions [21]. In particular, docking can be 
used to predict amino acid residues involved in enzyme–
dye binding.

Halophilic microorganisms growing in extreme envi-
ronments, like hypersaline lakes, also show promise in 
degrading azo dyes. Combining bioinformatics and bac-
terial remediation, this study aims to validate innova-
tive approaches for treating textile wastewater. Bacillus 
thuringiensis H2, isolated from hypersaline Lake Tuz in 

Turkey, has shown an innate ability to render pollutants 
such as haloacids, haloacetates, and chlorpyrifos less det-
rimental in the presence or absence of salt [19, 24]. Previ-
ously, an azoreductase enzyme (AzrBmH2) was identified 
from the bacterium genome and analyzed using silico 
methods [18]. Integrating bioinformatics and bacterial 
remediation in this study is an interesting approach to 
validating innovative strategies to treat textile wastewa-
ter. Furthermore, this in silico strategy, prior to empiri-
cal ones, conserves time and resources, making way for 
future bioremediation technologies.

The main objective of the present study is to validate 
a novel approach combining bioinformatics and bacte-
rial remediation using non-native strains for decoloriz-
ing and degrading azo dyes. Specifically, we focused on 
using the identified AzrBmH2 enzyme to decolorize tex-
tile azo dyes (methylene blue, malachite green, cresol red, 
and acid orange 7). Here, we performed in silico stud-
ies (molecular docking and active site residue analysis) 
to investigate the interaction between dyes and oxido-
reductive enzymes, such as azoreductases (AzrBmH2) 
present in the bacterium genome, which are responsible 
for dye degradation. Through this approach, we suc-
cessfully identified the amino acid residues involved 
in enzyme–dye binding, which might prove valuable 
in eliminating time-consuming and cumbersome pre-
liminary screening procedures in future bioremediation 
endeavors.

Materials and methods
Proteins and ligands preparation
The homology-modeled azoreductase (AzrBmH2) 
used in this study was previously reported [18]. Briefly, 
five amino acid sequences of azoreductases, namely 
AzrBmH21, AzrBmH22, AzrBmH23, AzrBmH24, and 
AzrBmH25, were annotated from the genome of Bacillus 
megaterium H2 (GenBank accession number: CP071466-
CP071484) [19] and modeled using the SWISS-MODEL 
web server [37]. The three-dimensional (3-D) struc-
ture of the AzrBmH21 protein was reported in our 
previous study [18], resembling the crystal structure 
of FMN-dependent NADH-azoreductase from Bacil-
lus sp. A01 (PDB ID: 6qu0). Similarly, the 3-D struc-
tures of AzrBmH22/3 and AzrBmH24/5 were predicted 
to resemble the crystal structures of FMN-dependent 
NADH-indigo reductase from Bacillus smithii type 
strain DSM 4216 (PDB ID: 6JXS) and Bacillus sp. B29 
(PDB ID: 3W77), respectively [18]. The 3D structures of 
the dye molecules, including methylene blue, malachite 
green, cresol red, and acid orange 7, were obtained from 
the PubChem database as 3D modeling conformers. Fig-
ure  1 depicts the structures of the tested dyes prepared 
using the University of California San Francisco (UCSF) 
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Chimera (Version 1.17.3) [3, 9]. The SDF files of the 
ligands were converted to PDB files using O-BABEL (ver-
sion 2.3.1), and hydrogens were added to the 3D models 
of the ligands using Avogadro software. Finally, the struc-
tures were submitted to the Automated Topology Builder 
(ATB) and Repository version 3.0 server to optimize the 
molecular geometries.

Ligand binding sites prediction
The 3-D structures of novel potential targets were ana-
lyzed to identify binding sites for small organic mol-
ecules and assess their suitability for bioremediation. To 
achieve this, we employed the PrankWeb and DeepSite 
web servers. PrankWeb and DeepSite utilize machine 
learning algorithms to predict ligand-binding sites 
based on various factors, including protein 3D structure, 
sequence information, binding pocket lists, and visual 
analysis. PrankWeb and DeepSite can predict new bind-
ing sites and are designed to handle multidomain pro-
tein structures (Krivak and Hoksza, [11]). This analysis 
was to examine the binding site coordinates and iden-
tify the specific amino acids within the pockets of the 

azoreductase proteins. To accomplish this, we uploaded 
the 3D models of the azoreductases (6QU0, 6JXS, and 
3W77) to the PrankWeb and DeepSite web servers and 
submitted them for analysis.

To reconfirm the predicted catalytic amino acids of the 
AzrBmH2 proteins, COACH-D algorithm (https://​yangl​
ab.​qd.​sdu.​edu.​cn/​COACH-D/) [6, 27] and CAVER Web 
1.0 tools (https://​losch​midt.​chemi.​muni.​cz/​caver​web/) 
were employed in this study. COACH-D determined 
and validated the best active site before the output was 
subjected to quantum tunneling using CAVER Web 1.0 
tools. The latter is useful in comprehending the intended 
ligand modalities accommodated within the AzrBmH2 
proteins.

Molecular docking
To determine the optimal conformation and orienta-
tion of ligands when interacting with the target protein, 
molecular docking was employed in this study. The pur-
pose was to assess the binding affinity of four azo dyes in 
complex with different AzrBmH2 proteins (AzrBmH21, 
AzrBmH22/3, and AzrBmH24/5). All molecular docking 

Fig. 1  Structures of synthetic dyes assessed by this study a methylene blue, b malachite green, c cresol red, and d acid orange 7

https://yanglab.qd.sdu.edu.cn/COACH-D/
https://yanglab.qd.sdu.edu.cn/COACH-D/
https://loschmidt.chemi.muni.cz/caverweb/
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simulations were conducted using Autodock version 
4.2.6 and AutoTools 1.5.6 software. AutoDock Tools was 
utilized in this study to identify the rotatable bonds in the 
ligands, generating various conformers for the docking 
process. Additionally, AutoDock Tools was used to cre-
ate PDBQT files for both the ligands and AzrBmH2 pro-
teins. In these files, Gasteiger and Kollman charges were 
calculated for each atom of the AzrBmH2 molecules and 
ligands, ensuring accurate torsion adoption for rotation 
during the docking simulation. This step was carried 
out using AutoDock version 4.2.6. Three-dimensional 
grids were created to identify the ligand binding sites 
and binding residues, as well as to generate affinity maps 
for all the atom types. For AzrBmH21, the grid dimen-
sions were set to 56 × 80 × 42 Å with a spacing of ± 1.000 
Å. Similarly, for AzrBmH22/3, the grid dimensions were 
58 × 68 × 40 Å, and for AzrBmH24/5, the grid dimensions 
were 66 × 54 × 44 Å. These grids were generated using 
AutoGrid, and they allowed for the calculation of affinity 
values for all the atom types present in the system.

In the docking simulations, a total of 100 runs were 
performed for each flexible ligand. Within each run, 10 
million energy evaluations were conducted to explore the 
conformational space and evaluate the binding affinities. 
The docking analysis was carried out using AutoDock 
Vina, which allowed for the identification of energetically 
favorable binding poses. The resulting conformations 
were then subjected to a conformation cluster analysis 
based on the root mean square deviation (RMSD) val-
ues, using the starting structure as the reference. The 
conformations were ranked according to their binding 
energy in units of kcal/mol, with lower energy values 
indicating stronger binding interactions. Furthermore, 
to visualize the hydrogen bond and hydrophobic interac-
tions between the ligands and the binding site residues, 
LigPlot + software was used [26]. The LigPlot + generated 
schematic diagrams illustrating the best docking result 
for each substrate, where the interactions were depicted 
along with the corresponding binding energy in units of 
kcal/mol. This analysis provided a visual representation 
of the key molecular interactions involved in the ligand–
protein binding [36].

Molecular dynamics (MD) simulation
Molecular dynamics (MD) simulations were conducted 
using the parallel version of the GROMACS 5.1.2 soft-
ware, employing the gromos96 53a7 force field (http://​
www.​groma​cs.​org/​About_​Groma​cs). These simula-
tions aimed to assess the stability and flexibility of the 
docked AzrBmH2–dyes complexes. The simulation sys-
tem required all the complexes to be solvated in a cubic 
water box with dimensions of 90.0 × 90.0 × 90.0 nm. The 
water molecules were modeled using the Simple Point 

Charge (SPC) water model, as proposed by Wu et  al. 
[38]. Sodium ions were introduced to neutralize the 
entire system, by substituting water molecules to ensure 
charge neutrality of the AzrBmH2 proteins. Before the 
molecular dynamic simulations, an energy minimiza-
tion step was performed using the steepest descent algo-
rithm. The minimization process involved 735 steps for 
AzrBmH21, 978 steps for AzrBmH22/3, and 938 steps 
for AzrBmH24/5. This energy minimization step aimed 
to alleviate steric clashes or inappropriate geometries in 
the solvated protein–ligand complex system, ensuring 
a more stable starting configuration for the subsequent 
simulations.

Following the energy minimization, the minimized sys-
tem was subjected to equilibration in two phases: NVT 
(constant Number of particles, Volume, and Tempera-
ture) and NPT (constant Number of particles, Pressure, 
and Temperature). The equilibration process was per-
formed for a duration of 1000 picoseconds (ps). During 
the NVT phase, a position restraint molecular dynam-
ics simulation was carried out, applying a constant force 
of 1000  kJ  mol−1  nm−2 on the heavy atoms of both the 
protein and substrate. This restraint helped maintain 
the stability of the system and allowed for the adjust-
ment of internal energies and atomic fluctuations. The 
NVT conditions ensured that the system’s temperature 
remained constant throughout the equilibration process. 
After the equilibration phase, the well-equilibrated sys-
tems of AzrBmH2–dyes complexes were ready for the 
production run. The production run was carried out at a 
temperature of 300 K (Kelvin) and a pressure of 1 atmos-
phere for 100  ns (ns). During this production run, the 
dynamic behavior and stability of each AzrBmH2–dyes 
complex were analyzed using various parameters. The 
root mean square deviation (RMSD) was calculated to 
measure the deviation of each complex’s structure from 
the starting conformation throughout the simulation. 
The radius of gyration (Rg) was determined to assess the 
compactness and overall size of the complexes during the 
simulation. The root means square fluctuation (RMSF) 
provided information about the flexibility and fluctuation 
of individual residues within the complexes. The solvent-
accessible surface area (SASA) was calculated to inspect 
the exposure of the complexes to the surrounding solvent 
molecules. Furthermore, the hydrogen bond profile was 
analyzed to study the formation and stability of hydro-
gen bonds between the protein and ligand molecules. 
These analyses were performed using built-in tools in the 
Gromacs software, widely used for molecular dynamics 
simulations. By examining these parameters, we gained 
insights into the dynamic behavior, stability, and inter-
molecular interactions of the AzrBmH2–dyes complexes 
throughout the 100-ns production run.

http://www.gromacs.org/About_Gromacs
http://www.gromacs.org/About_Gromacs
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Calculation of binding free energy
The binding free energies for the AzrBmH2–dye com-
plexes were calculated using the molecular mechanics/
Poisson Boltzmann surface area (MM-PBSA) approach. 
This analysis was performed using the g_mmpbsa tool 
in Gromacs. To determine the contribution of each resi-
due to the binding free energy, we utilized the MmPbSa-
Decomp.py Python script. The g_mmpbsa package is a 
standalone tool that incorporates subroutines from the 
GROMACS and APBS packages, providing a detailed 
estimation of the molecular mechanics Poisson–Boltz-
mann surface area (MM-PBSA) interaction. This allowed 
us to validate the results obtained from the molecular 
dynamics (MD) investigation. The binding free energy 
for each AzrBmH2–dye complex was calculated follow-
ing the methods described in our previous studies [29], 
2022c). The presented results are the average of tripli-
cated MM-PBSA calculations.

Results and discussion
Ligand binding site prediction
The protein structures of the azoreductases (AzrBmH2) 
from Bacillus megaterium H2 were predicted using the 
DeepSite and PrankWeb tools. PrankWeb predicted a 
higher number of ligand-binding pockets compared to 
DeepSite. Specifically, AzrBmH21, AzrBmH22/3, and 
AzrBmH24/5 were predicted to have 7, 6, and 3 bind-
ing pockets by PrankWeb, respectively. DeepSite, on the 
other hand, predicted 6, 4, and 2 binding pockets for the 
three AzrBmH2 proteins. Considering the higher num-
ber of binding pockets and binding residues predicted 
by PrankWeb, the results obtained from this server were 
further analyzed. The binding pocket with the highest 
probability and pocket score, referred to as Pocket 1, was 
selected for validation. Pocket 1 exhibited a probabil-
ity score of 0.929, 0.951, and 0.868, with corresponding 
pocket scores of 32.46, 37.82, and 22.95 for AzrBmH21, 
AzrBmH22/3, and AzrBmH24/5, respectively. The 
investigation revealed that Pocket 1 consisted of 15, 
20, and 21 amino acids for AzrBmH21, AzrBmH22/3, 
and AzrBmH24/5, respectively. Complete details of the 
AzrBmH2 binding-site predictions are presented in 
Table 1 and Fig. 2.

The predictions of the ligand binding site of protein 
structure have many applications related to pollutants 
bioremediation. Several methods for detecting enzyme-
binding cavities have been developed over the years 
based on the protein’s structural, geometric, and chemi-
cal features [28]. In the present study, the prediction of 
binding active sites of azoreductase (AzrBmH2) pro-
teins from Bacillus megaterium H2 was performed using 
machine learning algorithm-based deep convolutional 
neural networks (DeepSite and PrankWeb servers). The 

two servers permit fast visualization of results and give 
valid predictions that other tools could not attain [10]. 
After analyzing Prank Web and Deep Site findings, the 
study noticed both servers agreed that the AzrBmH2 
proteins have more than one perspective binding regions. 
Interestingly, the results for the machinery servers differ 
in the number of predicted regions. PrankWeb predicts 
more possible regions, whereas DeepSite predicts fewer 
regions. Upon closer examination of the outcomes, it 
is observed that the amino acids predicted by DeepSite 
largely overlap with those predicted by PrankWeb, albeit 
in different pockets. This agreement conveys confidence 
that the pockets in AzrBmH2 proteins are highly likely to 
be the predicted regions or pockets indicated by Prank-
Web, as illustrated in Table 1 and Fig. 2.

We then used the COACH-D algorithm and quan-
tum tunnel prediction to reconfirm the active sites of 
the AzrBmH2 proteins (AzrBmH21, AzrBmH22/3, and 
AzrBmH24/5), guided by protocols reported by two 
similar studies [6, 27]. The result revealed five poses of 
the active site, with the predicted binding affinities of 
the best poses for the AzrBmH21, AzrBmH22/3, and 
AzrBmH24/5 proteins being − 7.1 kcal/mol, − 6.4 kcal/
mol, and − 6.3 kcal/mol, respectively (Fig. 3). For authen-
tication of the abovesaid result and perfect analysis by 
supermolecular docking, the fifth, first, and first binding 
poses for the corresponding AzrBmH21, AzrBmH22/3, 
and AzrBmH24/5 proteins were subjected to the Caver 3 
webserver for quantum tunnelling of the best active site 
binding pose [15, 16]. As can be seen, the fifth active site 
position for the AzrBmH21 revealed six tunnels corre-
sponding to a length and radius of 3.8 Å and 1.5–3.6 Å, 
respectively (Fig. 4a); whereas the 1st and 5th active site 
positions for the AzrBmH22/3 and AzrBmH24/5 pro-
teins gave three and two tunnels with lengths and radii 
of 1.4  Å and 3.5  Å and ranging between 0.4–2.5  Å and 
1.6–3.5  Å, respectively (Fig.  4b, c). The quantitative 
analysis revealed that AzrBmH21 has the highest radius 
(give value here) compared to two other proteins (Fig. 4), 
in which the radius and the tunnel lengths hinge on 
dependent and independent variables, respectively. The 
radius of a protein is valuable in deducing the ligand’s 
length, height, and width [15].

Molecular docking analysis
A bioinformatic analysis provides a detailed understand-
ing of the substrate interaction and the amino acid resi-
dues involved in the interaction of AzrBmH2. In this 
study, molecular docking experiments were conducted 
to determine the binding affinity of AzrBmH2 and four 
different ligands (dyes) complexes. Molecular docking 
enables a comprehensive examination of the interaction 
patterns between the ligands and the protein, allowing 
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for calculating their binding energy. A suitable algo-
rithm can identify the specific amino acid residues in 
contact with the evaluated substrates, further enhanc-
ing our understanding of the ligand–protein interac-
tion. The present study carried out molecular docking 
experiments to obtain the binding energy or binding 
affinity for the complexes formed between AzrBmH2 
and the four different ligands (dyes). Docking results are 
either considered energetically unfavorable when bind-
ing energy for AzrBmH2–ligands complex ≥ 0  kcal/mol 
pointing extremely high or complete absence of affinity. 
Herein, the overall molecular docking results are shown 
in Table 2 and Fig. 5.

The results of molecular docking revealed that 
inter-atomic interactions, such as hydrogen bonding 

and hydrophobic interactions, occurred between the 
AzrBmH2 proteins and the ligands (dyes). The observed 
binding energies were between −  9.4 and −  5.5  kcal/
mol, −  9.2 to −  5.4, and −  9.0 to −  5.4 for AzrBmH21, 
AzrBmH22/3, AzrBmH24/5, respectively, whereby 
each complex was stabilized by at least 0–5 hydro-
gen bonds (Table  2). The lowest binding energy reflects 
the formation of a stronger AzrBmH2–ligand complex 
interaction, wherein AzrBmH21, AzrBmH22/3 and 
AzrBmH24/5 complexes with cresol red yielded the 
lowest binding energy of −  9.4, −  9.2 and −  9.0  kcal/
mol, respectively. This corresponds to four hydrogen 
bonds for AzrBmH21–cresol red complex with distances 
3.08  Å, 2.80  Å, 2.91  Å and 2.65  Å, that link to Ala143, 
Gly145, Asn148 and Asp53, respectively (Table  2). At 

Fig. 2  PrankWeb prediction of binding active sites of AzrBmH2 proteins from Bacillus megaterium H2 a AzrBmH21 (PDB 6QU0), b AzrBmH22/3(PDB 
6JXS), and c AzrBmH24/5 (PDB 3W77)

Fig. 3  The best active site poses of AzrBmH2 proteins predicted by COACH-D by considering the binding energy (kcal/mol) and the number 
of the amino acids involved at the docking region
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the same time, the AzrBmH22/3–cresol red complex 
formed two hydrogen bonds at 2.80  Å and 2.82  Å with 
residues Asn104 and Asp149, respectively. AzrBmH24/5-
cresol red complexes formed two hydrogen bonds, at 
2.80  Å and 2.90  Å with Arg12 and Gln117, respectively 
(Table  2). Similar results were observed when docking 
the AzrBmH2 proteins with acid orange 7, and methylene 
blue, yielding comparable binding energy between − 9.1 
and 7.0 kcal/mol (Table 2). However, all the AzrBmH2–
malachite green complexes showed binding energies 
between − 5.5 and − 5.4 kcal/mol with no intermolecular 
hydrogen bonds formation (Table 2, Fig. 5).

As can be seen in Fig.  3, AzrBmH21–malachite 
green complexes showed hydrophobic bonding with 
10 amino acids (Asn184, Ala143, His10, Trp100, Ser58, 
His183, Phe18, Trp60, Phe57, Gly59); whereas, the 
AzrBmH22/3–malachite green complexes produced 

nine hydrophobic bonds through Ser121, Arg64, Trp10, 
Val120, Thr119, Leu52, Trp103, Asn104, Phe125. Simi-
larly, the same complex formed nine hydrophobic bonds 
with Tyr124, Pro129, Tyr148, Asn116, Asn101, Phe169, 
Phe102, Ser153, and Pro152 (Fig.  5). Conversely, the 
negative binding energy observed for the AzrBmH2–
malachite green complexes was likely due to hydrophobic 
interactions.

Generally, the binding energy observed for AzrBmH2, 
and ligands (methylene blue, cresol red and acid orange 
7) was the most negative interaction energy (strong inter-
action) compared with the remaining AzrBmH2–mala-
chite green conformation complexes maybe due to the 
high number of hydrogen and hydrophobic interactions 
associated to predicted ligand binding residues (Asp53, 
Gly61, Gly145, Asn184, His10, Glu14, Gln16, Phe18, 
Phe57, Ser58, Trp60, Met102, Tyr151, Asn104, Tyr148, 

Fig. 4  Protein tunnels demonstration along with the tunnel length (Å) and radius (Å) of the three models of the best tunnels for allocating any 
ligand in the docking position
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Leu12, Leu18, Trp103, Ser121, Leu52, Phe125, Phe105, 
Phe172, Ala132, Val187, Gly148, Tyr148, Val18, Arg12, 
Ser19, Leu99, Asn101, Asn116, Tyr124, Phe102, Ser153, 

Arg144, Ala143, Ala17, Ile57) prophesized by PrankWeb 
(Table 1). However, the weaker interactions of malachite 
green with all three AzrBmH2 proteins might be due to 

A(iv) B(iv) C(iv)

Acid 
orange 7 
(AO7)

A(ix) B(ix) C(ix)

Cresol red 
(CR)

Pollutants AzrBmH21 AzrBmH22/3 AzrBmH24/5
A(i) B(i) C(i)

Methylene 
blue (MB) 

A(iii) B(iii) C(iii)

Malachite 
green 
(MG)

Fig. 5  LigPlot analysis for AzrBmH2–ligand interaction showing hydrogen bond with its equivalent distance and non-ligand residues involved 
in the hydrophobic interaction. A AzrBmH21–ligands, B AzrBmH22/3–ligands, C AzrBmH24/5–ligands interaction (i) methylene blue (MB), (ii) 
malachite green (MG), (iii) acid orange 7 (AO7), (iv) cresol red (CR)
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only hydrophobic interactions associated to predicted 
ligand AzrBmH2-residues like Asn184, Ala143, His10, 
Trp100, Ser58, His183, Phe18, Trp60, Phe57, Gly59, 
Ser121, Arg64, Trp10, Val120, Thr119, Leu52, Trp103, 
Asn104, Phe125, Tyr124, Pro129, Tyr148, Asn116, 
Asn101, Phe169, Phe102, Ser153 and Pro152 (Table 2). It 
is worth mentioning here that most of these amino acids 
are predicted to be catalytic by the PrankWeb server 
(Table 1).

The study was performed to validate the predicted 
active site and confirm the specific residues that play 
a crucial role in the catalytic activity of the AzrBmH2 
enzyme when interacting with different synthetic dyes. 
By examining the enzyme’s active site and analyzing its 
interaction with the dyes, the study sought to provide 
experimental evidence and verification of the residues 
responsible for the enzyme’s catalytic function. The dock-
ing result of AzrBmH2 enzymes against cresol red, acid 
orange 7 and methylene blue was analyzed using LigPlot 
as shown in Table  2 and Fig.  3. The docking results for 
AzrBmH2–ligand complexes were considered ener-
getically favorable since the binding energy ≤ 0  kcal/
mol pointed to the affinity and interaction between the 
protein and ligand. On comparing the docking result 
with the result obtained by the PrankWeb server, several 
amino acid residues were found to be similar to hydro-
gen bonds and hydrophobic interactions. This indicated 
that the substrates were binding at the predicted active 
site. Commonly found amino acid residues in bacteria 
azoreductases were Pro, Phe, Gly, Asn, Ser, Lys Ile, Thr 
and Tyr [18, 31]. In our study, these amino acids were 
also present in each binding interaction. These residues 
were commonly in the binding interactions with all the 
model compounds and some residues are represented in 
our study.

Molecular dynamics simulation
Molecular dynamics (MD) simulation is a powerful 
method/tool that aid bioremediation strategies by antici-
pating the protein–ligand complex’s structural changes, 
stability, and flexibility for an efficient technology transfer 
to real-time set-up [13, 23]. Remarkably, several proper-
ties, such as the chemical nature of pollutants, biodeg-
radation pathways, and microorganisms’ bioremediation 
abilities at the environmental levels, can be predicted 
by the in silico approach [13]. In this study, structural 
changes, stability, and flexibility of the AzrBmH2 pro-
teins (AzrBmH21, AzrBmH22/3 and AzrBmH24/5) with 
respect to the ligands/substrates (acid orange 7, methyl-
ene blue, cresol red and malachite green) were revealed 
to predict their bioremediation potential. MD simula-
tion of AzrBmH2–ligands complexes was performed 
for 100  ns using Gromacs software. root mean square 

deviation (RMSD), root mean square fluctuation (RMSF), 
radius of gyration (Rg), solvent-accessible surface area 
(SASA) and hydrogen bond plots were generated for an 
in-depth analysis.

Root mean square deviation (RMSD)
Specifically, the minimum value of the 
(RMSD ~ 0.2−   ~ 0.3  nm) means the protein complex 
is stable [34, 40]. As can be seen in Fig.  4 the struc-
tures of the AzrBmH21–ligand complexes are highly 
stable and lies between 0.15 and 0.3  nm, followed by 
AzrBmH24/5–ligand complexes (between 0.15 and 
0.39 nm) and AzrBmH22/3–ligands complexes (between 
0.2 and 0.42  nm). As revealed in Fig.  6a, the RMSD of 
the AzrBmH21–acid orange 7 and cresol red complexes 
achieved stability after 20 ns with an RMSD of 0.21 nm. 
A similar result was observed for the AzrBmH21–meth-
ylene blue complex with an average RMSD of 0.24  nm. 
From 0 to 90  ns, excessive variation in RMSD of the 
AzrBmH21–malachite green complex was observed due 
to extreme deviation of the ligand from its initial posi-
tion as shown in Fig.  6a. The AzrBmH22/3 showed a 
similar stability and conformation change pattern with 
ligands during the simulation (Fig.  6b). After 49  ns, the 
ligands bind to the enzyme (AzrBmH22/3), and a stable 
conformation is achieved with an average RMSD of 0.29 
and 0.3 nm for acid orange 7 and cresol red, respectively. 
Meanwhile, methylene blue and malachite green–enzyme 
complexes fluctuated to 0.32 nm (Fig. 6b). On analyzing 
the MD simulation trajectory of the AzrBmH24/5–ligand 
complexes, it was seen that AzrBmH24/5–methylene 
blue and acid orange 7 complexes were stabilized at 
48 ns, corresponding to an average RMSD of 0.2 nm. The 
AzrBmH24/5–cresol red and malachite green complexes 
stabilized after 52 and 71  ns, averaging RMSDs of 0.25 
and 0.3, respectively (Fig. 6c). It is worth stating here that 
the RMSD for all the AzrBmH2–ligand complexes was 
less than or equal to 0.3 nm. This showed that the ligands 
were present within the binding cleft of the proteins dur-
ing the simulation time, which was considered based on 
the docking result.

Root mean square fluctuation (RMSF)
RMSF measures the displacement of amino acid resi-
dues during a given simulation time. By analyzing the 
RMSF, the highly flexible residue can be detected. The 
RMSD investigations of the AzrBmH2–ligand complex 
structures were found to be stable with minor changes. 
Generally, the RMSF plot revealed that few amino acid 
residues moved extensively (Fig. 7). As can be seen, the 
RMSF plots of AzrBmH21–ligand complexes showed 
that Gln16 and 68 amino acid residues were highly fluc-
tuating, while residues, Leu18, Asp71, Ser73, Thr74 and 
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Thr119 behaving similarly in the AzrBmH22/3–ligand 
complexes. Likewise, Pro129 in AzrBmH24/5–ligand 
complexes exhibit an RMSF value that exceeded 0.3 nm 
(Fig.  7). The reason behind the little fluctuations seen 
in the RMSF of the AzrBmH2–ligand complexes might 
be the attachment of the dyes to the AzrBmH2 pro-
teins, which led to the increase in the movement of 
amino acid residues for the preparation of the cata-
lytic process. From the RMSF plot, it was observed that 
predicted catalytic residues Met99, Gly145, Asn184, 
Gly61, and Asp53 for AzrBmH21–ligand complexes 
(Fig.  7a), Tyr151, Arg147, Asn104, Met102 and Asp149 
for AzrBmH22/3–ligand complexes (Fig.  7b) and Val18, 
Arg12, Ser19, Asn101, Leu99, Gln 117 and Tyr148 for 

AzrBmH2–ligand complexes (Fig.  7c) showed fluctua-
tions below 0.3  nm. All these amino acid residues were 
found in the loop of AzrBmH2 protein structures. This 
supports the fact that catalytic residues or binding sites 
are buried in an enzyme’s loop or inner core, known for 
their dynamic binding ability [4]. Similarly, the amino 
acid residues involved in hydrophobic interactions exhib-
ited low fluctuation, ranging from 0.05 to 0.3 nm, across 
all three AzrBmH2 protein structures (Fig. 7).

The RMSF detailed the protein flexibility and struc-
tural fluctuations for each residue contributing to the 
protein dynamics [12]. The threshold range for RMSF 
was between 0.05 and 0.3  nm, determining the sig-
nificant changes in residue-specific flexibility that 

Fig. 6  MD simulation of AzrBmH2 proteins against the various synthetic dye. The average RMSD of the backbone conformation is shown 
as a function of simulation time (100 ns) at 300 K, and the overlayed RMSD plots of a AzrBmH21 of methylene blue in blue, malachite green 
in yellow, acid orange in red, cresol red in turquoise; b AzrBmH22/3 of methylene blue in orange, malachite green in indigo, acid orange in maroon, 
cresol red in magenta; c AzrBmH24/5 of methylene blue in brown, malachite green in black, acid orange in green, cresol red in violet
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gauges an enzyme’s substrate specificity [41]. There-
fore, a high RMSF value represents a higher degree of 
fluctuation, while a low value implies limited struc-
tural movement and a more stable structure [39]. The 
AzrBmH2 proteins exhibited low RMSF values for the 
predicted catalytic or binding site residues, indicating 
strong molecular interactions with the dyes (ligands). 
The study observed that the four dyes bonded with the 
AzrBmH2 proteins in distinct patterns and remained 
stable during the MD simulations. Additionally, the 
differences in binding energies provide evidence of the 
substrate specificity of AzrBmH2.

Radius of gyration (Rg)
Rg is the root mean square (RMS) distance of the 
protein’s atom and ligand’s atoms from the com-
mon center of gravity [36]. To analyze the overall 
shape of AzrBmH2–ligand complexes, the Rg plot 
was examined. Figure  8 illustrates that the Rg values 
for AzrBmH21–ligands, AzrBmH22/3–ligands, and 
AzrBmH24/5–ligand complexes range from 1.75 to 
1.83 nm, 1.78 to 1.88 nm, and 1.75 to 1.85 nm, respec-
tively. Specifically, in the case of AzrBmH21–ligand 
complexes, the average Rg value for AzrBmH21–meth-
ylene blue starts at 1.8 nm and decreases to 1.76 nm in 

Fig. 7  MD simulation of AzrBmH2 proteins against the various synthetic dyes. The average RMSF of the backbone conformation is shown 
as a function of simulation time (100 ns) at 300 K, and the overlayed RMSF plots of a AzrBmH21 of methylene blue in blue, malachite green 
in yellow, acid orange in red, cresol red in turquoise; b AzrBmH22/3 of methylene blue in orange, malachite green in indigo, acid orange in maroon, 
cresol red in magenta; c AzrBmH24/5 of methylene blue in brown, malachite green in black, acid orange in green, cresol red in violet
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the final 57  ns of the simulation (Fig.  8a). Conversely, 
AzrBmH21 with other ligands shows early stabiliza-
tion with an average Rg of 1.79  nm from the begin-
ning of the simulation (Fig.  8a). The compactness of 
AzrBmH22/3–ligand complexes during the simulation 
indicated that all ligands were more compact, with the 
AzrBmH22/3 stabilizing at 9  ns, with an average Rg 
of 1.82  nm (Fig.  8b). As for AzrBmH24/5 with cresol 
red, methylene blue, and acid orange 7, their Rg values 
stabilize at 37  ns, 58  ns, and 45  ns, respectively, with 
average Rg values of 1.77  nm, 1.79  nm, and 1.81  nm. 
However, a spike was observed at 78 ns for methylene 
blue (Fig.  8c). AzrBmH24/5–malachite green exhib-
its stability starting at 60  ns, with an average Rg of 

1.84 nm, and spikes between 73 and 80 ns are observed 
(Fig. 8c).

This study’s diverse range of Rg values indicates that 
the AzrBmH2–ligand complexes exhibited varying com-
pactness and overall structural dimensions during the 
molecular dynamics (MD) simulation. It is important 
to highlight that a relatively constant Rg value indicates 
a stable folded structure and strong ligand interaction 
with the binding site. Conversely, an unfolded structure 
or a protein with looser packing is characterized by fluc-
tuating or higher Rg values throughout the simulation 
[21, 25]. The Rg results indicate that the ligands suc-
cessfully folded and bound to the predicted binding site 
of AzrBmH2, resulting in increased compactness of the 

Fig. 8  Average is shown as a function of 100 ns simulation time at 300 K, showing AzrBmH2 against dyes as in a AzrBmH21 of methylene blue 
in blue, malachite green in yellow, acid orange in red, cresol red in turquoise; b AzrBmH22/3 of methylene blue in orange, malachite green in indigo, 
acid orange in maroon, cresol red in magenta; c AzrBmH24/5 of methylene blue in brown, malachite green in black, acid orange in green, cresol red 
in violet showing all radius of gyration (Rg) plotted together
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AzrBmH2–ligand complexes. The enhanced stability and 
binding of the complexes contribute to their compact 
nature.

Hydrogen bonds analysis
H-bonds are essential for the stability of biomolecular 
complexes. During the 100 ns MD simulations, the gmx 
hbond utility tool was employed to calculate the num-
ber of discrete hydrogen bonds formed between spe-
cific amino acid residues of the AzrBmH2 core proteins 
and dye atoms. Hydrogen bond interactions with the 
corresponding ligands were assessed using the evolu-
tion plot (Fig. 9). The present study showed a maximum 

of six to zero H-bonds formed by the AzrBmH2–ligand 
complexes, and some of the H-bonds remained fluctu-
ating till the end of the simulation (Fig.  9). As can be 
seen in Fig. 5a, the AzrBmH21–acid orange 7 revealed 
6 H-bond, followed by AzrBmH21–cresol red and 
AzrBmH21–methylene blue complexes with 5 and 4 
H-bonds, respectively. However, the AzrBmH21–mala-
chite green complex showed no H-bond (Fig. 9a). Simi-
lar results were obtained for and AzrBmH22/3–ligand 
complexes (Fig. 9b). AzrBmH22/3−acid orange 7 com-
plex exhibited 6 H-bonds while AzrBmH22/3–cresol 
red, AzrBmH22/3−methylene blue and AzrBmH22/3–
malachite green showed fewer H-bond numbers with a 

Fig. 9  Intermolecular hydrogen bonds along 100 ns simulation time in AzrBmH2–dyes when chemically bounded a AzrBmH21 of methylene blue 
in blue, malachite green in yellow, acid orange in red, cresol red in turquoise; b AzrBmH22/3 of methylene blue in orange, malachite green in indigo, 
acid orange in maroon, cresol red in magenta; c AzrBmH24/5 of methylene blue in brown, malachite green in black, acid orange in green, cresol red 
in violet showing all hydrogen bonds plotted together
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maximum of 3, 2 and 2 H-bonds, respectively (Fig. 9b). 
Comparatively, AzrBmH24/5−acid orange 7 formed a 
maximum of 5 H-bonds, followed by AzrBmH24/5−
cresol red, AzrBmH24/5−methylene blue and 
AzrBmH24/5−malachite green complexes, correspond-
ing to three, one and the absence of H-bonds (Fig. 9c).

The higher affinity of these molecules was likely 
attributed to the formation of hydrogen bonds, which 
supported better degradation of the dyes. The analysis 
revealed that the dyes formed 0–6 hydrogen bonds with 
the AzrBmH2 proteins (AzrBmH21, AzrBmH23/4, 
AzrBmH24/5) throughout the simulation period 
(Fig. 9). Notably, these findings are consistent with the 
molecular docking analysis of AzrBmH2–substrate 
interactions, as the MD simulation results exhibited 
a relatively higher number of hydrogen bonds than 
the molecular docking experiment. This suggests that 
the MD simulation of the AzrBmH2–dye complexes 
yielded structurally more compact and stable con-
formations, thus confirming the strong stability and 
binding of the four synthetic dyes with the active site 
of the AzrBmH2 proteins (AzrBmH21, AzrBmH23/4, 
AzrBmH24/5).

Solvent‑accessible surface area (SASA)
Furthermore, the solvent-accessible surface area 
(SASA) refers to the portion of the protein sufficiently 
exposed to interact with surrounding solvent mol-
ecules. SASA plays a crucial role in studying protein 
stability and folding, and it is defined by the hypo-
thetical center of the solvent sphere in contact with 
the molecule’s surface through van der Waals interac-
tions [18]. Solvent-accessible surface area (SASA) was 
also analyzed for the proteins in complex with differ-
ent dyes. Figure  10 depicts the estimated surface area 
around the AzrBmH21–dyes, AzrBmH22/3–dyes, 
AzrBmH24/5–dyes complexes (Fig.  10). The total area 
of the AzrBmH21–dyes was ~ 118–124 nm2 throughout 
the 100 ns (Fig. 10a). The surface area of AzrBmH22/3–
dyes and AzrBmH24/5–dyes complexes were about 
119–127 nm2 and 115–125 nm2, respectively (Fig. 10b, 
c). Generally, an increased protein SASA value dur-
ing simulation indicates structural relaxation and 
reduced protein stability [5]. In summary, the com-
prehensive analysis of dynamic stability and hydrogen 
bonding in the molecular docking and MD simulation 
of AzrBmH2–dye complex binding demonstrates the 
good stability and capability of AzrBmH2 proteins to 
degrade the tested dyes. Hence, our findings collec-
tively support the hypothesis that AzrBmH2 proteins 
exhibit favorable interactions and possess the potential 
for effective dye degradation.

MM‑PBSA binding free energy calculation
To investigate the degradation and decolorization 
mechanisms of the tested dye molecules at the atomic 
level, the MM-PBSA method was employed to cal-
culate the binding free energies between AzrBmH21, 
AzrBmH22/3, AzrBmH24/5, and the dyes (acid orange 
7, cresol red, methylene blue, and malachite green). The 
components of the molecular mechanics computed by 
the MM-PBSA analysis are presented in Table  3. The 
binding free energies for AzrBmH21, AzrBmH22/3, and 
AzrBmH24/5 with the dyes ranged from − 300.22 ± 11.69 
to −  35.07 ± 5.36, −  314.19 ± 6.58 to −  65.26 ± 8.81, and 
−  233.04 ± 6.39 to −  37.97 ± 2.94  kcal/mol, respectively. 
The energy components of the binding free energies 
obtained in this study are listed in Table  3. It can be 
observed that hydrogen bonds were the major favorable 
contributors to the degradation of the dyes, except for 
malachite green, where van der Waals and electrostatic 
energies played important roles in the binding process. 
Notably, the van der Waals energy in the AzrBmH2–
malachite green complex was almost six times stronger 
than the hydrogen bond energy. Hence, hydrogen bond 
energies predominantly drove the binding of acid orange 
7, cresol red, and methylene blue to AzrBmH2 proteins 
(Table  3), while van der Waals energies were primar-
ily responsible for the binding the AzrBmH2 proteins to 
malachite green (Table 3).

The abovesaid result was further substantiated by cal-
culating the binding free energy using the MM-PBSA 
method. The MM-PBSA analysis determined the binding 
free energy, including van der Waals, electrostatic, polar 
solvation, and non-polar solvation energies, to predict 
the strength of binding between the AzrBmH2 protein 
models and the tested dyes (as shown in Table  3). It is 
worth noting that hydrogen bond energy plays a crucial 
role in the degradation of acid orange 7, cresol red, and 
methylene blue, while van der Waals interactions con-
tribute to malachite green degradation. These results are 
in alignment with the previous analyses, providing fur-
ther support to the overall findings [2, 8, 33]. This result 
indicates that optimizing hydrogen bond interactions 
between acid orange 7, cresol red, and methylene blue 
and AzrBmH2 proteins, as well as the der Waals interac-
tions between malachite green and AzrBmH2 proteins, 
augment AzrBmH2–dyes’ degradation or decolorization.

Conclusion
Naturally occurring synthetic or commercially produced 
dyes are known to be toxic and carcinogenic, contrib-
uting to environmental pollution. Furthermore, these 
dyes are resistant to biodegradation and persist as pol-
lutants in water bodies. The current study investigated 
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the interaction between four commercial dyes by the 
Bacillus megaterium H2 azoreductases using in silico 
analysis, which utilized the ligand binding site modeling, 
molecular docking, and molecular dynamics simula-
tion. The docking interactions revealed the potential 
relevance of azoreductases (AzrBmH2: AzrBmH21, 
AzrBmH22/3, and AzrBmH24/5) with the four dye com-
pounds (acid orange 7, cresol red, methylene blue, and 
malachite green) in bioremediation. The binding affinity 
of the AzrBmH2–dye docking complexes followed the 
order: AzrBmH21–dye complexes (−  9.4 to −  5.5  kcal/
mol) > AzrBmH22/3–dye complexes (− 9.2 to − 5.4 kcal/
mol) > AzrBmH24/5-dye complexes (− 9.4 to − 5.5 kcal/

mol). Overall, the obtained binding affinity suggested that 
the stabilization of AzrBmH2–acid orange 7, AzrBmH2–
cresol red, and AzrBmH2–methylene blue complexes 
is mainly driven by hydrogen interactions, with inter-
atomic distances of interaction below 3.5 Å in all cases. 
In contrast, AzrBmH2–malachite green complexes are 
based on non-covalent hydrophobic interactions. Molec-
ular dynamics simulations demonstrated the stability of 
the AzrBmH2–dye complexes, as evidenced by low root 
mean square deviation (RMSD) values ranging from 0.15 
to 0.42  nm, root mean square fluctuation (RMSF) val-
ues ranging from 0.05 to 0.48 nm, and radius of gyration 
(Rg) values ranging from 1.75 to 1.88 nm. The predicted 

Fig. 10  Solvent-accessible surface area (SASA) analysis along 100 ns simulation time in AzrBmH2–dyes of a AzrBmH21 of methylene blue in blue, 
malachite green in yellow, acid orange in red, cresol red in turquoise; b AzrBmH22/3 of methylene blue in orange, malachite green in indigo, acid 
orange in maroon, cresol red in magenta; c AzrBmH24/5 of methylene blue in brown, malachite green in black, acid orange in green, cresol red 
in violet showing all SASA plotted together
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ligand binding-site residues further elucidated the inter-
action mechanisms of the tested dyes with potential envi-
ronmental impact. These findings suggest an efficient 
biodegradation mechanism for the four dyes studied. 
The hypothetical evidence presented in this study opens 
new perspectives for the empirical bioremediation of the 
methylene blue, malachite green, cresol red, and acid 
orange 7 dyes using the Bacillus megaterium H2 azore-
ductases. Future work could progress toward implement-
ing this strategy to identify novel enzymes for treating 
wastewater contaminated with synthetic dyes.
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