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Abstract: One type of liquid waste produced by Crude Palm QOil processing is Palm Oil Mill Effluent
(POME). This waste is a big challenge for the environment because of its dark brown color and rich in
organic compounds. Its brownish color comes from melanoidin, a pigment produced by the Maillard
reaction of processed coconut, whereas its organic compounds come from several components. The
predominantly common bacteria in POME bioremediation is Bacillus subtilis species, notably because
of its thermostable laccase. Various researchers performed several mutations to enhance its dye-
degrading capability. However, most result either in increased Ky or unstable. This study aimed to
produce recommendations for stabilizing mutant construction, followed by molecular docking and
molecular dynamics (MD) of POME components. We performed mutant construction and structure
evaluation using the POPMuSiC-2.1 server while ligand-receptor preparation, molecular docking, and
MD by YASARA Structure. After minimization, the results showed the energy difference from the
optimized T480V mutant from 73.98 to -95.04 kcal/mol. Caffeic acid has the highest docking score,
whereas the different temperature of MD reveals that increased temperature (80 °C) improve
melanoidin binding energy. Nevertheless, the need for further studies will strengthen previously
existing results.

Keywords: POME bioremediation; Bacillus subtilis; temperature; mutation; molecular docking;
molecular dynamics.
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1. Introduction

Every process of processing oil palm fresh fruit bunches into crude palm oil will
generate solid and liquid waste. Palm Oil Mill Effluent (POME) is one form of liquid waste. It
is estimated that palm oil processing mills can produce 455,000 tons of POME waste per day
in Indonesia [1]. POME will harm the aquatic environment without proper treatment by
blocking surface light [2]. It is suspected that the color of POME waste comes from melanoidin,
a toxic biopolymer pigment produced by the Maillard reaction of coconut processing. In
addition, there are other phytotoxic components such as o-cresol, m-cresol, 4-hydroxybenzoic
acid, 3-methylcatechol, caffeic acid, and ferulic acid [3,4]. Based on this, oxidoreductase-type
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enzymes have strong biodegradation capabilities of dyes and phenolic components as an
alternative to green solutions.

One of the most widely used enzymes in the bioremediation of POME waste is laccase
from Bacillus subtilis species in axenic or consortium cultures. Research by Sharma and Mittal
[5] showed that the axenic culture of B. subtilis could degrade melanoidin by 62.5% [6]. B.
subtilis laccases were also categorized as thermostable compared to other sources. One
mutation (T480A) was found to increase laccase activity by 2.38 times, despite having a
significant increase in KM due to the low alanine B-sheet propensity [7,8]. Based on this,
rational protein design is needed for stable mutant construction.

Furthermore, it is possible to increase the catalytic efficiency of the B. subtilis laccase
enzyme through point mutations because it has been crystallized and deposited in the Protein
Data Bank [8]. This result is also supported by the new active site (extrusion loop) of B. subtilis
laccase by Liu et al. [8], which was co-crystallized with ABTS (2,2-azinobis-3-
ethylbenzothiazoline-6-sulfonate), a free radical. The extrusion loop (residue 359-365) and the
region around domain 3 of the B. subtilis laccase enzyme have not been studied further
regarding their catalytic efficiency apart from the ABTS ligand. Therefore, studies on
mutagenesis and MD simulation with POME waste components can broaden the view of its
bioremediation potential.

This study aims to produce recommendations for mutant construction based on in vitro
studies by Bu et al. [9] with the help of a web server. Further molecular docking was carried
out between the mutant and wild-type structures with the phenolic component of POME waste
to obtain a ligand-receptor complex. The mutant form was then treated with temperature
variations in MD simulations and compared with the wild type based on several dynamics
parameters.

2. Materials and Methods

The tools used in the research are Dell Inspiron 15 7000 type laptop with Intel® Core™
i7-7700HQ processor equipped with 16 GB RAM and Windows 10 as the primary operating
system. The software used is YASARA (Yet Another Scientific Artificial Reality Application)
with the FoldX4 plugin, MarvinView 6.0.0, and Discovery Studio 3.5 Client. Supporting
servers include PubChem (https://pubchem.ncbi.nlm.nih.gov/) and PoPMuSIC version 2.1
(https://soft.dezyme.com/).

The primary material used in this study was the crystal structure of the laccase CotA B.
subtilis (PDB ID: 4YVN) with a resolution of 2.3 A. The ligands used in the in silico test were
the chemical structures of o-cresol, m-cresol, 4-hydroxybenzoic acid, 3-methylcatechol, caffeic
acid, and ferulic acid compounds obtained from PubChem. Melanoidin structures were created
manually using Chem3D.

2.1. Mutant construction and structure evaluation.

The PoPMuSIC-2.1 server calculated the folding free energy through model analysis.
PoPMuSIC-2.1 is an online program that predicts the fold-free energy changes regarding the
thermodynamic stability of proteins resulting from single-site mutations. The expected change
in folding free energy (AAG) was expressed using a linear combination of the statistical
potential with solvent accessibility-dependent coefficients of the mutated residue [48]. After
obtaining the potential residues in domain 3 of the laccase structure, the mutation process can
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be carried out. The mutation of concern to the wild form is the T480 adjustment from the
research of Jia et al. [7]. Mutations were carried out in YASARA software using the FoldX 4
plugin for the 32-bit Windows version (http://foldx.crg.es). The FoldX executable file is
selected in the configure plugin sub-menu in the analyze menu before choosing the rotabase
file [10]. As for laccase, a mediator with high redox potential is needed for result comparison
with other ligand results. "Mediators™ are a class of low-molecular-weight compounds with
high redox potential (above 900 mV) and could increase the catalytic activity of laccases.
According to Song et al. [49], the well-known mediators, ABTS (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid), can run numerous cycles without degrading or causing
any side effects. It diffuses outside the enzymatic pocket after the enzyme has oxidized,
producing a highly oxidizing intermediate called an oxidized mediator.

2.2. Receptor and ligand preparation.

Preparation of all ligands and receptors was carried out using YASARA Structure. The
three-dimensional (3D) structures of the comparison ABTS and test ligands were downloaded
via PubChem in (.sdf) format. All ligands are added with hydrogen atoms, and energy
minimization is carried out. The energy minimization process will produce the minimum inter-
atomic energy values and form a more stable and optimal molecular conformation before being
stored in pdb format [11-14]. After all the ligands were prepared, we combined the test and
comparison ligands to save in the YASARA file (_ligands.sdf) for molecular docking [15-17].

Receptor preparation is done by trimming the structure from water and unwanted
ligands. Then the receptor was further optimized by adding polar hydrogen and the AMBER14
(Assisted Model Building with Energy Refinement) force field [12,18,19]. The conformity of
the enantiomers, the absence of cis-peptide bonds, the normality of the length and bond angles,
and the dihedral angle of the structure were then checked using the menu ‘Analyze’ on
YASARA.

2.3. Molecular docking validation and simulation.

The validation process is carried out by targeted docking. The ligand docking zone is
bounded by a cuboid gridbox around the active site of the extruding loop. Gridbox validation
was initiated by redocking the comparison ligand 999 times (macro dock_runlocal) [18,20].
The gridbox size ranges from 0-5 to get the best binding affinity and root-mean-square
deviation (RMSD) values [20]. The results with the best gridbox sizes were visualized using
the Discovery Studio 2021 Client [21]. The molecular docking simulation used the YASARA
structure [22,23] by docking all test ligands to wild-type and mutant-type receptors, where the
ligand shape was fixed. The command file is dock_runscreening with 999 repetitions and
determining the best pose. The program in the macro file is AutoDock4, using the LGA
(Lamarckian Genetic Algorithm) method [15,20,24-26].

2.4. Molecular dynamics simulation, modification from Mahtarin et al. [27].

The AMBER14 force field is used for the calculation of the MD parameter. Berendsen
thermostats and Particle Mesh Ewald were selected to regulate the system temperature and
pressure during the simulation. The equilibrated system environment was equilibrated with
0.9% NaCl (pH 4.0), and water solvent (0.997 g/mL) at a temperature of 310 K. After the
environment was equilibrated, the simulation was carried out again with temperature
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variations. Martins et al. [28] research explained that the highest activity was obtained at a
temperature of 75 °C. Based on Cho et al. [28], B. subtilis laccase also showed the highest
activity at 80 °C. Thus, the simulation temperature variations will occur at 30 °C and 80 °C.
The water density selected was 0.99571 g/mL (30 °C) and 0.97176 g/mL (80 °C) with
Manometer1D and 3D activation. The receptor manometer, before docking, also performed an
MD simulation with the same parameters.

The complex resulting from the molecular docking of previous studies with the best
free energy values was selected and stored as a YASARA scene (.sce). The simulation is done
by selecting the target and then running it based on the md_run macro command. The
simulation is carried out for 50 ns (50000 ps) with a snapshot every 5000000 fs. After MD
simulation, Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF),
Solvent Accessible Surface Area (SASA), the radius of gyration, the total number of hydrogen
bonds, and two-dimensional structure data were collected for further analysis.

2.5. Analysis of simulation results and calculation of binding energy, modification from
Maulana [29].

Trajectories in sim and HTML formats obtained from the simulation were analyzed
using YASARA. The MD analysis performed included RMSD, RMSF, non-bonding energy,
solvent accessibility (SASA), secondary structure changes, salt bridges, hydrogen bonds, and
structural visualization of both holo and apo forms. In addition, the hydrogen bond formed is
calculated at a distance between the donor and acceptor atoms of 3, while for the salt bridge,
the cutoff distance value of oxygen and nitrogen atoms is 3.2. Each snapshot of the analysis
results in the form of "sim" is converted to pdb. The conformational changes are then visualized
using Discovery Studio Client 3.5 in 2D and 3D (surface dan solid ribbon).

3. Results and Discussion

3.1. Mutant construction.

We used PopMuSIC to help predict the change in fold-free energy upon mutation
(AAQG). A negative value in the AG score indicates a mutation that is predicted to be stabilizing.
Mutations are changes in genetic sequences and are known to be the leading cause of diversity
among organisms, and these changes can occur at many different levels with various
consequences [30]. There are two concerns in capturing mutations in active site positions
around the extrusion loop. First is the magnitude of the decrease in AAG (folding mutation),
representing the folding free energy shift due to a mutation. The second is amino acid
propensity congruence by comparison with another amino acid. Propensity signifies a relative
quantity of the amino acid frequency occurring in a secondary structure in a specific fold [50].
The secondary structure should not be mismatched (e.g., between a-helix and B-sheets) to
provide a valid rational protein design.

This study shows that wild-type structure (WT) Threonine position 480 preferred strand
conformation with a propensity score of 1.17, while valine by 1.87. Additionally, the
PopMusSiC server result demonstrates the decrease in AAG by 0.01 kcal/mol from threonine
to valine (supplementary 1). This results indicate that valine had a greater strand propensity
due to its branching side chain than threonine (Figure 1). After selecting valine as the amino
acid of the mutation, the mutation's result was T480V. The T480V mutant was further
minimized using FoldX to repair bad torsion angles, VVan der Waals clashes, and total energy.
https://biointerfaceresearch.com/ 4 of 14
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The initial energy of the T480V mutant is 73.98 kcal/mol. After energy minimization, it
decreased to -95.04 kcal/mol.

WT (T480) T480V

Figure 1. Mutant construction.
3.2. Molecular docking.

Before molecular docking, we validated gridbox via ABTS redocking, a comparative
yet staple ligand for multicopper oxidases. Docking targets are extruding active loop sites (359-
365). Gridbox is selected based on the highest energy binding and looking at RMSD. Beneath
extruding loop contain the positively charged area, mainly comprised of Arginine residue (429
and 476), and is thought to be essential for phenolic components oxidation [7,8,31,32].

Based on Table 1, the Gridbox with a size of 20.96 A was chosen because it has a
binding energy of -9.06 kcal/mol, a dissociation constant of 0.23 uM, and an RMSD of 0.4675
A. Ideally, the RMSD used in the computational method is said to be valid and well-bound
when the RMSD value is less than 2.0 A [33].

Table 1. Gridbox Validation.

Gridbox (A) Binding energy (kcal/mol) Dissoc. Constant (UM) RMSD (A)
14.96 -9.00 0.25 0.3787
15.96 -9.06 0.23 0.4785
16.96 -9.06 0.23 0.4644
17.96 -9.05 0.23 0.4608
18.96 -9.06 0.23 0.4664
19.96 -9.05 0.23 0.4826
20.96 -9.06 0.23 0.4675

Based on the gridbox validation visualization analysis results, ABTS forms interactions
with receptors in the form of van der Waals, hydrogen bonds, salt bridges, conventional
hydrogen bonds, carbon-hydrogen bonds, Pi-Sigma, Pi-Sulfur, Pi-Pi Stacked, Pi-Pi T-shaped,
and Pi-Alkyl (Figure 2). These types of bonds and interactions, which we suggest and may
become the primary reference in this study and other studies. The Lamarckian Genetic
Algorithm (LGA) was implemented to filter and select the best docking poses. The interaction
energy provides insight into the strength of the forces between protein-ligand interactions
[22,23,25]. The results of the docking can be seen in Table 2.

Table 2. T480V mutant molecular docking results.

Ligand PubChem CID Binding energy (kcal/mol) Dissoc. Constant (UM)
ABTS 9570474 -8.82 0.34

Caffeic acid 689043 -541 107.79

Ferulic acid 445858 -5.23 147.49
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Ligand PubChem CID Binding energy (kcal/mol) Dissoc. Constant (uUM)
4-hydroxybenzoic acid 135 -4.63 401.28
m-cresol 342 -3.97 1230
3-methylcatechol 340 -3.92 1340
o-cresol 335 -3.79 1670
Melanoidin - -3.19 4590

T480V mutant paired best with caffeic acid from all ligands by binding energy -5.41
kcal/mol and dissociation constant 107.79 pM. In addition, docking results in a binding energy
range of -3.19 to -8.82 kcal/mol. Binding energy is a critical stability manifestation between
the ligand and the receptor [33,34]. According to the structure deposited by Liu et al. [8], the
active site surrounding extruding loop is found in the residues Ser360, His363, Trp43, Thr480,
and Ala479. Whereas area representing substrate binding site are Thr406, 11e408, Leu431,
Trp463, Arg476, Alad78, Alad79, and Thr480 (Valine substitution). Furthermore, Arg429 and
Ser427 are essential amino acid residues for oxidizing phenolic compounds and dye molecules.
These residues are known for providing catalytic properties and are highly conserved among
fungal and bacterial laccases. This experiment only focused on the extruding loop, a novel
substrate-binding site for the oxidation of numerous substrates, not laccase's copper center
(which contains catalytic activity on reducing oxygen to water). As additional information, the
distance between the copper center to the Val480 position is 17.96 A.

The complex of caffeic acid with T480V (Figure 3) forms hydrogen bonds with the
residues Ser360, Ser427, Alad79, and Phe428. The hydrogen bond formed caused by the
hydroxyl group (OH) on the caffeic acid ligand has amino acid residue contacts with Ser360
and Ser 427, while Ala479 and Phe428 have oxygen atomic contact. The Pi-Anion bond in this
complex, Glu364, connects with the aromatic ring on the caffeic acid ligand. Ferreira de Freitas
and Schapira [35] explained that electrostatic bonding could determine the maximum
efficiency of ligand binding.

Melanoidin complexes with mutant T480V (Figure 3) also form Van der Waals and
hydrogen bonds. Hydrogen bonds are created because the ligand's hydroxyl group (OH) has
contact with Glu364, Ser427, and Ala478, while VVal480 has hydrogen bonds with the oxygen
atom in the ligand and Ala478 has contact with the hydrogen atom in the ligand. In addition,
hydrogen bonding is caused by the amine on the ligand with the Glu364 amino acid residue on
the receptor. We found a Pi-Sigma bond in this complex, the ligand hydrogen atom having
contact with the His363 amino acid residue. Melanoidin shows considerable binding affinity
as a bulky ligand at -3.19 kcal/mol. The active site is also found in the amino acid residues
Val480, Ala478, Phe428, His363, and Ser360.

Hydrogen bonding is a directed intermolecular interaction in biological complexes and
contributes significantly to the specificity of molecular recognition [35]. In silico studies
suggest that the greater the interaction of hydrogen bond interactions between enzymes and
ligands, the greater the binding strength [36]. Other studies have explained that hydrogen and
electrostatic bonds are essential in stabilizing the complex [37]. Each complex formed in this
study comprises a Van der Waals interaction. The existence of Van der Waals interactions can
occur in charged residues and uncharged residues. This interaction occurs due to a relatively
weak electrical attraction due to permanent or induced molecular polarity [38].

Hydrogen bonds often appear in organic compounds, such as peptides and polymers. In
addition, this type of bond can cause rotation of the main chain of the peptide or polymer [39].
The stronger the intermolecular hydrogen bonds, the easier it is predicted that the transfer of
protons between molecules will be more accessible [40].
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Intermolecular interaction is a fundamental concept known for a long time. The idea
aims to explain the phenomena and macroscopic properties that appear in the field of chemistry.
Various intermolecular interactions such as dipole-dipole bonds, dipole-ions, induced dipole-

dipole, Van der Waals bonds, hydrogen bonds, London forces, and hydrophobic and
hydrophilic effects play a role in binding efficiency [39].
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Figure 3. Visualization of the docking complex results (caffeic acid and melanoidin).
3.3. Molecular dynamics simulation.

Molecular dynamics (MD) simulation has edges over molecular docking. MD can
support predictions in the binding mode and can also indicate conformational shifts in protein-
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ligand complexes [41-44]. First, we did MD on ABTS with T480V mutant with two
temperature variations, 30 °C, and 80 °C, with a simulation time of 50 ns. Based on Cho et al.
[28], laccase-expressing B. subtilis spores showed their highest activity level for oxidizing
ABTS with 100% relative activity at pH 4.0 and 80 °C. The initial temperature used in the
initial temperature treatment is 30 °C, so the temperature range is as follows. The temperature
variation in this study affects the binding energy significantly (Table 3). The estimated decrease
in ABTS binding energy from 80 °C to 30 °C is around 14 kcal/mol. This result indicates ABTS
interacts best in higher temperatures, identical to the earlier studies [45,46].

Through 250 data, melanoidin binding energy increased by 47 kcal/mol from 30 °C to
80 °C. The positive value of binding energy might indicate several "unbinding” phases of
melanoidin. However, some spiking at 80 °C increased binding energy hinders the positive
binding energy value [45,46]. By the end of each simulation time, both started resulting in
negative binding energy, possibly by favorable repositioning of the active site around the
substrate. The energy released due to the bond formation, or the ligand and protein interaction,
is termed binding energy. The binding energy of the favorable reaction is negative [45,46].

Table 3. The binding energy of ABTS and Melanoidin with T480V mutant.
Binding energy (kcal/mol)

Ligand Simulation time (ns) 30°C 80°C
5 -101.95 -35.79
10 -64.71 -81.55
15 -125.05 -178.93
20 -126 -112.53
25 -168.86 -94.15
ABTS 30 -99.75 -135.37
35 -11.27 -72.21
40 -207.34 -149.57
45 -29.44 -134.77
50 -77.96 -157.65
Average -101.23 -115.25
5 -6.51 -4.68
10 72.92 121.42
15 61.35 -327.57
20 -43.35 -232.92
Melanoidin 25 -24.34 13.18
30 64.53 125.07
35 -8.80 170.64
40 26.16 102.05
45 -49.93 -114.53
50 -139.29 -245.16
Average -4.73 -51.93

Furthermore, the solute's molecular and solvent-permeable surface area was determined
against the simulation time to help comprehend the possible binding pattern that developed
during the simulation. The ABTS complex achieved equilibrium at around 16 ns (30 °C) and
6 ns (80 °C), and the complex remained reasonably stable. After this duration onwards, the
backbone RMSD fluctuations (red) were found to be confined within a range of 1.4-2.6 (30
°C) and 1.5-3.2 (80 °C) (Figure 4) [46,47]. As mentioned earlier, this narrow range was
considered tolerable for the plot for laccase thermostable properties. This result is linear with
Jiaetal. [7] and Liu et al. [8] for ABTS as a laccase’s staple ligand.

For the first four ns (30 °C) and six ns (80 °C), the melanoidin complex achieved
equilibrium; the complex remained reasonably stable. After this duration, the backbone RMSD
fluctuations (red) were confined to 1.4-2.6 A (Figure 4). RMSD for the laccase-melanoidin
complex at a low temperature was lower than that at a higher temperature, indicating these
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might be the result of enhanced stability [46,47]. However, by the end of the simulation (50
ns), the graph for both ligands fluctuated towards a higher value. Based on these results, the
suggestion that researchers can give is to simulate with a longer time. This procedure might
help the complex adjust its conformation with a more extended temperature adjustment.

The density fluctuates due to conformational changes in the simulated protein. Because
the extra kinetic energy is partly stored as potential energy, there is a frequent significant rise
in energy within the initial nanoseconds when the simulation starts from an energy-minimized
"frozen" conformation. These are initially put in the lowest potential energy places, generally
adjacent to charged solute groups, from which they detach to obtain entropy and potential
energy [47]. The 'simulation cell' is recalibrated to maintain constant pressure during the
simulation. The total potential energy of the system is plotted against the simulation time
(Figure 5) [47]. For the ABTS complex, temperature increases cause the energy to drop by
around 92,000 kJ/mol. While for the melanoidin complex, it can be inferred that during
simulation, the system's total potential energy decreased from 30 °C to 80 °C through the end
of simulation time with the same energy interval.
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In the 80 °C system of the ABTS complex, both Arg429 and His363 interaction
concentrated in the thiazolinone center on both sides. Proportionally stabilized ligand along
with some hydrophobic bonds between Ala478 and Leu431 (Figure 6). Furthermore, for the
melanoidin complex, ligand-receptor interaction formed four hydrophobic bonds within 80 °C
simulations through 11e408, Ala478, 11e366, and His363. The interaction focused on the outer
carbon of melanoidin, a possible nucleophile site. Notably, more receptor-active sites covered
melanoidin at 80 °C (Figure 6).

Enzymes in bioremediation systems must continue functioning in acidic pH conditions
or with high concentrations of organic solvents. These properties follow the biological
conditions of wastewater treatment from the palm oil processing industry. Most enzymes lose
their activity in this situation due to inappropriate folding [51]. Thus, laccases for industrial
dye decolorization must be tolerant of organic solvents, stable over a wide pH range, and
thermostable. Therefore, industrial applications of textile effluent decolorization will benefit
from screening and identification of new sources of bacterial laccase with thermostable
properties [52].

A:430 HIS
GLU, /ARG L A:363
A:364  A:429 A:431
. H x> P
N Y 4
7
¢ 7 Y o
N H
g ARG
SER H & ILE
A:427 \ ILE AEY A366
A:366 SER g
ALA A:427 ALA
ALA  A478 TR A:478 A:408
A 4 HIS ILE £ &
PHE A:3e3  A408 & A
A:428 £558
THR :
A:406
ABTS 30°C ABTS 80°C
S| Angs
A:E§7 P53 SER i
A:360
L 'i6s LEU PRO, -
PHE TRP : A408 \LEY. ke o A359
A:428  A:463 ho A:429 " - 256
™ ® & | @
e am P A480 o &
: 50 =
' Tk e Ahss
VA ‘ . ) -
A6l G, Q . o
THR 3
Aibs H T R
3 0 H
GLU.
THR : Ao
495 406 8 e N ¢
ILE LEY -
A:366  Ai431 A%-(I;J“ S
Melanoidin 30°C Melanoidin 80°C

Interactions
[] venderwaals [ Pi-Cation [W Attractive Charge [| Pi-Sulfur [Jl] Conventional Hydrogen Bond |[Jl] Pi-PiStacked [ | Carbon HydrogenBond [ | Alkyl

Figure 6. The molecular dynamic visualization results between ABTS and melanoidin ligand with the T480V
mutant. The upper figures illustrate ABTS interaction, while the lower figures demonstrate melanoidin
interaction between the two temperatures.
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4. Conclusions

Based on the research results, the T480V mutant has adequate stability after energy
minimization. Then the result showed that the system predicted POME waste's phenolic
component to be strong enough to bind to the ligand-receptor complex via molecular docking.
In the MD simulation, the temperature difference treatment for T480V shows a difference in
the average binding energy. The increased temperature results in positive favorable binding
energy. However, further in vitro studies are needed to strengthen previously existing results.
Longer MD simulation duration is also needed to provide better stability for the ligand-receptor
complex to adjust its conformation with a more extended temperature adjustment.
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