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Abstract: Glucose oxidase (GOD) from local isolated Aspergillus niger IPBCC.08.610 shows a
widespread application, specifically as a bioanode in glucose-based biofuel cells. Enzymes with
adequate thermal stability are necessary for enhancing product efficiency. Also, evaluating the
structural dynamics to improve temperature helps to determine the residue. The molecular dynamics
simulation of GOD_IPBCC_1CF3 at temperatures of 300, 400, and 500 K was carried out to analyze
important amino acid residues for thermal stability. The results showed that the amino acid residues
responsible for thermal stability were dispersed into several essential regions, including D576 at the C
terminal, E266-R250, and E38-R237 in the FAD-binding domain E485-R470 in the substrate-binding
antiparallel beta system. However, the FAD molecular flexibility against temperature depends on
conserve E48 by stabilizing the ribose sugar moiety.

Keywords: Glucose oxidase; Aspergillus niger IPBCC.08.610; temperature stability; molecular
dynamics.
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1. Introduction

Glucose oxidase (B-D-glucose:oxygen 1-oxidoreductase, EC 1.1.3.4) is a flavoenzyme
that catalyzes B-D-glucose oxidation reaction using molecular oxygen as an electron acceptor
to produce B-D-glucano-1,5-lactone and hydrogen peroxide. The enzyme is a homodimer with
two identical subunits measuring 80 kDa. In addition, glucose oxidase possesses FAD (flavin
adenine dinucleotide) is a coenzyme that is non-covalently bonded to each subunit's active site
and serves as an electron carrier during catalytic reaction [1, 2].

The Glucose oxidase from the local isolate culture of Aspergillus niger IPBCC.08.610
(GOD_IPBCC), shows a specific activity of 773,269 + 24,504 U/mg after purification. Enzyme
stability testing at optimum temperature and pH (30°C, pH 6) showed that glucose oxidase
possibly maintains 50% of its total activity up to 23 minutes after the treatment [3]. Previous
research reported the potential use of GOD_IPBCC as a biosensor with a Km and sensitivity
values of 56.4 mg/dL and 1.09 mA/Mm, respectively [4]. Furthermore, as a bioelectrode at the
MCPE anode, the enzyme generated activation energy, maximum current, and sensitivity of
16.4 kI mol?, 3.95 mA, and 7.79 mA mM*cm, correspondingly [5].
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The enzyme stability required to operate effectively in non-physiological conditions
(pH and extreme temperatures) is a significant consideration in terms of appropriately
catalyzing substrates and an opportunity for further applications. Therefore, the present study
analyzes the structural dynamics of GOD_IPBCC using molecular dynamic simulation with
increasing temperatures to determine the residues responsible for the thermostability. The
prediction GOD_IPBCC structure was previously investigated by homology modeling
resulting in GOD_IPBCC_1CF3, which is used as a template in this present study [6].

2. Materials and Methods

2.1. Materials.

This research involves the use of three-dimensional GOD structure as the primary
sample based on amino acid sequence from NCBI (accession number: MH593586) [7], with
SWISSMODEL application [8].

2.2. Tools.

The applied tools are categorized into two aspects, termed hardware and software.
Hardware refers to a set of personal computers with Quad-Core Processor (Intel Corel7), 8
gigabytes of RAM, Graphic Card NVIDIA GeForce GTS 9400 32 core GPU, and LINUX
Ubuntu operating system, version 16.04 LTS. Meanwhile, the software for MD simulation
incorporates the assisted model building with energy refinement (AMBER), version 16
package [9]. GOD_IPBCC residual alignment visualization was performed using the coffee
web server page [10]. Subsequently, the protonated state of the protein constituent side chains
was adjusted with the H++ device [11], while the amino acid characteristics were calculated
with the ProtParam program [12]. This step was followed by the structural validation analysis
of the modeling results with the use of PROCHECK [13], PDBsum [14], molprobity [15], as
well as proQ [16], and the simulation results were evaluated with cpptraj in ambertools16
package [17]. Furthermore, the affinity energy was calculated by molecular mechanics poison
Boltzmann and surface area (MMPBSA) [18], while the beta factor value of GOD_IPCC
structure was obtained from the B-fitter program [19]. The prediction of protein functional
areas was performed with the Pfam web server [20]. Visual molecular dynamics (VMD)
version 1.9.2 [21] and PyMOL (PyMOL molecular graphics system, version 1.8 Schrodinger,
LLC) were used for protein structure visualization. Meanwhile, Ms. Excel 2010, and Gnuplot
version 4.6 were employed in data processing and graph plotting, respectively.

2.3. System preparation and minimization.

System preparation and minimization were conducted depending on the modified
procedure of Case et al., [9]. In system preparation, hydrogen atoms and other organic
molecules protein (pdb files) were initially removed using the ambpdb program. Subsequently,
a new hydrogen atom was added, and the protonated state on each residue side chain was also
adjusted. The output is a topology file and coordinate, converted into pdb files with ambpdb in
the AMBER packet system. Also, system preparation was performed using the ff14SB force
field in an explicit solvent, where the resulting protein structure was solvated by implementing
the TIP3P water molecule, with a box size of 16 A, Figure 1a shows the addition of sodium
and chlorine ions to neutralize the system running on Leap in each input file (with and without
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boxes). This phenomenon produces topology, coordinates, and pdb files [9]. Meanwhile, in
system minimization, the resulting topology and coordinate files are then prepared for
constrained minimization. The method is categorized into 7 separate script files, and for each
unit, the hydrogen atoms are constrained and gradually released. Structural minimization
calculations were performed using the steepest descent and conjugate gradient algorithms in a
total of 110,000 steps. The minimized output is evaluated using the mdout analyzer, and the
output generates a new coordinate file for the molecular dynamics system [9].

2.4. Molecular dynamics simulation.

Molecular dynamics simulations were performed in line with the Case et al., [9],
involving several stages, including system heating and equilibration, production simulation,
results in analysis, and binding energy calculations.

2.4.1. System heating and equilibration.

The system was gradually heated to 300 K with incremental intervals of 50 K on 6
separate script files (sample script in Figure 2a). A langevin thermostat in the NVT ensemble
(fixed volume and temperature) was implemented. The equilibrium transition switches to an
NPT system (fixed pressure and temperature) for 50 ps, as the system approaches 300 K.
However, the constraints from the heating stage were steadily released slowly, resulting to free
naturally moving proteins. The equilibration was performed by creating sample input files.
Examination of the system heating and the results were evaluated similarly to the minimization
step by checking the temperature and molecular density [9].

2.4.2. Production simulation.

This process generated a significant amount of solvated proteins from the final
equilibration (in NPT ensembles) for 50 ns in 25 separate script files (each script for 2 ns). The
trajectories were stored at every 2000 steps, and the non-bonding cutoff value of 10 A was
applied. Furthermore, the Particle Mesh Ewald (PME) algorithm was performed to calculate
the electrostatic energy of the protein. Figure 2 shows an example script for a production
simulation. The overall MD procedure was also aimed at modeling the thermostability of the
holo and apo-shaped structures with the heating temperature increased to 350, 400, and 500 K

[9].
2.4.3. Analysis of simulation results and calculation of binding energy.

Trajectories in netcdf format from production simulations were combined into a single
file to remove the sodium salt and solvent, leaving the protein without a box. The MD analysis
included RMSD, RMSF, non-bonding energy, solvent accessibility (SASA), secondary
structure changes, salt bridges, hydrogen bonds, and structural visualization of holo and apo
forms. Also, the resulting hydrogen bond was calculated at a distance between the donor and
acceptor atoms of 3 A, while for the salt bridge, the cutoff distance value of oxygen and
nitrogen atoms was estimated at 3.2 A, However, the surface area of the three catalytic triads
residue was determined by calculating the arbitrary triangle area for each increase in system
temperature. Meanwhile, the binding affinity between the enzyme and coenzyme was analyzed
by evaluating the molecular mechanics of Poisson Boltzmann/generalized Born surface area
(MMPB/GBSA). Three separate file components are needed during this stage, including
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complex topology files, receptors, and ligands generated using the ante_ MMPBSA..py program
[18]. These three files and the combined trajectories for each structure were executed at 10 ps
intervals, with a salt concentration of 100 mM.

3. Results and Discussion

3.1. Stabilizer residue through structural thermostability analysis.

Molecular dynamics simulations were performed on the GOD_IPBCC_1CF3 structure
of both apoenzyme and holoenzyme (enzymes with FAD as a coenzyme). Figure 1 shows the
use of three temperature variations, 350, 400, and 500K, in determining the thermostable
enzyme region. Based on observations, applying heat at 350K for 50 ns generated a lesser
holoenzyme RMSD value compared to the apoenzyme RMSD. This indicates a more stable
structure, although the stability for both materials remains useful. Meanwhile, at 400K, similar
RMSD values were observed for the two structures, with continuous elevation. In addition, an
increase of approximately 0.3 A indicates a gradual denaturation process at this temperature.
These results are in line with Ambarsari et al., (2016), where the thermal stability of
commercial GOD derived from A. niger in micro fuel cell applications is able to attain 70°C
(343 K) as observed by the largest current strength value [5]. Figure la shows a similar
condition at 500K, where both apoenzyme and holoenzyme RMSD values continued to expand.
However, the GOD_IPBCC _1CF3 structure steadily becomes unstable, but structurally
(alpha-helix and beta) as the interior remains intact despite a conformational change. This is
indicated by the high RMSD value extending to 8 A (holoenzyme structure) (Figure 1a). The
RMSD value represents enzyme instability [22-24], where higher estimates generate a more
unstable structure. Furthermore, the increase in structural destabilizing properties in
holoenzyme is proportional to the high RMSD in its coenzyme. This effect is probably due to
more unstable structural components in FAD than other segments, leading to a decline in non-
covalent interactions between these components and surrounding residues.
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Figure 1. (a) RMSD curves for C-alpha atoms; (b) RMSF per residue as a function of thermal stability
simulation time in the two structural forms of GOD_IPBCC_1CF3. The stabilizer residue is
shown with a gray shaded line.
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Another observed parameter refers to the RMSF value. During the simulation, RMSF
analysis investigates residual fluctuations and flexibility [25-27]. The results showed that
conserved residues were present in the heating treatment (350, 400, and 500K) as well as in
several domains (Figure 1b). The particles include FAD-binding domain (125-140, 230-250),
inter-domain (320-340), and substrate-binding domain residues (540-562). These components
sequentially form alpha helix (a4), beta-sheet (37 and 12), and 3,—10-helical structures. Also,
the heating treatment produces residues that form loops, as indicated by residues in 150-156
and 380-390 ranges and the hypersensitive region of the protein core (210-215). Figure 1b
shows the residues are indicated by a significant increase in the RMSF value per particle. The
component without a conformational change in the secondary structure or conserved residue is
considered to exhibit structurally thermostable characteristics based on the treatment data.

Residue index
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destabilization

Residue index

Time (ns) Time (ns)

Figure 2. The final trajectory visualization at 350 K of GOD_IPBCC_1CF3 and secondary structure changes
plotted as a residual function for each temperature increase.

400 K 500K

Figure 3. Final trajectory representation of the GOD_IPBCC_1CF3 structure in the form of a holoenzyme (in
the cartoon). The destabilization of the structure is marked in the red circle at 500 K.

In the secondary structure observation at 350 and 400 K, the dynamics of each stabilizer
residues group appeared similar, as indicated by the low residual mobility of the RMSF value
(Figure 1b). Figure 2 shows a stable conformation of the 04 structure in the binding domain

with FAD. This structure requires maintenance due to the functions of stabilizing the flavin
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group in FAD by forming hydrogen bonds. However, at 500K, a dominant structural change
was identified from a decrease in the packing density of the hydrophobic core, caused by
protein expansion. Partial destabilization of GOD_IPBCC_1CF3 was observed at the start of
the transition time around 25 ns (Figure 2). This occurrence was characterized by losing the
alpha-helical structure to a loop form (residues 150-156 and 380-390), leading to an irregular
structure conformation (Figure 3).

3.2. Thermostability based on salt bridge and hydrogen bond analysis.

In this study, the salt bridge referred to the occurrence of a bond between the acidic and
basic amino acid side chains, resulting in an electrostatic effect and hydrogen bonding with a
distance of 3.2 A from the donor to the acceptor atom. The salt bridge-forming residue
responsible for the structural stability is filtered based on the appearance with each temperature
increase [28, 29].

Heat applications at 400 and 500K caused the addition of residues to form 60 salt bridge
pairs. Table 1 shows these components are constantly present in each simulation. Furthermore,
the probability of the interaction appears very significant in increasing the protein thermal
stability [30].

The results described Asp573 (D573) as the additional residue in the formation of
electrostatic bonds. Also, at 350K, the OD2 atom on the carboxyl group of the D573 side chain
binds to the H atom on the amine group of the Arg543 (R543) side chain, followed by the
carbonyl OD1 atom of D573 with the amine group H atom of R535. Meanwhile, at 400K, the
OD1 carbonyl atom of D573 appears oriented, without bonding electrostatically with the -
amine group of R535. This causes the ionic interaction center to shift towards the OD2 atom,
but the salt bridge disintegrates at 500 K. The interaction is formed on the two H atoms from
individual H atoms of the R543 amine group with two O atoms of the D573 side chain to
instigate an alpha-helical change into a loop structure at the C end region (Figure 4). The
Oxygen-Nitrogen bond distance between the salt bridge connections becomes more stable with
increased system temperature [31, 32], indicating the salt bridge plays an important role as a
contributor to the thermal stability GOD_IPBCC_1CF3.

The salt bridge pairs analyzed in the GOD_IPBCC_1CF3 structure are mostly on the
surface and a small number of interior parts (core) (Table 1). The previous report shows that
minimal charged residue pairs in the interior tend to stabilize the tertiary structure of GOD
through the bonding between the secondary structures [33]. This interaction forms a charged
residue cluster center involving D535, D571, and E282 deposits as a barrier to the trapped
solvent around the FAD molecule. Also, among the observed thermostable residue pairs, a
D573-mediated salt bridge network possibly serves as the main element stabilizing the C end
position, precisely behind the interior of GOD_IPBCC_1CF3 with a system of five parallel
beta-sheet structures. This beta-sheet system is reinforced by salt bridge-forming residue pairs,
including E266-K250 and E38-R237, to stabilize the parallel beta-sheet system in the FAD-
binding domain residues E485-R470 link B8 and al17 in the substrate-binding antiparallel beta-
sheet system. However, it is necessary to increase the simulation time and temperature to
observe further the thermal physiological resistance from each pair of salt bridge-forming
residues when GOD_IPBCC_1CF3 is completely destabilized.

https://biointerfaceresearch.com/ 4067


https://doi.org/10.33263/BRIAC123.40624073
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC123.40624073

500 K ‘///1
Figure 4. Comparison of connected salt bridge pairs for each temperature of the GOD_IPBCC_1CF3 structure.
The dotted line (yellow) indicates the hydrogen bond.

Table 1. The final trajectory salt bridge pair, bond distance (A), and location of each stabilizing residue at
different temperatures.

Salt Bridge Pair 300K 350K 400K 500K Location
R535(NH2)-D282(0D) - - - 3.25 exterior
D573(0D) — R533(NH2) 3.92 3.87 3.96 - exterior
D573(0D) — R543(NH2) 459 453 4.34 3.45 exterior
E266(0E) — K250(NH2) 2.89 2.83 3.24 - exterior
E485(0E) -R470(NH>) 3.49 3.54 2.83 - exterior
E485(0E) — R335(NH2) - - - 4.70 exterior
D571(0OD) — R35(NH2) 3.65 3.30 3.41 3.66 interior
E282(0E) — R543(NH2) 3.50 3.40 3.37 4.62 exterior
E38(OE) — R237(NH2) 3.55 4.05 3.89 4.11 exterior
E142(0E) - R111(NH2) 4.60 3.50 4.20 3.60 interior
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Figure 5. Profile on the number of protein-solvent hydrogen bonds from each 2 ns trajectory as a simulation
time function.

The effect of water as a solvent on the movement of the GOD_IPBCC_1CF3 structure
was also analyzed by changing the number of water-protein hydrogen bonds for every 2 ns
structure across the simulation time. Figure 5 shows the average number of bonds formed was
327, 265, and 168 for temperatures of 350K, 400K, and 500K, respectively. Furthermore, the
reduced structural cohesiveness of GOD_IPBCC_1CF3 also causes the solvent polarization to
decrease broadly as the temperature increased. Therefore, the intermolecular interactions of the
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protein with water are reduced. Consequently, the average percentage of this bond declined by
50% between 350-500 K. This outcome is expected as the protein undergoes a partial unfolding
stage.

3.3. Enzyme-coenzyme stability and active site region dynamics.

The GOD_IPBCC_1CF3 stability in performing the inherent catalytic function is
influenced by coenzyme FAD presence. Figure 1 represents the dynamic structural results,
where the holoenzyme's conformation appears more stable during the simulation. This stability
is possibly determined by evaluating the intensity of interaction between the enzyme and
coenzyme. Based on the calculations using the MMPBSA method at 350K, the intermolecular
energy with residual components around the FAD-binding domain obtained a value of -43.53
kcal mol™. The strength is also influenced by the amino acids responsible for forming hydrogen
and hydrophobic bonds with FAD [34-36].

Table 2. List of amino acids (residues) forming hydrogen bonds with FAD in the 350 K system.

Acceptor Donor Occupancy (%)

E48(OE) FAD582(0) 75.57

V248(0) FAD582(N) 46.92
FAD582(0) S101(N) 44.5
FAD582(0) N105(N) 20.78
FAD582(0) G95(0) 0.22
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Figure 6. 2D visualization of the residual components interacting with the FAD structure.

The observation results at 350K identified several amino acids capable of generating
hydrogen bonds with FAD. Table 2 shows E48 as the only amino acid to experience an increase
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in the interaction percentage during the simulation with an occupancy value of 75.57%. These
results are consistent with previous experimental studies where E48 serves as a stabilizer
residue to support two hydroxyl groups of ribose sugar as one of the constituent elements on
the FAD structure [33]. Another analysis showed that one of the hydrogen atoms on the ribose
hydroxyl group also forms a hydrogen bond with the carbonyl group of the G95 residue,
although the formation percentage is not very significant. Furthermore, the residue component
with another dominant proportion refers to residue V248, stabilizing the adenine base
(46.92%). In addition to the contribution of hydrogen bonding, certain residues are also
interacting hydrophobically around the coenzyme molecular environment. However, the active
center area of the isoalloxazine ring is stabilized by the side chain of the neutral polar residue
N105 through the formation of hydrogen bonds and hydrophobic interactions around the ring
structure. This indicates the role of N105 as a residue responsible for conformational stability
as well as isoalloxazine redox reactivity (Figure 6).

The geometrical mobility of the catalytic triad (H514, H557, and E410) was observed
on the basis of change in the area during the thermal stability simulation. In addition, the area
calculation is based on the distance between the three residues for each system temperature.
The catalytic triad area curves at 350 and 400 K relatively varied, with the lowest values
occurring within both systems' 40 ns transition period. However, the residue area difference in
the two systems was reportedly 26 ns, indicating a slightly broader triad catalytic in the 400 K
system, compared to the 350 K. Based on the final trajectory visualization analysis, this may
be due to the reorganization effect of the H516 side chain, while both H557 and E410 residues
were relatively preserved as evidenced by the constant hydrogen bond distance (1.8 Z\) (Figure
7).
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Figure 7. Area profile of the catalytic triad as a function of simulation time (ns) and the residual structure
visualization of the final trajectory. The dotted black line indicates the hydrogen bond.
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The system temperature increase possibly improves the flexibility characteristics of the
imidazole ring from the H516 residue to become more distorted. This change, therefore, affects
the catalytic area responsible for the impact on enzymatic rate and efficiency of the z enzyme-
substrate bond. Furthermore, the conformational destabilization of the three catalytic residues
appears more obvious as partial unfolding (500 K) is attained. The catalytic triad area
https://biointerfaceresearch.com/ 4070
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experienced significant dynamics, compared to the 350 and 400 K systems, both from the curve
and structural visualization. Gap formation (narrower) occurred at a transition period between
15-26 ns, leading to a narrowed area. This event is proportional to the increasingly irregular
reorientation of the catalytic triad structure extracted from the final simulation. Despite the shift
in position, the amine group of the H557 side chain forms an additional hydrogen bond with a
carboxyl group of E410 to possibly minimize structural destabilization.

4. Conclusions

Based on the results and discussions, the thermally stabilized residues were spread over
several significant segments, including D576 at the C end position, E266-R250, and E38-R237
in the FAD-binding domain E485-R470 in the substrate-binding antiparallel beta system.
Therefore, the FAD molecule flexibility against temperature depends on conserve E48 by
stabilizing the ribose sugar moiety.
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