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Abstract Urease enzyme plays crucial role in the hydrolysis of urea. Excessive hydrolysis of
urea can have significant impacts on the environment. In recent years, there has been growing
interest in identifying natural compounds that can inhibit urease activity. Flavonoids,
phytochemical compounds present in plants, have shown promising potential as urease inhibitors.
Studies have revealed that certain flavonoids, such as 3’,4’,5,7-tetrahydroxy-3-flavene,
abbreviated as H4FLA for convenient, exhibit potent inhibition of urease, surpassing the efficacy
of well-known synthetic inhibitors. In the present study, we report quantum mechanical
calculations that mainly investigate the interaction of H4FLA towards urease at disparate spatial
arrangement. It was found that the most favourable position between H4FLA and active site of
urease has interaction energy of —3.80 eV. Topology analysis revealed that there is no typical
covalent bond found between atoms involved in the interaction. Only weak interactions were
detected. The hydroxyl groups with highest (negative) local potential throughout the structure,
contribute mainly to the formation of non-covalent interaction with the nickel centers, indicating
their potential involvement in the inhibitory activity of flavonoids against urease.

Keywords: Urease, flavonoids, inhibitor, semiempirical, GFN2-xTB, topology.

Introduction

Urease is an enzyme that catalyzes the hydrolysis of urea into ammonia and carbon dioxide. This
enzymatic reaction is of great significance in various biological processes, including nitrogen metabolism
and the pathogenesis of certain microorganisms [1-3]. The hydrolysis of urea by urease enzyme is a
rapid reaction, with the rate of reaction depends on the concentration of urease enzyme and urea
substrate. The mechanism of urea hydrolysis by urease involves the binding of urea to the active site of
the enzyme, followed by the transfer of a hydroxide ion to the urea molecule, resulting in the formation
of ammonia and a carbamate intermediate [4,5]. The carbamate intermediate is then hydrolyzed to
release ammonia and regenerate the active site of the enzyme [5-7]. According to previous studies, the
rate of the hydrolysis reaction in the presence of urease is more than 10'* times higher compared to the
uncatalyzed reaction [8,9]. This remarkable increase in reaction rate highlights the exceptional
proficiency of urease as a catalyst.

However, excessive hydrolysis of urea can have significant detrimental impacts on the environment and
human health [10-13]. Ammonia emissions from agricultural activities, such as the use of urea-based
fertilizers, contribute to air pollution and lead to the formation of particulate matter and smog [14-16].
These emissions not only have environmental consequences but also pose health risks, as ammonia
can irritate the respiratory system and contribute to the formation of secondary pollutants [17,18].
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Additionally, excessive hydrolysis of urea can result in the loss of nitrogen, an essential nutrient for plant
growth [19-21]. This may lead to reduce agricultural productivity and the need for increased fertilizer
application, further exacerbating environmental issues. Furthermore, the release of excess ammonia into
water bodies can contribute to eutrophication, leading to algal blooms and oxygen depletion, which could
harm aquatic ecosystems [22,23]. Therefore, it is crucial to manage and regulate the urease activity to
minimize its environmental impact and ensure sustainable agricultural practices.

Flavonoids are a class of natural compounds known for their diverse biological activities, including their
potential as urease inhibitors [24-26]. The study of the molecular interaction between the flavonoids
inhibitors and urease enzyme active site has gained significant attention in recent years. Several studies
have focused on investigating the binding interactions and inhibitory mechanisms of flavonoids such as
hydrazine-carboxamide, isoflavones, and morin derivatives, with the urease enzyme [25-29]. The
research explored the chemistry and mechanism of urease inhibition, highlighting the role of non-
covalent interactions such as hydrogen bonds and hydrophobic contacts in stabilizing the enzyme-
inhibitor complexes.

An important thing to bear mind when working with urease active site is that the urease active site
consists of two divalent nickel ions that are separated by ca. 3.5 A, with a hydroxide as bridging ligand
(labelled as WB in literature) and few histidine, lysine, cysteine and aspartate residues [2,30-32]. The
inhibition of urease occurs from the interaction of inhibitor around the nickel centers and residues,
confirmed by numerous studies. For instance, researcher reported that urease inhibition can be achieved
by formation of urease-benzoquinone covalent complex at the cysteine residue and the presence of ionic
interactions between sulfhydryl groups with nitrogen and oxygen donor atoms of histidine [33,34].
Additionally, synthesized dithiobisacetamides as urease inhibitor, reported to bind with urease without
covalent modification to the residue, indicating non-covalent binding to urease inhibition mechanism [35].
To study all these interactions in a large system by computational approach seems to be quite tough.
However, the development of new computational methods has made possible to the study of large
system such as urease enzyme complexes within a reasonable time. Here, GFN2-xTB semiempirical
quantum mechanics simulations were applied, due to its computational efficiency, fast and can be
reasonably accurate for transition metal complexes and protein structures [36-39].

In addition to its accuracy and versatility, the GFN2-xTB method offers significant cost-cutting benefits
compared to traditional all-electron density functional theory (DFT) calculations. By employing a more
efficient semi-empirical approach, GFN2-xTB reduces computational expenses without compromising
the quality of results [40-42]. This cost-effectiveness is particularly advantageous for large-scale studies
or high-throughput screening processes, where computational resources are often a limiting factor.
Furthermore, the streamlined computational requirements of GFN2-xTB enable researchers to explore
a broader range of chemical systems and phenomena within realistic timeframes and budget constraints.
Thus, the adoption of GFN2-xTB presents a compelling opportunity to enhance research productivity
and accelerate scientific discovery while optimizing resource allocation.

The present study focuses on the binding mode of H4FLA at disparate spatial arrangement to the nickel
ions of urease enzyme active site, hence, we wish to provide valuable structural and electronic insights
into the urease-inhibitor interaction. In this study, the size of the urease active site was increased by
considering a few more residues to capture more realistic conditions of the active site. This modification
aimed to enhance the enzyme's ability to accommodate and interact with substrates in a manner that
better reflects the natural environment.

Models and Computational Methods

Jack bean urease (JBU) or scientifically addressed as Canavalia Ensiformis enzyme was selected due
to its high ureolytic activity. It is reported that JBU exhibited ureolytic activity as high as 2700-3500 pmol
urea/min mg depending on the purity and condition of the enzyme [4,43]. The 3LA4 JBU crystal structure
from RCSB Protein Data Bank was selected to be used in this study due to the stated less than 10%
difference between R-free and R-work value, as it is considered as a high-resolution structure and
provides exact insights into the protein's structure and function [44-46]. For flavonoids inhibitor structure,
3',4’,5,7-tetrahydroxy-3-flavene (denoted as H4FLA) was chosen due to its low half maximal inhibitory
concentration (ICso) value (ICso = 4.42 + 0.31 yM) [26]. The structure was retrieved from Cambridge
Structural Database (CSD) [47]. The structure of JBU’s active site and H4FLA are shown in Figure 1.

It was reported that the enzyme’s catalytic activity takes place in the active site where dinickel metals
are located [29,48,49]. Hence, the 3LA4 JBU crystal structure was truncated to form active site with the
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following residues His407, His409, Lys490, His492, Asp494, His519, His545, Cys592, His593, Arg609,
Asp633 and Ala636 retained [45,50,51]. The urease active site model after modification contained 239
atoms. Both structures of the urease active site and H4FLA were processed by PyRx 0.8, a virtual
screening software for molecular docking [52]. Docking was performed to get the preferred orientation
of H4FLA into the surrounding of urease’s active site. Five docked spatial arrangements with lowest
binding free energy were analyzed using the Avogadro molecular graphics system (version 1.2.0) and
labelled as P1 to P5. The structures were verified using GaussView (version 5.0.9), to address any
improper issues with the atoms and bonds before submitted to the quantum theoretical calculations.

Figure 1. Chemical structures of JBU’s active site (left) and H4FLA inhibitor (right). The nickel ions are
represented in green, while CPK coloring is used for all other atoms. The phenyl rings (A and B) and a
heterocyclic ring (C) of H4FLA are labelled for components identification. Due to the complexity and
cluttered nature, overlapping images of P1 to P5 of H4FLA were not shown in this diagram

All geometry and energy calculations were performed using GFN2-xTB method, a semiempirical
approach implemented in the xTB software version 6.6.1 [38]. All the computational setups are set to
default values. All atoms in the system were freezed except two nickel ions, the bridging hydroxide ions
between two nickel and the inhibitor molecule as they play crucial role in the catalytic mechanism of
urease in the hydrolysis process.

To measure the interaction strength between urease and H4FLA at the specific arrangements, the
interaction energy (E™) between the JBU’s active site and the H4FLA was calculated by Equation 1:

int _
E"= Eurease+H4FLA - Eurease - EH4FLA (1)

Electrostatic potential (ESP) and quantum theory of atoms in molecules (QTAIM) analysis of the
optimized complexes were performed by Multiwfn, which is a multifunctional wavefunction analysis
program developed by Tian Lu and Chen [53]. Both ESP and QTAIM are critical for predicting and
characterizing chemical bond and the intermolecular interactions between the urease active site and
H4FLA. The observations into specific bond critical points (BCPs) enables the qualitative analysis on the
types of chemical bonding, i.e., covalent, ionic, van der Waals, hydrogen. Main topology parameters
such as electron density p(r), potential energy density V(r), Laplacian of electron density V2p(r), energy
density H(r) were all obtained through the Multiwfn software.

10.11113/mjfas.v20n4.3403

781



MJFAS

Yaakob et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 779-789
Results and Discussion

Geometrical Structure and Interaction Energy of Urease-

Flavonoids

In this study, the performance of the GFN2-xTB method is compared to the DFT method of B3LYP/6-
31G**. No imaginary frequencies were found from geometry optimization of both level of theory. The
GFN2-xTB method yields slight changes to the value of interaction energy and these findings are in line
with those found in literature, hence support that GFN2-xTB are suitable for optimizing molecular
structures for various chemical applications. The interaction energies for all system and the interatomic
distances of significant atoms for the interaction are shown in Table 1 and Table 2 respectively. The
interaction between JBU active site and H4FLA are favourable at all positions due to the negative
interaction energy. The more negative the interaction energy value, the more thermodynamically
favourable the interaction.

The interaction energy for all the complexes ranges from —2.33 to —3.80 eV. The results show that it is
comparable to the NBPT commercial urease inhibitor, which was found to have interaction energy of
—1.68 eV [54]. The most favourable interaction is at P2 with interaction energy of —3.80 eV, while the
least favourable interaction at P5 with interaction energy of —2.33 eV. This may be due to the higher
number of interactions occurs between H4FLA and JBU active site in P2, as it was observed that the
position of ring B approached towards the residues while in P5, the ring B was pointed out to the area
with least residues of the complexes.

The optimized structures of H4FLA inhibitor at P2 and P5 position in the urease-flavonoids complexes
are shown in Figure 2. The other positions (P1, P3 and P4) have configurations that are in between P2
and P5. Two hydroxyl (~OH) groups at ring A, as shown in Figure 3, has been observed to initiate the
interaction with JBU active site due to its ability to chelate with Ni atoms. The spatial arrangement of
H4FLA has been found to have a significant impact on their interaction and it is consistent to previous
study which suggest that the —OH group strongly interacts with the enzyme, providing the main binding
affinity for ligand-urease complex [25,26]. The interatomic distances between —OH groups of H4FLA and
two Ni atoms also seems to shift the interaction energy generated from the complex. From the results,
shorter interatomic distances around the Ni atoms causes an increase in the interaction energy. The
atomic distance between Ni atoms and —OH group were much shorter for P2 compared to the other
system such as Nis-Os (distance = 2.36 A) and Ni>-O7 (distance = 3.81 A) interaction after optimization,
as shown in Table 2. This result suggests that the interplay between these atoms also contributed to the
stability of the complex. This effect may have important implications for understanding and developing
potent inhibitor in the future.

Figure 2. Optimized structures of urease-H4FLA complexes at P2 (a) and P5 (b) arrangement by the
GFN2-xTB method; blue spheres: nickel ions, red and white spheres; hydroxide ion, wireframe: urease
active site residues, tube: H4FLA
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Table 1. Interaction energies (E™, eV) for H4FLA with JBU active site at various positions (P1-P5) by
GFN2-xTB and B3LYP/6-31G** method

Position E"t (eV), GFN2-xTB E"t (eV), B3LYP/6-31G**
P1 —2.36 -2.33
P2 -3.80 —2.88
P3 —2.48 —2.58
P4 —2.88 —2.68
P5 —2.23 -1.58

Table 2. Interatomic distances between hydroxyl groups in ring A of H4FLA with two nickel atoms and bridging
hydroxide at the center of JBU active site

Position

Interatomic distances, r (A)

Nit-Os Nit-O7 Ni2-Os Ni2-O7 01-0O5 01-0O7 H1-Os H1-O7

P1

2.37(3.55) 5.78(3.89) 3.15(3.42) 3.48(4.81) 2.57(2.89) 2.57(2.89) 3.51(3.65) 5.20(3.57)

P2

2.36(2.40) 5.38(4.87) 3.01(2.67) 3.81(6.05) 2.57(2.03) 4.59(5.42) 3.49(2.28) 5.14(4.58)

P3

5.15(5.00) 3.73(259) 6.27(6.96) 2.12(2.21) 5.48(6.11) 4.59(3.25) 3.51(4.21) 5.07(2.76)

P4

2.35(4.53) 5.62(3.28) 3.12(3.47) 4.59(4.03) 2.57(3.43) 4.59(3.25) 3.51(4.21) 5.07(2.76)

P5

5.46(5.39) 3.24(2.72) 4.69(6.71) 2.23(2.16) 4.89(6.21) 2.58(1.94) 5.74(6.42) 3.28(2.63)

The values in the brackets are before the optimization.

Figure 3. Close-up and labelled of the H4FLA structure with nickel and bridging hydroxide of the JBU
active site (original image captured from Figure 2(a) and rearranged for better view)

ESP Analysis

Electrostatic potential (ESP) analysis is essential for understanding the electronic properties and
reactivity of molecule. In this study, ESP analysis was applied to investigate the reactivity behaviour of
H4FLA to the JBU active site. Based on the optimized structures, the ESP surface of H4FLA was
obtained and is shown in Figure 4. The positive and negative electrostatic potentials are represented by
the red and blue surfaces, respectively. The electrostatic potential increases with the intensity of the
colour. From the figure, it was observed that the negative potential of H4FLA mostly located near the O
atom of the hydroxyl group at ring A and ring C with three lowest ESP minima value scattered around
the flavonoid’s backbone. The significant ESP minima of O atom at ring A are —47.39, —-44.07 and ring
C, are -43.57, -42.87 kcal/mol, respectively. Each surface maximum in the H4FLA structure
corresponds to hydrogen, which most of the points are distributed at ring B. The significant surface
maximum of H atom on H4FLA are +55.41, +51.02, +50.23, and +47.52 kcal/mol.

For H4FLA structure, the reactivity towards the JBU active site, specifically on the ring (ring A, B and C)
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to the nickel centres, are predicted from the ESP minima value of the O atoms. From ESP results, the
negative surface regions at atoms O of ring A were slightly negative to the atoms O of ring C. The
evaluation of this analysis appears to tally with the docking results where ring A was pointing into the
nickel centres. High numbers of negative points at ring A and B, make them to be more repulsive to the
positive nickel centres than ring C and, accountable to nucleophilic attacks in the inhibition mechanism.

ESP (kcal/mol)

~30.00
280 3o, 45000
o

K 3 '

Figure 4. ESP-mapped molecular vdW surface of H4FLA inhibitor obtained at GFN2-xTB level (electron
density isovalue = 0.001 a.u.). The unit is in kcal/mol. Surface local minima and maxima of ESP are
represented as small cyan and orange spheres, respectively. The local surface maxima with negative
ESP values are meaningless and thus not shown

QTAIM Analysis

QTAIM approach was applied on the electron density of the H4FLA-JBU relaxed complexes, as to
analyze the interaction between H4FLA and JBU active site. In this regard, bond critical points (BCPs)
that rationalizes bonding between the parts of the urease and H4FLA were found. All the probable critical
points were identified as verified by the Poincaré-Hopf relationship. The analysis focus on explaining the
effect of spatial arrangement of H4FLA into the JBU active site which creates specific interaction between
the hydroxyl group and Ni atoms towards the surrounding residues. The values of selected topological
properties for interaction at P2 (the strongest E™) and P5 (the weakest E™) position are gathered in
Table 3.

Based on available data, it can be confirmed that there is no formation of new typical covalent bond from
the interaction between H4FLA and JBU active site at all positions, based on the classification of
interatomic interactions analysis proposed by Espinosa et al. [55]. This observation agrees with findings
in Awllia et al. [24] and Kataria et al. [27] indicating the absence of covalent bonds in the inactivation of
urease by flavonoids. As seen in Figure 5, there is no BCPs detected in pure shared shell region (region
1) that contribute to typical covalent bond formation, merely all critical points were distributed across the
pure closed shell (region |) and transit closed shell (region Il) which indicates the presence of ionic bonds,
hydrogen bonds and van der Waals interaction. This pattern has been observed previously with B3LYP
functional with the double-C 6-31G* basis set and molecular docking studies [56-60].

Possible reasons for what may cause the difference of interaction energy between different
arrangements of the complexes were further investigated through the behaviour of specific BCPs in
Figure 5. From the H4FLA-Ni interaction, in region Ill, it is found that P5 BCPs (orange triangle) exhibit
weaker CD magnitude than P2, indicate that there is weaker interaction between H4FLA and JBU active
site. For the H4FLA-residues interaction, P5 BCPs (orange triangle) exhibit greater SD magnitude which
represent weaker interaction. Due to this, P5 has lower interaction energy. From the QTAIM analysis,
the study now provides evidence to implications between the position of H4FLA towards the interaction
with JBU active site.
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Table 3. Selected topological parameters for interaction between H4FLA and urease active site at P2
and P5 position, calculated using GFN2-xTB on the optimized geometry

Interatomic BCPs Po (e/A3)? V2p, (e/A%)°  Gylpy (he)°  Hylpy(he)?  |VlIG®
H4FLA-P2

Ni33-028 0.302 7.097 1.503 256.534 0.935
Ni96-C27 0.332 5.259 1.114 -145.040 1.050
Ni33-N218 0.415 8.449 1.420 -170.181 1.046
Ni96-0160 0.462 11.793 1.804 -473.481 1.100
Ni33-056 0.595 11.281 1.423 -515.110 1.138
Ni96-056 0.805 11.974 1.288 -1169.691 1.346
Ni33-0166 0.717 14.245 1.587 -902.530 1.217
Ni96-0148 0.617 12.377 1.533 -644.811 1.160
Ni96-0149 0.392 9.037 1.554 6.611 0.998
06-C59 0.026 0.763 1.423 1717.247 0.540
N231-029 0.013 0.368 1.289 1671.774 0.506
H4FLA-P5

N207-Ni130 0.566 10.861 1.443 -483.757 1.128
Ni130-060 0.646 12.457 1.475 -571.013 1.147
Ni130-062 0.705 13.949 1.573 -871.032 1.211
08-Ni98 0.385 8.810 1.537 -18.479 1.005
0176-Ni98 0.318 8.364 1.729 -43.940 1.010
Ni98-060 0.926 13.619 1.334 -1494 117 1.426
Ni98-0164 0.490 11.682 1.684 -204.146 1.046
Ni98-0165 0.631 11.950 1.468 -739.310 1.192
08-065 0.066 1.309 1.063 849.667 0.695
0268-028 0.014 0.345 1.155 1502.540 0.505
0232-014 0.009 0.344 1.760 2253.913 0.512

“Electron density at the BCP, bLaplacian of the electron density at the BCP, “Lagrangian kinetic energy density ratio
at the BCP, “Total energy density ratio at the BCP, °V, is the potential energy density

10.11113/mjfas.v20n4.3403 785



MJFAS

Yaakob et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 20 (2024) 779-789

BD 3500 a
I i 11 i 111
3000 - pure CS ' transit CS ' pure SS
' .
1 1
2500 - ' :
i i
2000 - i i
sSD H H P2: H4FLA-Ni interajction
A AA 1 1
1500 4 A . A P2: H4FLA-residues interaction
1 1
: P5: H4FLA-Ni interaftion
1000 - A, ' o .
\ P5: H4FLA-residues interaction
A 1 1
500 - : :
» g 1
‘ 1 1
0 T i T ¥ »
olo 0.5 1074, 1.5 2'0 25
1 1
-500 - ' '-'- 1 [Vol/Gy
1 1
1 1
-1000 - ! = :
cD i u i
-1500 A i i
‘ i
1 1
1 1
-2000 1 H, >0 H, = O H, < 01
1 1
-2500 4 : :

Figure 5. Theoretical bond degree parameter (BD = Hy/p,) as a function of |Vb|/Gb plot of P2 and P5
positions optimized by GFN2-xTB. The square and triangle represent, respectively, H4FLA-Ni and
H4FLA-residues interactions

Conclusions

This work provides overview of the interaction of flavonoids inhibitor, 3',4’,5,7-tetrahydroxy-3-flavene
(H4FLA) with urease enzyme by semiempirical GFN2-xTB tight binding method. The findings underscore
the important contribution of theoretical approaches in identifying the favourable position of the
flavonoids into the urease active site complex structure, thereby aiding in the development of potential
inhibitor. Among the different spatial arrangement of H4FLA towards the enzyme, it was found that the
most favourable interaction is at P2 with interaction energy of —3.80 eV. Topology analysis revealed that
there are several non-covalent interactions, including hydrogen bonds and van der Waals forces that
stabilize the enzyme-inhibitor complex, but does not engage in covalent interaction with the nickel atoms.
Hence, flavonoids use in this study can act as urease inhibitor which has been proven experimentally,
and now computationally supported. Our findings underscore the importance of utilizing GFN2-xTB for
geometry optimization, thereby enabling subsequent investigations into electronic properties using more
computationally intensive methods such as DFT. By providing a clear guideline for researchers, this work
paves the way for enhanced understanding and exploration of complex molecular systems.
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