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This study aims to explore five flavonoids derived from Algerian propolis, namely phytolarigenin (L1), pilosin (L2), ladanein (L3),
chrysin (L4), and apigenin (L5), using computational tools to assess their antioxidant capacity and ability to inhibit human angiotensin-
converting enzyme-2 (ACE2), a key target involved in SARS-CoV-2 entry. DFT calculations were performed to optimize molecular
structures, analyze electronic descriptors, and evaluate antioxidant activity via HAT, SETPT, and SPLET mechanisms. Among the tested
compounds, pilosin (L2) exhibited the highest antiradical potency, mainly attributed to its 8-OH group. Molecular docking revealed that all
compounds had favorable interactions with the ACE2 active site, with binding scores ranging from -6.31 to -9.67 kcal mol-. Notably, pilosin
(L2) demonstrated the most stable binding affinity (-9.67 kcal mol), mainly due to a stable hydrogen bond involving its 8-OH group and
GIu®™ residue. Molecular dynamics simulations confirmed the structural stability of the L2/ACE2 complex over 100 ns. Additionally,
pharmacokinetic predictions revealed good oral bioavailability and low toxicity for all molecules except L1, which showed a positive AMES
test. These results strongly highlight pilosin (L2) as the leading dual-function candidate with potent antioxidant and antiviral properties,

suitable for further drug development efforts.
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INTRODUCTION

In recent years, the coronavirus disease known as
COVID-19 has spread rapidly worldwide and raised major
public health concerns [1]. This infectious disease is caused
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which primarily targets the respiratory
system, but can also affect the nervous system, kidneys, liver,
and gastrointestinal tract [2]. Common symptoms of SARS-
CoV-2 infection include headache, muscle pain, shortness of
breath, and loss of smell and taste [3,4]. Consequently, there
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is a pressing need for effective antiviral drugs against
COVID-19 [5].

Recent studies show that the SARS-CoV-2 genome is
closely related to that of SARS-CoV-1 [6]. Both viruses share
a similar cell entry mechanism and bind to the same receptor,
angiotensin-converting enzyme 2 (ACEZ2), to infect host cells
[7]. These structural and functional similarities provide a
valuable basis for designing potential inhibitors to prevent
SARS-CoV-2 infection [8].

ACE2 plays a key role in viral entry by facilitating
membrane fusion between the virus and human cells [9].
SARS-CoV-2 binds to the N-terminal helix residues of the
ACE2 receptor through its spike glycoprotein [10,11],
enabling infection. Therefore, blocking the ACE2 receptor
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has emerged as a promising therapeutic approach [12].
Compounds that bind to the ACE2 active site and form stable
protein-ligand complexes may prevent viral attachment and
entry into host cells [12].

Natural products are promising candidates for antiviral
therapies due to their accessibility, low toxicity, and wide
range of biological activities [13-15]. Propolis, a resinous
substance produced by bees from plant sources, has been
used for centuries in traditional medicine [19-21]. It exhibits
various bioactivities, including antibacterial, antifungal,
antiviral [22], antioxidant, anti-inflammatory [23,24],
immunomodulatory, and anticancer effects [25,26]. The
chemical composition of propolis varies by geographical
origin and botanical source. For example, European propolis
is rich in flavonoids and aromatic acids [27], whereas
Brazilian propolis contains artepillin C and p-coumaric acid
derivatives [28]. These variations may influence its
pharmacological potential [29].

Flavonoids are particularly known for their antioxidant
properties [30-32]. Recent studies show that flavonoid-rich
extracts may inhibit angiotensin-converting enzyme (ACE)
activity [33]. Given the structural similarity between ACE
and ACE2, ACE inhibitors could potentially block ACE2 as
well [34]. Clinical data suggest that hospitalized COVID-19
patients who received ACE inhibitors had better survival
outcomes [35]. In silico analyses by Giiler et al. demonstrated
that flavonoids from Turkish propolis, such as rutin and
quercetin, could bind effectively to the ACE2 receptor [36].
A similar study on Indonesian propolis revealed that
isorhamnetin and other flavonoids also showed strong ACE2
binding affinities [37], with docking scores exceeding that of
the reference compound MLN-4760.

These encouraging findings highlight the need for further
investigation into the antiviral potential of propolis-derived
compounds [38]. Algeria, one of the countries affected by
COVID-19, harbors a wide variety of propolis types with
diverse pharmacological profiles [39-42]. In this study, five
flavonoids previously isolated from propolis collected in the
Jijel region of northeastern Algeria were selected:
pectolinarigenin (L1), pilosin (L2), ladanein (L3), chrysin
(L4), and apigenin (L5), as shown in Fig. 1 [43]. These
compounds were structurally identified using NMR and mass
spectrometry.
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The aim of this work is to assess the antioxidant and
ACE2-inhibitory properties of the selected Algerian
flavonoids (L1-L5) through computational methods, and to
explore the possible correlation between these two
properties. Density functional theory (DFT) calculations
were used to evaluate antioxidant potential, while molecular
docking and dynamics simulations assessed ACE2 binding
affinity and complex stability. ADME-Tox properties were
also predicted to assess drug-likeness. To the best of our
knowledge, this is the first study to associate the antioxidant
profile of these flavonoids with their ACE2 inhibitory
potential, offering a novel perspective for the development of
new anti-COVID-19 therapeutic agents.

Fig. 1. Structures of flavonoids isolated from the Algerian
propolis extracts.

MATERIALS AND METHODS

DFT Studies

The Gaussian 09 software package[44] was used to
perform density functional theory (DFT) calculations for the
studied compounds in both gas and aqueous phases.
Geometry optimizations were carried out using the B3LYP
functional with the 6-31G(d,p) basis set [45-48]. Solvent
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effects on enthalpies were evaluated using the integral
equation formalism polarizable continuum model (IEF-
PCM). Energies and enthalpies were computed based on
standard statistical thermodynamics formulas and vibrational
frequencies obtained at the B3LYP/6-31G(d,p) level, in order
to assess the stability of the optimized structures. The
B3LYP/6-31G(d,p) level of theory was selected as the most
appropriate approach for further calculations, ensuring
methodological consistency throughout the analysis [49].

The antioxidant activity of a molecule can be correlated
with its chemical structure by using several indices or
descriptors, such as Bond Dissociation Enthalpy (BDE),
lonization Potential (IP), Protonic Affinity (PA), Proton
Dissociation Enthalpy (PDE), and Electron Transfer
Enthalpy (ETE). The type of mechanism gives the choice of
the descriptor. Three major mechanisms are described. The
first one is the transfer of a hydrogen atom (HAT), associated
with BDE measures; the second is the transfer of a single
electron followed by a proton (SETPT), estimated by the IP
and the PDE; and the third is the loss of a proton followed by
an electron (SPLET) evaluated by PA and ETE. By
calculating the energy quantities of BDE, IP, PDE, PA and
ETE, we can determine the active site (the most reactive OH
group) and therefore we can deduce the most probable
mechanism for each of the five studied compounds (see
Fig. 2) [50]. Using the overall enthalpies of the various
species in the gas and water phases, the reaction enthalpy
values were calculated as follows:

BDE = H(ArO-) + H(H") - H(ArOH) )
IP = H(ATOH+ -) + H(e") - H(ArOH) @)
PDE = H(ArO-) + H(H") - H(ArOH") ®)
PA = H(ArO") + H(H") - H(ArOH) 4)
ETE = H(ArO") + H(e") - H(ArO") ()

The enthalpies of the hydrogen atom (H"), the proton (H*)
and the electron (e”) were obtained from previous reports.
[51-53,54]. All reaction enthalpies defined in Egs. (1) to (5)
were calculated for an atmospheric pressure of 298.15 K
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and 1 atm. HOMO and LUMO energies, global reactivity,
electronic  properties,  electrophilicity  index and
electronegativity descriptors are reported in the second part.

SETPT
ArO-H™
BDE
ArOH % Aro’
HAT
‘PA\ ArOr /ET;

| SPLET |

Fig. 2. Scheme of the analyzed mechanisms of antioxidant
activity.

Docking Simulation Methods

Protein preparation. Two types of ligands were used in
molecular docking calculations. The first is the co-
crystallized ligand MLN-4760 previously isolated from the
ACE2 crystal structure. Redocking of the dipeptide-like
inhibitor MLN-4760 in the ACE2 cavity should be an
important step in identifying the binding site. The second
type, consisting of five flavonoid derivatives extracted from
Algerian propolis [43], was designed and optimized as
mentioned in the DFT section. 3D coordinates of the ligand
structures were converted to pdb file format, and then polar
hydrogens, Gasteiger partial charges and rotatable bonds
were added using ADTools 1.5.7 [57]. Final prepared
molecules were saved in pdbqt files format to be used later as
test ligands in the docking simulations, as done in the
previous work [59].

Docking simulation. Molecular docking involves
positioning the test ligand into the enzyme's active site and
evaluating various conformations to identify the most
favorable binding mode. The AutoDock 4.2 program
employs a common approach called semi-rigid docking, i.e.,
a rigid receptor and flexible ligands [60]. This approach
offers advantages such as lower computational cost and faster


https://paperpile.com/c/8AgFw9/TSZj
https://paperpile.com/c/8AgFw9/FclU+ORb9+IoeZ
https://paperpile.com/c/8AgFw9/VEMu
https://paperpile.com/c/8AgFw9/OWKX
https://paperpile.com/c/8AgFw9/6iZE
https://paperpile.com/c/8AgFw9/Hlv8
https://paperpile.com/c/8AgFw9/TvhA

Seridi et al./Phys. Chem. Res., VVol. 14, No. 1, 119-140, March 2026.

screening while preserving ligand flexibility. However, the
rigid receptor assumption may overlook conformational
changes upon ligand binding and may not fully account for
interactions with cofactors. Therefore, docking results should
be interpreted with these limitations in mind and further
validated by molecular dynamics simulations to capture
protein-ligand flexibility [61]. In our study, the ligand’s
rotatable bonds increased its conformational adaptability
within the ACE2 binding site, promoting more favorable
interactions with active-site residues. To accelerate energy
evaluations, the ACE2 receptor was embedded within a 3D
grid box encompassing the active site, allowing free ligand
rotation. Using the AutoGrid subprogram [57], the grid
center was set at coordinates X = 40.199, Y = 6.144,
Z = 29.006, with dimensions 45 x 45 x 45 As. Docking
calculations were performed using the Lamarckian Genetic
Algorithm (LGA) implemented in AutoDock 4.2 [57] with
100 independent runs and an RMSD tolerance of 2.0 A. All
other parameters were retained at their default values [57].

Validation of the docking protocol. To check the
validity of the docking protocol described above, the native
inhibitor MLN-4760 was redocked. The redocking process is
a method in which the inhibitor MLN-4760 is docked back in
its original position inside the ACE2 cavity. The protocol is
considered valid if the docked free energy is negative and the
RMS deviation between the X-ray structure and the predicted
conformation of inhibitor MLN-4760 is less than 2.0 A [62].
After validating the docking method, this protocol can be
applied to dock our flavonoid compounds inside the ACE2
receptor in the same area occupied by the native ligand MLN-
4760.

Molecular dynamics. The best docking pose, i.e.,
pilosin/ACE2, was used in molecular dynamics (MD)
computations to gain insight into the protein-ligand
interaction stability. The CHARMM-GUI solution builder
was used to create the input files using the CHARMM force
field [63,64]. The ligands' topology was developed by
CHARMM General Force Field using the Param-Chem
server [64]. The periodic boundary conditions (PBC) were
defined then the system's energy was minimized. The
complex was then subjected to an NVT and an NPT ensemble
to equilibrate the complex for stabilizing its temperature and
pressure. Finally, the complex is subjected to a production
simulation run for 100 ns in NPT ensemble at 300.15 K and
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1 bar. The trajectories were stored every 2 ps. Simulations of
100 ns in NPT assembly were performed for the production
stage. The LINCS algorithm was used for constraining
H-bonds GROMACS 2020.2 software [65] was used for all
MD calculations, applying the CHARMM36 force field.
Protein-ligand interaction frequency analysis and trajectory
visualization were both performed using the VMD molecular
graphics tool [66].

ADME-Tox and physicochemical properties. In
order to predict the bioactivity of selected flavonoids
in the human body, we need to determine the drug-likeness
and pharmacokinetic properties. For this purpose,
we exploited the pkCSM webserver [67]
(https://biosig.lab.ug.edu.au/pkcsm/prediction) to calculate
the ADME-Tox parameters (absorption, distribution,
metabolism, excretion and toxicity). Furthermore, the
SwissADME server (http://www.swissadme.ch) was applied
for analyzing druglike properties [68].

RESULTS AND DISCUSSION

DFT Calculations

This computational study aims to explore more details
about the structural properties of the flavonoid compounds
and whether there is any effect on biological activity.

The H atom transfer (HAT) bond dissociation
enthalpies. The aryloxyl radical (ArO") can be formed
directly by phenolic hydrogen transfer towards a radical of
high energy, such as the degradation of fatty acids, which can

give organic radicals (R'). These reactions, of H atom
transfer and/or electrons with the conversion of a highly
reactive radical to a resonance-stabilized aryloxyl radical, are
one of the main mechanisms of antioxidant actions of
phenols. Thus, the homolytic dissociation energy of the O-H
bond can be used to measure phenol's capacity to produce an
H atom (energy dissociation bond, BDE). The O-H bond
breaks more easily, thus antioxidant reactivity increases with
decreasing BDE levels. Table 1 summarizes the computed
findings in gas and water. Based on the BDE values given in
Table 1, the hydrogen-donating strength of flavonoids in the
water and gas phase was in the following order: L2 > L3 >
L5 > L1 > L4. As shown in table 1, the 8-OH BDE of
compound L2 is the lowest compared to the other OH groups
in the gas phase and water, at 73.49 and 71.35 kcal mol,
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respectively. This indicates that H atom transfer from the
8-OH of compound L2 is easier than from other OH groups,
and the homolytic cleavage of 8-OH most likely occurs to
transfer the H atom to the free radical. Therefore, 8-OH of
compound L2 plays a critical role in the HAT antioxidative
mechanism. On the other hand, the O-H bond dissociation
enthalpies in the water and gas phases are not significantly
different from one another; for example, the largest deviation
between the BDE in the gas phase and that in water is
5.24 kcal mol. These results support the undermentioned
docking studies, in which 8-OH interactions of pilosin (L2)
play an essential role in maintaining the Receptor-Ligand
system's stability.

Electron transfer-Proton transfer (SETPT). lonisation
Potential: A two-step mechanism in which an electron is
transferred from a flavonoid to a free radical in the first step
and a proton is transferred in the second (reaction 6).

ArOH + ROO" — ArOH"™ + ROO™ — ArO" + ROOH (6)

This mechanism is governed by the electron transfer
capacity, that is, the ionization potential (IP). The IP of a
molecule is the minimum energy required to remove an
electron. The more an aromatic compound is substituted by

electron donor groups, the lower its IP and the greater its
reducing character. The second step in this reaction is the
dissociation of the heterolytic O-H bond. The radical-cation
formed is a strong acid that immediately deprotonates and
leads to a phenoxyl or aryl radical. To estimate the
contribution of the SETPT mechanism of the compounds, we
calculated the IP for all flavonoids. The calculated IP values
of the investigated compounds, both in the gas phase and in
water, have been presented in Table 2. According to the
results given in Table 2, it is observed that the sequence of IP
values in the gas phase is: L2 < L3 <L1 < L5 < L4; whereas
the tendency of IP values in water is quite different (L1 <L2
< L3 < L5 < L4). This indicates that the radicals are charged
and quite sensitive to solvent polarity. However, the
formation of neutral species is unfavorable in an aqueous
solution [54].

Proton dissociation enthalpies: The next step of the
mechanism SETPT is proton transfer, which is described by
the proton dissociation enthalpy (PDE). Table 1 details the
calculated PDE values in the gas phase and water with
various -OH substitutions for all flavonoids. In the case of
compounds L1 and L4, the hydroxyl group at position 7
(7-OH) of the aromatic ring had the lowest gas
O-H PDE value of 249.63 kcal mol* and 229.81 kcal mol?,

Table 1. Computed Values of BDE (kcal mol?), PA (kcal mol?), ETE (kcal mol?) and PDE (kcal mol?) at 298.15 K and 1 atm,
Using the B3LYP/6-31G(d,p) Method

Compounds BDE (O-H) ABDE? PA APAP ETE AETE® PDE APDE¢
Gas Water Gas Water Gas Water Gas Water
L1 5-OH 92.58 87.89 -4.69 357.64 6848 -289.19 5093 9546 44.53 256.45 141.23 -115.22
7-OH 85.77 84.06 -1.71 34468 59.27 -285.41 57.07 100.84 43.77 249.63 137.40 -112.23
L2 5-OH 88.19 83.47 -4.72 359.51 69.64 -289.87 4464  89.87 4523 40341 136.81 -266.60
7-OH 77.03 75.45 1.58 336.05 5330 -283.75 56.97 98.20 41.23 39227 12879 -263.48
8-OH 73.49 71.35 -2.14 351.46 63.74 -287.72 38.01 86.26 48.25 385.76 124.69 -261.07
L3 5-OH 86.30 81.92 -4.38 353.90 64.78 -289.12 4838 93.19 44.81 253.16 13526  -117.9
6-OH 77.15 73.39 -3.76 356.59 66.44 -290.15 3654 83.00 46.46 24401 126.73 -117.28
L4 5-OH 99.16 94.00 -5.16 35941  69.51 -289.9  55.73  100.53 44.8 24251 11.82  -230.69
7-OH 86.47 86.61 0.14 340.36 57.17  -283.37 62.09 105.48 43.39 229.81 443 -225.38
L5 5-OH 99.31 94.07 -5.24 360.54 70.19 -290.35 54.74 101.92 47.18 24691 1422  -232.69
7-OH 86.09 86.17 0.08 341.34 57.67 -283.67 60.74 104.54 43.8 233.69 6.32 -227.37
4’-OH 81.60 82.16 0.56 333.30 56.82 -276.48 64.25 101.38 37.13 229.19 2.30 -226.89

All values are in kcal mol*. 2ABDE = ABDE (water) — ABDE (gas). "APA = PA (water) — PA (gas). ¢ AETE = ETE (water) — ETE
(gas). APDE = PDE (water) — PDE (gas). *The lowest values are in bold.
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respectively. On the contrary, the gas O-H PDE values of
hydroxyl groups 8-OH (385.76 kcal mol?') and 6-OH
(244.01 kcal mol?) of the compounds L2 and L3,
respectively, were lower than that obtained at other -OH
positions. In addition, the lowest PDE value was obtained at
position 4’ of the aromatic ring for compound L5 with
229.19 kcal mol?. PDE in water has significantly lower
values than the values corresponding to the gas phase [54].

Table 2. lonisation Potential at 298.15 K of Five Flavonoids
Using the B3LYP/6-31G(d,p) Method

Compounds IP (kcal molh)

Gas Water
L1 152.06 78.30
L2 146.24 116.69
L3 149.06 124.86
L4 172.64 136.26
L5 168.38 133.94

The sequential proton loss electron transfer (SPLET).
The SPLET mechanism represents an inhomogeneous
dissociation reaction mainly characterized by two
thermodynamic parameters, proton affinity (PA, reaction 4)
and electron transfer enthalpy (ETE, reaction 5). Table 1
shows that the gas-phase proton affinity PA values were
considerably higher than those of BDEs for all studied
flavonoids. However, all PA values calculated in water were
lower than the obtained BDE values. Also, the results in
Table 1 showed that the aqueous solvent significantly affects
the PA and PDE values; the variation between PA in the
gas phase and aqueous solution ranges from -276.48 to
-290.35 kcal mol™. These results indicate that the SPLET
mechanism prefers the aqueous solvent from a
thermodynamic point of view.

The ETE values are always lower than the IP values in
the gas phase and water. This indicates that the anionic form's
unique electron transfer process is preferable to that of the
neutral form, which is consistent with the results obtained in
other studies [69-71]. From the AETE values, which are
presented in Table 1, it can be noted that the solvation effect
of the water induces an increase in the ETE. As a result, the
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solvent in the water is unfavorable for the following electron
transfer process.

As a conclusion, on the one hand, the calculated BDE,
IE+PDE and PA+ETE of OH groups in the gas phase and in
water show the following same orders: L1; 7-OH < 5-OH,
L2: 8-OH < 7-OH < 5-OH, L3: 6-OH < 5-OH, L4: 7-OH <
5-OH and L5: 4’-OH < 7-OH < 5-OH. Consequently, O7,
08, 06, 07, and 04" are the positions exhibiting the lowest
energies and the strongest antiradical power. In addition, the
antiradical potency of the studied flavonoids ranks as
follows: L2 > L3 > L5 > L1 > L4. Interestingly, this is the
same for HAT, SPLET, and SET-PT. On the other hand and
regarding the first steps of the three studied mechanisms
(Table 1), the antiradical mechanisms show the following
favored trend: HAT > SET-PT > SPLET in the gas phase and
SPLET > HAT > SET-PT for water, expect for L1, which
exhibits the following favored trend: SPLET > SET-PT >
HAT.

HOMO-LUMO Calculations for Flavonoids

Molecular orbitals can help to elucidate molecules'
reactivity, structural and physical characteristics. The two
most influential orbitals in a molecule, i.e., the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), otherwise known as
frontier molecular orbitals (FMO), play a key role in defining
various properties [72]. These include the energy gap
between the HOMO and LUMO, which decides the hardness,
kinetic stability and chemical reactivity [73]. According to
Janak's theorem, IP and EA are roughly related to the
energies of the HOMO and LUMO orbitals [73,74].

The HOMO and LUMO of all flavonoids were obtained
using the DFT method at B3LYP/6-31G(d,p) and then
visualized in Fig. 3. The energies of HOMO and LUMO for
the five flavonoids are given in Table 3. The ELumo values
have a low magnitude, which could indicate the soft
electrophile behavior of flavonoids [75]. Higher values of
Enomo could indicate better electron-donating ability and
antioxidant activity of flavonoids.

The energy gap for all test compounds was between
3.66 eV and 4.16 eV, while pilosin (L2) has the smallest gap,
making it the most reactive. This is consistent with the solid
ligand-receptor affinity (AG = -9.67 kcal mol?) recorded
between L2 and the ACE2 receptor (see molecular docking
section).
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Table 3. lonisation Enthalpy and Electron Affinity Global Reactivity Descriptors Calculated for the Five Flavonoids through

the Orbital Vertical Method

Compounds LUMO HOMO Gap* IP EA n X 1 ® S
(eV) (eV) ev) (V) (eV)

L1 -1.70 -5.78 4.08 578 170 2.04 3.74 -3.74 342 024
L2 -1.66 -5.32 3.66 532 166 1.83 3.49 -3.49 332  0.27
L3 -1.68 -5.39 3.71 539 168 1.85 3.53 -3.53 336 0.27
L4 -1.88 -6.00 4.12 6.00 188 2.06 3.94 -394 376 024
L5 -1.74 -5.90 4.16 590 174 2.08 3.82 -3.82 350 0.24
QUERCETIN [75] 1.69 4.00 -400 472 0.29
ALPINETIN [80] 2.45 3.90 -390  3.09 0.20

(*) Gap = ELumo-Enomo (absolute value).

Electronic properties were calculated based on the
values of ionisation energy and electron affinity. Additional
chemical descriptors such as electronegativity (y),
electrophilicity () [76], softness (S), hardness (), and
chemical potential (n) can be determined employing the
equations given below [77-79]:

Electronegativity (y) = % (N
Electrophilicity index (w) = ;1 (®)
Softness (5) = % ©)
Hardness (1) = % (10)
Chemical potential (W)= — ¥ (11)

The computed chemical descriptor values of flavonoids
are listed in Table 3. The ionization potential is the energy
required to extract an electron from a molecule. In contrast,
the energy emitted from adding an electron to a neutral
molecule is known as electron affinity. Calculated ionization
potential (IP) values for flavonoids were around 5.32 eV to
6 eV, while electron affinity (EA) was between 1.66 eV and
1.88 eV. These values show that flavonoids tend to release
electrons. The values reached here are consistent with the
ionisation and electron affinity values for Quercetin [75]
(IP =5.69 eV; EA = 2.31 eV) and Alpinetin [80] (IP = 6.35
eV; EA =1.44¢eV).

Electroegativity and electrophilicity index measure both
the tendency to attract the electron pair and the electron
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affinity, respectively. The hardness descriptor reflects the
resistance to charge transfer, and the contrary of hardness is
another descriptor known as softness [81]. Electronegativity
and electrophilicity index follows the order L2 < L3<L1<
L5 < L4, whereas hardness follows the order L2 <L3 < L1
< L4 < L5. These descriptors for flavonoids were tabulated
in Table 3. These descriptors had values comparable to
Quercetin [75] and Alpinetin [80], which are potent
antioxidant molecules. According to Table 3, all the values
associated with the chemical potential turn out low; thus,
these flavonoids will tend to release electrons rather than
accept them. This is quite favorable for antioxidant activity.

Molecular Docking

Virtual screening analysis. Molecular docking
computations were performed to assess the potential
interactions of five flavonoid derivatives (L1 to L5) with the
human ACE2 protein. The AutoDock 4.2 software, used for
this end, employed the semi-rigid approach that facilitates the
search for favorable conformations and minimizes the error
margin [82]. The docked free energy (AG) between the target
protein ACE2 and the native inhibitor MLN-4760 was
determined to evaluate the potency and accuracy of the
AutoDock 4.2 program in reproducing the correct binding
mode of the co-crystal structure (pdb id: 1R4L). A negative
docking score means the ligand is effectively bound to
the protein [83,84]. Contrariwise, a positive energy
value signifies that the protein-ligand complex has not
formed, meaning that the docking protein-ligand system has
not indicated a bond [85]. As shown in Table 4, the inhibitor
MLN-4760 has a docking score of -10.27 kcal mol™.
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Fig. 3. Frontier molecular orbital pictures of the five
flavonoids calculated using DFT.

This energy value differs from that of Terali's team [86],
possibly due to the changes in the docking program and
parameters employed. In contrast, an RMSD value of 0.75 A
(below 2.0 A) indicates that the small molecule MLN-4760
binds in the same zone as before without changing its
conformation to fit into the bore. The RMSD value was
strongly supported by visual analysis, as presented in Fig. 4,
which showed great alignment between the re-docked
conformation and the native geometry (given by X-ray
diffraction) of the MLN-4760 inhibitor.

Besides, to confirm the accuracy of the docking tool
parameters, the protein-ligand binding mode generated by the
AutoDock 4.2 program was analyzed and compared to that
found in the crystallographer's paper. Generally, the binding
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profile obtained by molecular docking for the re-docked
inhibitor resembles that found in the co-crystallized structure
MLN-4760. Details of the interaction profile were discussed
in the next section of the interaction mode analysis. From
these preliminary findings, the docking method is considered
reasonably acceptable to predict correct enzyme-inhibitor
interactions and can be used for virtual screening.

Likewise, we docked five flavonoid ligands (not
available in the PDB) in the binding cavity occupied by the
natural ligand using the ACE2 model (PDB code: 1R4L) with
the same parameters. Given the obtained results, the best
poses for all the flavonoids were well placed in the ACE2
binding site, where they are aligned with the natural inhibitor
MLN-4760 (see Fig. 5). Moreover, Table 4 presents negative
scores for all test flavonoids, ranging from -6.31 to
-9.67 kcal molt. Among five flavonoids, we found that
the compound L2 has the lowest binding energy of
-9.67 kcal mol* (see Table 4). A lower value of the docking
score (AG) indicates higher ligand-receptor affinity [83].
Accordingly, the pilosin-ACE2 complex should be more
stable and requires further investigation.

Fig. 4. Superposition of the geometries of the natural (yellow
carbon) and re-docked (gray carbon) ligand MLN-4760 in the
active site of ACE2, showing strong structural overlap.
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Table 4. Docking Scores of the Interaction of the Natural Inhibitor and Test Flavonoids with the ACE2 Receptor

Compounds AG (Kcal mol?) Distance of Zn-O Number of H-bonds Binding
interaction (A) interactions number similarity
*MLN-4760 -10.27 1.84 28 8 100%
L1 -7.20 1.88 20 3 66%
L2 -9.67 1.75 23 5 78%
L3 -7.16 1.98 22 3 44%
L4 -6.31 1.68 17 1 46%
L5 -6.53 1.88 16 1 42%

*Natural ligand as a control.

Fig. 5. Alignment of the flavonoid ligands with the native
inhibitor MLN-4760 in the ACE2 active site. Color codes:
MLN-4760 in red, L1 in green, L2 in azure, L3 in pink, L4
in purple, and L5 in white. All flavonoids maintain close
contact with Zn?*, with Zn—O distances ranging from 1.68 to
1.98 A.
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Interaction Mode Analysis

To understand the mechanism of ACE2 inhibition, we
examined its crystal structure in native (open) and inhibitor-
bound (closed) forms. The extracellular domain of ACE2
consists of two subdomains separated by an active-site cleft
[55]. Subdomain 1 contains the zinc catalytic site and
N-terminus (residues 19-102, 290-397, and 417-430), and
mediates hydrogen and ionic interactions with the SARS-
CoV-2 Spike RBD [7]. Subdomain 2 includes the C-terminus
(residues 103-289, 398-416, and 431-615) [55]. Binding of
MLN-4760 to the ACE2 cleft induces closure of the two
subdomains around the inhibitor, displacing key spike-
binding residues by 6-9 A [55], thereby hindering viral
attachment.

In this study, MLN-4760 was redocked into the ACE2
cleft using AutoDock 4.2 software. Binding interactions at
the zinc-containing site were analyzed and visualized using
Biovia Discovery Studio. According to Fig. 6, the terminal
carboxylate group of the redocked inhibitor MLN-4760 was
found to bind the zinc atom through the carbonyl oxygen
atom. Notably, the most common drugs targeting zinc-
dependent metalloenzymes incorporate  phosphonate,
phosphate, hydroxamate, carboxylate and sulfonamide
functional groups [87,88]. These functionalities, known as
zinc-binding groups (ZBGs), are recognized for their ability
to coordinate at the catalytic site (via a Zn?* ion) through a
heteroatom (O, N, or S), thereby substituting for the
coordinated water molecule [87]. In addition, several non-
covalent interactions were observed between MLN-4760 and
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the ACE2 active site cleft, such as electrostatic, hydrophobic,
van der Waals and hydrogen bonds. Hydrogen bonding is
considered the most influential among weak interactions in
determining binding energy [89]. Essential amino acids
involved in hydrogen interactions with MLN-4760 are
Arg??, His*, Pro®¢, GIu¥®, His°®, and Tyr’ (see
Table 5 and Fig. 6); they are critical for identifying the ACE2
active site [55]. As explained by Guy et al. [90], His**® plays
a central role in ACE2 inhibition by acting as a hydrogen
bond donor or acceptor during host—guest complex
formation, while GIu®™ stabilizes hydrogen-donating groups
(e.g., -OH or -NH units) and helps orient the ligand within
the binding pocket. Known inhibitors such as MLN-4760
commonly exploit these interactions [55]. Herein, Glus™
formed two hydrogen bonds with MLN-4760, one via its
carboxyl oxygen and the inhibitor’s secondary amine, and
another with the ZBG hydroxyl group, at distances of 2.36 A
and 1.90 A, respectively (see Table 5 and Fig. 6). The second
carboxylate group of MLN-4760 interacted with Arg?™,
His®*®, His®® and Tyr®S. Moreover, the carbonyl oxygen of
Pro®® was within H-bonding distance (1.87 A) of the
inhibitor’s secondary amine. These interactions closely
resemble those of X-ray diffraction [55]. However,
crystallographic data indicate a hydrogen bond between the
Tyr®5 phenolic group and the ZBG of MLN-4760, as well as
another between Thr3t and its imidazole ring. The exclusion
of non-protein molecules may account for slight variations in
these interactions [55].

In light of the interaction profile established for MLN-
4760, we extended our analysis to explore the binding modes
of selected flavonoids within the ACE2 active site. Using the
hydrogen-bonding residues involved in MLN-4760 binding
as reference targets, the test ligands displayed comparable
interaction patterns, with similarity scores ranging from 42%
to 78% (Table 4). This is evidenced by interactions with key
catalytic residues, Arg?’®, His®5, Pro®®, GlIu®"® and His®®
[90]. As illustrated in Fig. 7, His’® and His3*® formed the
highest interaction frequencies across all docked flavonoids,
followed by Arg?”® and GIu®™. As well, the zinc-coordinated
residues, His®™*, His®®, and Glu*®?, were engaged in
hydrophobic, electrostatic and van der Waals contacts.

128

HS ARG
3 . TR
a3y 1 B
W THR
& A347
pal
A:803
—0 PHE
Y ”\ A:504
PROL R 4
A3dE : M GLU ARG
& A 402 514
7P Giy
Anea A271 4375
o el i HIS
4344 L. a3g M
]
] Akl
: Corvalert bord
%

"\

H-Bonds

Donor

Acceptor B

Fig. 6. 2D (left) and 3D (right) representations of the ACE2
active site showing side amino acids involved in various
contacts with the re-docked inhibitor MLN-4760. Key
hydrogen bonds are formed with Arg?”® (2.09 A, 2.13 A),
His3* (1.87 A), Pro% (2.65 A), GIu3 (2.36 A, 1.90 A),
His®% (206 A) and Tyr% (2.09 A). Zn?* coordination was
maintained via the carboxyl group (1.84 A).
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Table 5. Hydrogen Bond Distances between the Reference and Test Ligands and ACE2 Active Site Residues

H-bonds Residues Ligands Type
distance (A)
Interacting  Binding Binding A: Acceptor
Residues group group D: Donor
OH 0]
*MLN-4760 2.09 Arg?” —NH; =0 DeeeA
2.13 —NH; —OH DeesA
1.87 His34 -NH =0 DeeeA
2.65 Pro34¢ =0 -NH AeeeD
2.36 Glu®™ =0 —NH AseeD
1.90 =0 -OH AseeD
2.06 His®% —NH = DeeeA
2.09 Tyr5 —OH —OH AseeD
L1 2.09 His34 —NH 1-0 DeeeA
1.99 Pro46 =0 7-OH AsesD
2.98 Arg®® —NH, 4=0 DeesA
L2 1.99 Arg?” —NH; 4=0 DeeeA
1.72 His34 -NH 4=0 DeeeA
2.04 -NH 5-OH DeeeA
1.81 Glu®® -0 8-OH AseD
1.82 His®% -NH 4=0 DeeeA
L3 2.01 His34 -NH FO DeeeA
2.88 His®% —NH 1-0 DeeeA
2.39 Arg°8 —NH; 4=0 DeeeA
L4 1.79 His®* -NH O DeeeA
L5 1.73 His®* -NH O DeeeA

*Natural ligand as a control.
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Fig. 7. Histogram showing the frequency of interaction of flavonoid ligands with ACE2 catalytic residues. His®* and His®%
displayed the highest contact frequency, followed by Arg?”® and Glu®™.
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Moreover, as shown in Figs. 8 and 9, all flavonoid ligands
were monodentate coordinated to the zinc cofactor via
hydroxyl groups on their aromatic rings. Specifically, the
zinc-binding hydroxyl group was located at position 5-OH in
L1, L3, L4, and L5, and at position 8-OH in L2. The distance
between the Zn?*' ion and the nearest ZBG oxygen atom
ranged from 1.68 A to 1.98 A for all ligands (see Table 4).
These short distances reflect the strong ZBG coordination to
the ACE2 metal center [87].

Additionally, the docking results revealed five hydrogen
bonds for L2, three for each of L1 and L3, and only one for
L4 and L5. In particular, L2 demonstrated the most favorable
interaction profile, with the lowest binding energy
(-9.67 kcal mol?) and the highest binding mode similarity
(78%). This can be attributed to its additional aromatic -OH
groups, which increase its capacity to form multiple
hydrogen bonds compared to the other flavonoid derivatives.
As shown in Table 5, three amino acids, Arg?”®, His**® and
His®% were H-bonded to the 4-OH group of L2 with distances
of1.99 A, 1.72 A and 1.82 A, respectively. His**® also formed
a hydrogen bond from its imidazole group to the adjacent L2
5-OH, with a distance of 2.04 A. The zinc-bound 8-OH group
of L2 exhibited a favorable H-bond distance of 1.81 A with
Glu®™. Remarkably, these hydrogen bond distances were
shorter, and thus potentially stronger, than those observed for
the native inhibitor MLN-4760. L2 also formed multiple =-
anion, -7, m-alkyl, and van der Waals interactions with vital
residues (Fig. 8). Such stable interactions underscore the
inhibitory potential of pilosin (L2). This behavior was further
supported by its electronic properties, including a narrow
HOMO-LUMO gap (3.66 eV) and a low 8-OH BDE (73.49
kcal mol*in gas, 71.35 in water), which favor charge transfer
and hydrogen donation within the protein active site [91-93].

In recent studies, Dey et al. [94] reported high ACE2
affinity for flavonoids such as Flemiflavanone D and
Rhamnetin (-10.2 and -9.1 kcal mol?, respectively), while
Obakachi et al. [95] highlighted stable binding of xanthone
derivatives (XAN71, XAN72) to vital residues such as
Arg?3, GIu®™, and His®*. Pilosin (L2) displayed comparable
binding strength and advantageous electronic characteristics.
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Molecular Dynamics Simulation

In the current study, molecular dynamics MD simulations
were used to investigate the stability of the L2/ACE2
complex over 100 ns using RMS deviation, RMS fluctuation,
and protein-ligand H-bonds contact analysis, in addition to
the radius of gyration (Rg), as shown in Table 6 and Fig. 10
(atod).

The difference between two structures, a target and a
reference structure, is estimated numerically as RMSD. In
molecular dynamics, we focus on how structures and their
component elements alter over time in relation to their initial
position. A plot of RMSD vs time will show that a protein,
throughout the course of a simulation, has a lid opening and
shutting action. RMSD may be used to identify significant
alterations in protein structure with respect to the starting
point. One indication that the protein has stabilized is if the
corresponding curve flattens or levels out. The RMSD of
L2/ACE2 complex showed no conformational changes and
found a little shaky throughout 100 ns MD simulation with
the value from 0-0.5762 nm (Table 6) with an average of
0.3886 nm; During the simulation, the L2/ACE2 complex
initially deviated from 0 to 45 ns, then it stabilized with a
RMSD value of 0.4 nm (indicated in orange in Fig. 10a), the
RMSD values of the protein had the same trend as the
complex. On the other hand, RMSD values for the L2 ligand
were found as 0-1.261 A (indicated in blue in Fig. 10a).

Root mean square fluctuation is referred to as RMSF.
This numerical measurement is comparable to RMSD, but
instead of calculating position differences between entire
structures over time, RMSF estimates a residue's flexibility,
or how much it varies or moves, over the course of a
simulation. When plotted against the number of residues,

RMSF per residue can reveal which amino acids in a protein
structurally contribute the most to molecular motion. In our
molecular dynamics study, to identify the complex's local
conformational changes and structural fluctuation, RMSF
analysis of L2/ACE2 was performed. The RMSF plot is
shown in Fig. 10b. It was observed that the maximum and
minimum RMSF values are found to be 0.0568 and
0.6418 nm (Table 6), respectively. The fluctuation was
associated particularly with the residues Glu, Alal®?,
Asn™ Ser's® Leu™, Gly3%, Asn®*® and Asn®’, which are
not associated with the residues of the active site.

A set of atoms' radial distance from their axis of rotation
is known as the radius of gyration (Rg). Rg values enable the
evaluation of ligand conformational changes in relation to
protein-binding sites. It therefore predicts how compactly a
folded protein will be structurally. The Rg values related to
the L2/ACE2 complex were found to range from 2.407 to
2.611 nm, as shown in Table 6. The Rg values (Fig. 10c)
stabilized and compact, and a well-folded structure of the
complex was conserved after 35 ns, H-bond interactions were
used to examine the protein-ligand complexes' binding
capacity (Fig. 10c). There are from 0 to 5 hydrogen bonds
observed in the L2/1R4L complex, but during most of the
simulation time, the ligand-protein had no hydrogen bond,
which presents a certain instability of the L2/1R4L complex.
SASA calculates the surface zone during the interaction of a
ligand with the water molecule. Its values range between
242.393 and 300.026 nm? as shown in Table 6.

Regarding the RMSD, RMSF and Rg, the L2/1R4L
complex could be considered relatively stable [96][97]
despite the lack of hydrogen bonds in some periods during
the 100 ns molecular dynamics simulation.

Table 6. RMSD, RMSF, Rg and SASA Values from MD Results

Min Max Average
RMSD Complex (nm) 0 0.5762 0.3886
RMSD Protein (nm) 0 0.5438 0.3466
RMSD Ligand L2 (nm) 0 0.1261 0.0662
RMSF (nm) 0.0568 0.6418 0.159
Radius of Gyration Rg (hm) 2.4066 2.6105 2.5422
SASA (nm?) 242.393 300.026 283.9091
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Pharmacokinetics and Physicochemical Properties
To be as effective as a medicinal drug, the candidate
molecule must reach the target enzyme inside the body at a
sufficient dose and remain bioactive during the expected
biological activities. Before going to the in-vivo test, it is
necessary to assess the absorption, distribution, metabolism,
excretion and toxicity (ADME-Tox) early [98]. To this end,
the pkCSM webserver [67] was used as an alternative for the
experiment to predict the ADME-Tox properties.
Absorption. The finding shown in Table 7 revealed that
all test flavonoids had high absorption rates between 91% and
96%. According to the Norender team [99], the most
effective compounds to cross the intestinal mucosal barrier
are those with at least 30% absorption. It proves our
compounds can be absorbed at the human intestinal level. In
contrast, the reference compound MLN-4760 exhibited 41%
absorption, which is close to the accepted lower limit.
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Distribution. The blood-brain barrier (BBB) acts as a
selectively permeable barrier between blood vessels and
brain tissue cells. The BBB prevents pathogens and toxins
present in the blood from penetrating the brain [100]. The
logBB (or BBB permeability) is a parameter used to quantify
the extent of drug penetration across the blood-brain barrier.
The data in Table 7 indicate that blood-brain barrier
permeability values for all compounds were in the low range
of -1.671 to -0.224, which means that they do not reach the
brain [101]. Besides, the central nervous system (CNS)
permeability (or logPS) is an essential parameter for
compounds targeting the CNS. From Table 7, all test
compounds showed very low CNS penetrability values (from
-3.362 to -2.176), reflecting the difficulty of moving through
the CNS. It is also noted that the ligand L2 value
(CNS permeability -3.362) was lower than that recorded for
all other ligands, including the reference one (MLN-4760).
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Consequently, it will reduce undesirable effects,
demonstrating its effectiveness and drug-like action [102].

Metabolism. Drug metabolism depends on CYP
enzymes [103]. Several CYP isoforms, like 3A4 and 2D6,
control the rate of drug biotransformation and how long they
remain in the body. The excessive activity of these enzymes
can render the drug ineffective. In contrast, if they are not
active enough, the drug will remain in the body for a long
time, which may lead to poisoning. Inhibition of cytochrome
isoforms will undoubtedly make them less active, leading to
unwanted effects due to lower drug clearance from the body.
Results obtained in Table 7 show that all test ligands are non-
inhibitors and non-substrates of the two main isoforms, 3A4
and 2D6, except the ligands L1 and L5, which are inhibitors
of CYP3A4 [103].

Excretion and toxicity. Concerning excretion, the
clearance index recorded low values, which increases
the stability of drugs in the body. Moreover, it is
essential to examine our compounds early because drug
selection is highly dependent on the extent of the compounds'
expected toxicity [104]. Fortunately, the AMES toxicity,

hepatotoxicity, and skin sensitisation tests proved that all test
flavonoids are non-toxic, except for ligand L1, which is
considered toxic in terms of AMES toxicity. In parallel, the
reference molecule MLN-4760 has proven harmful in
hepatotoxicity tests.

Lipinski’s rule. The therapeutic potential of a drug
candidate is highly related to its physicochemical properties.
These properties are responsible for the biological activity of
the molecule in the protein's active site. Table 7 summarizes
some physicochemical properties for our test flavonoid
compounds (L1 to L5). These parameters were calculated by
applying the SwissADME webserver [68] to each test
molecule. According to Lipinski's rule of five, a candidate
molecule must meet five threshold parameters to be
considered a bioactive drug; molecular weight (MW) not
more than 500 Daltons, lipophilicity (logPow) ranging
between -3 and 4, hydrogen bond acceptors (HBA) below 10,
hydrogen bond donors (HBD) under than 5 and molar
refractivity (MR) from 40 to 130 [105]. As shown in Table 7,
the test flavonoids used in this investigation were consistent
with Lipinski's rule.

Table 7. Predicted Physicochemical and ADME-Tox Properties

Properties Predicted values

MLN-4760 L1 L2 L3 L4 L5
Physicochemical properties Lipinski's rule
MW (g mol?) 500 < 428.31 314.29 330.29 31429 25429 270.24
LogP >-3and4 < 1.91 2.47 2.1 2.52 2.55 2.11
HBA 10< 6 6 7 6 4 5
HBD 05< 3 2 3 2 2 3
MR >40and 130 < 104.76 84.95 86.97 84.95 71.97 73.99
Absorption
Intestinal absorption (human) Numeric (% Abs) 41.224 96.016 95.389 95.802  95.802 91.502
Distribution
BBB permeability Numeric (log BB) -1.671 -0.224 -1.351 -0.253 -0.253 -0.957
CNS permeability Numeric (log PS) -2.996 -2.392 -3.362 -2.379 -2.379 -2.176
Metabolism
CYP-2D6 substrate Categorical (Yes/No) No No No No No No
CYP-3A4 substrate Categorical (Yes/No) No No No No No No
CYP-2D6 inhibitor Categorical (Yes/No) No No No No No No
CYP-3A4 inhibitor Categorical (Yes/No) No Yes No No No Yes
Excretion
Total clearance (log ml/min/kg) 0.134 0.773 0.689 0.762 0.762 0.693
Renal OCT?2 substrate Categorical (Yes/No) No No No No No No
Toxicity
AMES toxicity Categorical (Yes/No) No Yes No No No No
Hepatotoxicity Categorical (Yes/No) Yes No No No No No
Skin sensitisation Categorical (Yes/No) No No No No No No
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CONCLUSIONS

This study evaluated five flavonoids from Algerian
propolis as dual-function agents with antioxidant and ACE2
inhibitory potential using computational approaches. All
compounds exhibited favorable antiradical behavior and
stable interactions with ACE2, with energy scores ranging
from -6.31 to -9.67 kcal mol*. Among them, pilosin (L2)
demonstrated the highest radical scavenging capacity
(attributed to its 8-OH group) and the most favorable
interactions with ACEZ2, including binding to key residues
and the zinc ion. Molecular dynamics simulations confirmed
the stability of the pilosin/ACE2 complex over 100 ns.
Notably, the 8-OH group may contribute to a synergic effect
that enhances its interaction with the ACE2 active site.
ADMET predictions indicated good oral bioavailability for
all compounds, except L1, which was toxic in the AMES.
These findings highlight pilosin as a promising drug-like
candidate with combined antioxidant and antiviral properties.
Future in vitro and in vivo validation studies are required to
confirm its therapeutic potential and safety.
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