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1. Introduction

Molecular modeling and DFT studies on the
antioxidant activity of Centaurea scoparia
flavonoids and molecular dynamics simulation of
their interaction with B-lactoglobulinf

Emadeldin M. Kamel, ©2 Albandari Bin-Ammar,? Ashraf A. El-Bassuony,®
Mohammed M. Alanazi, Ali Altharawi, Ahmad F. Ahme'da,Gf Ashwag S. Alanazi,®
Al Mokhtar Lamsabhi @ " and Ayman M. Mahmoud © **

Plants of the genus Centaurea have been widely used as natural therapeutics in different countries. This
study investigated the antioxidant—structure activity relationship of eight flavonoids isolated from
Centaurea scoparia using DFT studies and in vitro radical scavenging and xanthine oxidase (XO) inhibition
assays, and to correlate the theoretical values with the experimental findings. Docking analysis was
carried out to explore the binding modes of the isolated phytochemicals with XO and bovine B-
lactoglobulin (BLG). Interactions of the isolated compounds with BLG were studied using molecular
dynamics (MD) simulations which revealed the involvement of hydrogen bonding. The root-mean-
square deviation (RMSD) of BLG and BLG-flavonoid complexes reached equilibrium and fluctuated
during the 10 ns MD simulations. The radius of gyration (Rg) and solvent accessible surface area (SASA)
revealed that various systems were stabilized at approximately 2500 ps. In addition, the RMS fluctuations
profile indicated that the ligand's active site exerted rigidity behavior during the simulation. The hydrogen
atom transfer (HAT) and the energies of hydrogen abstractions were estimated by calculating the bond
dissociation enthalpy (BDE) of O-H in gas phase and water. The isolated compounds showed radical
scavenging and XO inhibitory activities along with binding affinity with XO as revealed in silico. The BDE
was linked to the radical scavenging processes occurring in polar solvents. These processes are single
electron transfer followed by proton transfer (SET-PT) and sequential proton loss electron transfer
(SPLET). Our calculations indicated the agreement between the calculated results and the experimentally
measured antioxidant activity of the flavonoids isolated from C. scoparia.

antidiabetic,*® diuretic® and antirheumatic.’ Centaurea scoparia
(C. scoparia) is an annual or biannual plant distributed in the
Eastern desert in Egypt.'® Previous phytochemical screening of

The genus Centaurea (Family Asteraceae) comprises hundreds
of species mainly distributed in Western Asia and the Middle
East." Plants of this genus showed broad spectrum biological
activities such as anti-microbial,>® anti-proliferative,**
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trihydroxy-  (3”,4”-dihydro-3",4"-dihydroxy)-2",2"-dimethylpyr-
ano-(S”,G”:7,8)-ﬂav0ne, cynaroside, apigetrin, centaureidin,
oroxylin A, 5,7-dihydroxy-3',4',5-trimethoxyflavone, atalanto-
flavone, 5-hydroxy-3',4’,8-trimethoxy-2",2"-dimethylpyrano (5,6’
":6,7)-flavone, 3',4’,5,8-tetramethoxy-2",2"-dimethylpyrano (5",6’
":6,7)-flavone,® vanillin, luteolin, apigenin, cirsimaritin, hispi-
dulin, (—)-matairesinol, salvigenin, (—)-arctigenin, and omega-
hydroxypropioguaiacone.™ C. scoparia has also been shown to
contain chlorinated and non-chlorinated guaianolides,
including diain, janerin, cynaropicrin, deacylcynaropicrin,****
and other sesquiterpenes lactones.'*' Despite the health
promoting effects of flavonoids, their bioavailability is generally
low and varies significantly between different classes and
among members of a particular class.” The mechanism
explaining the transportation of flavonoids and their metabo-
lites is still a matter of debate. Therefore, investigating their
action mechanisms with a transport protein such as bovine -
lactoglobulin (BLG) would provide more trustworthy predic-
tions to find tools for controlling their transport to the target
active site. BLG is a major whey protein belonging to the lip-
ocalin family. It consists of nine antiparallel B-sheets and one a-
helix and has a molecular weight of 18 400 Da. This protein was
proven to show a high tendency towards hydrophobic
ligands.”*® As a result of being biocompatible and biodegrad-
able, BLG is considered to be the main protein responsible for
carrying the lipid-soluble drugs. Consequently, BLG would be
an appropriate carrier for flavonoids and might enhance the
solubility and bioavailability of these compounds.*® Given that
BLG can influence various polyphenols and that its sensitiza-
tion and stability are strongly influenced by binding to flavo-
noids, the study of their interaction is important.

Studies on the antioxidant activity of flavonoids revealed
interesting biological activities and highlighted the structure-
antioxidant activity relationship of these compounds. Molec-
ular docking and molecular dynamics (MD) simulations are in
silico techniques that foretell the particle interactions in
a specific system in which the initial parameters and conditions
are specified. MD tools are generally employed by researchers to
figure out drug-enzyme interactions and reactivities. Given the
tremendous development in DFT, the preferred method for
examining electronic properties of flavonoids, theoretical
studies have raised the curiosity for greater understanding of
the mechanism of action of flavonoids as antioxidants. The
antioxidant action of flavonoids strongly depends on its
chemical structure as previously reported.” Generally, the
activity of flavonoids as antioxidants was agreed to proceed via
one-step H-atom transfer (HAT), single-electron transfer fol-
lowed by proton transfer (SET-PT) or sequential proton loss
electron transfer (SPLET) mechanisms.** In the HAT pathway,
the radical accepts one hydrogen atom from a hydroxyl (OH) of
the flavonoid to be stabilized and afford a comparatively stable
phenoxy radical which may donate another hydrogen atom to
form a stable quinoid structure.> The homolytic bond dissoci-
ation enthalpy (BDE) of the OH group is the main parameter
representing the HAT mechanism. BDE value is a good indi-
cator for the flavonoid radical scavenging activity. A lower BDE
value denotes a higher ability to loss hydrogen and
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consequently more facile radical scavenging action. According
to the SET-PT mechanism, the flavonoid donates an electron to
the radical forming Flav-OH"" and consequently the interaction
of both Flav-O" and Flav-OH™" causes the stabilization of radi-
cals and inhibition of the radical chain reaction.* This electron
transfer process is characterized by calculating the ionization
potential (IP). Deprotonation of the previously formed flavonoid
radical cation occurs after the single electron transfer process.
This step can be described as the hydroxyl proton dissociation
enthalpy (PDE). On the other hand, the SPLET mechanism
proceeds via deprotonation of the flavonoids to afford a phen-
oxide anion in a first step depicting the anion proton affinity
(PA). The next step is the electron transfer from the phenoxide
anion that reveals the electron transfer enthalpy (ETE).
Although the overall result of SET-PT and SPLET mechanisms is
equivalent to HAT, these routes are thermodynamically favor-
able in polar media because of the charge separation. In addi-
tion, SET-PT and SPLET are preferred for radicals with higher
electron affinities.>*® Based on the output of these mecha-
nisms, the structure-antioxidant activity relationship estima-
tion of the isolated phenolics could be assessed by calculating
BDE, IP, PDE and ETE.?>?

This study aimed to isolate and characterize flavonoids of C.
scoparia aerial parts and to investigate their antioxidant activity.
DFT calculations to compute the BDE values and compare the
outputs with the experimental findings of the antioxidant
activity of the isolated flavonoids were carried out. In addition,
the radical scavenging mechanisms (HAT, SPLET and SET-PT)
of the isolated flavonoids were characterized by calculating
BDE, IP, PDE, PA and ETE. Furthermore, we assessed the
interaction of BLG with the isolated flavonoids by molecular
docking and MD simulations.

2. Experimental

2.1. Phytochemical investigation

2.1.1. General. Bruker AV-500 spectrometer was emplyed to
obtain the 'HNMR and CNMR (500 MHz and 125 MHz)
spectral data in DMSO-ds as NMR solvent. Optical rotations of
the isolated compounds were recorded in Rudolph Autopol III
polarimeter. Shimadzu UV-vis 160i spectrophotometer was used
to estimate the UV spectra and Finnigan MAT TSQ 700 mass
spectrometer was utilized to measure HREIMS and EIMS data.
IR spectral data was obtained through KBr pellets on Shimadzu
FTIR-8400 instrument.

2.1.2. Plant material. C. scoparia aerial parts were obtained
from the Eastern desert near Helwan governorate in February
2017. The identification of this species was achieved by
a taxonomist and an authentic sample was stored in our Natural
product lab in Beni-Suef university.

2.1.3. Extraction and isolation. C. scoparia aerial parts (6
kg) were left to dry in cold dark place, grinded and successively
extracted with n-hexane, dichloromethane, and methanol (4 x
14 L, 48 h each). The solvent was evaporated under reduced
pressure at controlled temperature. The dichloromethane crude
extract (87 g) was obtained and chromatographed over silica gel
column (145 x 4 c¢m; 100-200 mesh), and then eluted with n-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hexane/ethyl acetate solvent system with increasing polarity. A
UV lamp was utilized to trace the migration of bands through
the column to collect similar bands. Twenty-eight fractions were
obtained and spotted on TLC using the same solvent system.
Fractions with similar TLC profile were combined into 7 main
fractions (F1-F7). The grouped fractions (F1-F7) were dried in
vacuo and underwent extensive chromatographic screening by
TLC, two-dimensional paper chromatography and columns
chromatography.

Asilica gel column (60 x 3 cm; 230-400 mesh) was employed
for the chromatographic fractionation of fraction 3 using an n-
hexane/acetone solvent system of increasing polarity (v/v = 50:
1 to 0:1) to afford 34 sub-fractions (A1-A34). The sub-fractions
A6-A14 were shown to possess similar TLC behavior and were
collected together and further purified using silica gel (50 x
1.5 cm; 230-400 mesh) using the solvent mixture n-hexane:ethyl
acetate (3 : 1) to afford 9 sub-fractions (R1-R9). The subfractions
R4 and R5 were added on a top of a Sephadex LH-20 (30 x 1 cm)
column to be purified using methanol as an eluent to give the
pure compounds 5 (23 mg) and 6 (18 mg). Compound 1 (14 mg)
was isolated from sub-fractions R8 and R9 by repeated silica gel
column (60 x 3 cm; 230-400 mesh) using a mixture of hexane-
dichloromethane-acetone of increasing polarity, and further
applied to Sephadex LH-20 (30 x 1.5 cm) column using meth-
anol. Fraction 5 was purified over a polyamide column (60 x 2
cm) and eluted with an ethanol/water system to yield ten sub-
fractions (E1-E10). E2, E3 and E4 were shown to have similar
TLC profiles, and consequently combined and placed over
Sephadex LH-20 (35 x 2 cm) column using methanol to yield
compounds 2 (21 mg) and 3 (17 mg). E6, E7 and E8 were
combined and further chromatographed on reverse-phased
column chromatography to afford 19 sub-fractions (S1-S19)
using H,O/MeCN 9:1,8:2,7:3,6:4,5:5,4:6,3:7,2:8,1:9
and 0:10. Sub-fractions S7-S15 were combined and subjected
to radial chromatography using dichloromethane/ethyl acetate
9:1 (2 mm thickness) to produce compound 7 (23 mg). Fraction
6 was subjected to fractionation using silica gel (100 x 4 cm;
230-400 mesh) and then eluted using the solvent system
chloroform/methanol mixture of increasing polarity (v/v=50:1
to 0:1) to 24 sub-fractions (M1-M24). The sub-fractions M9-
M19 were pooled and further chromatographed over silica gel
column (60 x 2 cm; 230-400 mesh) using the mixture n-hexane/
ethyl acetate 8.5 : 1.5 to afford 15 sub-fractions (C1-C15). C7 and
C8 were collected and applied to Sephadex LH-20 column (20 X
1 cm) be means of the eluent methanol to afford the purified
flavonoids 4 (16 mg) and 8 (15 mg).

2.2. DPPH radical scavenging activity

The antioxidant activity of the isolated flavonoids was evaluated
by the DPPH free radical-scavenging assay as previously
described?® with slight modifications. Different concentrations
(1, 3, 10, 30 and 100 pg ml~") of the isolated flavonoids were
added to 0.08 mM DPPH" solution in ethanol and the mixture
was actively stirred and incubated at room temperature for
30 min. Rutin was used as a standard antioxidant and the
absorbance was recorded spectrophotometrically at 570 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The DPPH radical scavenging activity was calculated using the
following equation:

DPPH radical scavenging activity (%)
(Acomrol - Asample) x 100

Acontrol

2.3. Assay of xanthine oxidase (XO) inhibitory activity

XO inhibitory activity of C. scoparia flavonoids was determined
according to the method described by Ozyiirek et al.?® Different
concentrations (10-200 pug ml™ ') the compounds and AP were
mixed with 0.5 mM xanthine, 50 mM sodium phosphate buffer,
and XO, and the mixture was kept at 37 °C for 30 min. The
reaction was stopped using 3.2% perchloric acid. 0.2 ml of the
reaction mixture was mixed with 0.2 ml copper(u) chloride
dihydrate (10 mM), 0.2 ml neocuproine (7.5 mM) and 0.4 ml
ammonium acetate (1 M), and the absorbance was measured
after 30 min at 450 nm.

2.4. Computational details

2.4.1. DFT studies. DFT calculations performed in this
investigation were implemented using Gaussian 09 package.*®
The conformation of the isolated flavonoids, radicals, anions
and cations was fully optimized at B3LYP*** using the 6-311G
(d, p) basis set.** Frequency calculations were also implemented
using the same specified parameters to confirm the absence of
imaginary frequencies and estimate the zero-point corrections.
For more precise assessments, a higher basis set of 6-311++G (d,
p)***¢ was used for the single-point energy calculations in the
gas phase (¢ = 1) and in aqueous solvent (¢ = 78.4). Solvation
influences were obtained using the self-consistent reaction field
(SCRF) method using the polarizable continuum model
(PCM).*”*® Reaction enthalpies of the hydrogen radical (H'),
proton (H') and electron (e~) were obtained as previously re-
ported.*” Relative enthalpies were calculated at 298 K and 1 atm.

2.4.2. In silico molecular docking investigation. Molecular
docking assessment was employed to understand the binding
patterns of C. scoparia phytochemicals (1-8) with BLG (PDB ID:
3NPO) and XO (PDB ID: 3NVY). The initial structure of the iso-
lated flavonoids was constructed and energy was optimized
using Gaussian 09 software package®® using the B3LYP level****
by the basis set 6-311G (d, p).*” UCSF Chimera software was
employed for the initial optimization of the target protein
structure and for generating pdb files of different ligands.**
Docking of the complexes was executed by means of the software
package Autodock Tools (ADT) v1.5.6 and AutoDock Vina.*> ADT
software was used for optimizing the target protein and isolated
flavonoids structure. The optimization process included solvent
removal, stripping out nonstandard residues form the initial
pdb, adding polar hydrogens and setting the grid box to the most
probable binding site.** PyMOL v2.4 program was used for polar
and hydrophobic interactions visualization and image produc-
tion. The size and position of grid boxes were set at 50 x 50 x 50
(x,9,2) (—14.937 x 5.924x — 2.975).

RSC Adv, 2023, 13, 12361-12374 | 12363
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2.4.3. MD simulations. The 3D crystal structure of BLG
(PDB ID: 3NPO) was obtained from PDB and water molecules
were stripped out using UCSF Chimera. The Gaussian 09
package-optimized structures of the isolated flavonoids at the
B3LYP level®'** with the 6-311G (d, p) basis set*® were utilized
as the drug geometries for the MD simulations. The isolated
compounds were docked into the active site of BLG using
AutoDock Vina software.*> The execution of 10 ns MD simu-
lations for free BLG and BLG-flavonoid complexes was per-
formed by means of GROMACS 4.6.7 software packages***’
using the GROMOS9643a1 force field.*® The initial topology
parameters of various flavonoids in this investigation was
generated using the Dundee PRODRG 2.5 server.”” The free
target protein and different protein-flavonoid complexes
were placed in a cubic box with accurately specified periodic
boundary conditions, and box volume was ~294.1 nm?
(6.6504 x 6.6504 x 6.6504 nm®). The original and refined
SPC water model was employed for the solvation.*® Electrical
neutrality was attained in various systems by adding eight
Na' counter-ions. The steepest descent energy minimization
approach was employed for 10 ps to mitigate the disfavored
interaction based on thermodynamic principles.** Then,
various complexes were subjected to dual phase equilibration
namely, NVT and NPT ensembles, each lasted for 100 ps at
300 K temperature.®® The MD simulations run of various
systems for 10 ns was executed at a pressure of 1 bar and
a temperature of 300 K. The particle mesh Ewald algorithm
was utilized to picture the long-range electrostatic terms,***>
and leap-frog integration with a time step of 2 fs was enforced
to use the motion equations. Molecular visualization of the
MD trajectories was implemented using VMD.** GROMACS
software package was also employed to estimate polar
bonding profile, RMSD, Rg, SASA and RMSF. Xmgrace soft-
ware was used for different plots generations.
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3. Results and discussion

3.1. Phytochemical investigation

The dichloromethane extract of C. scoparia aerial parts was
subjected to intensive chromatographic fractionation to afford
eight known flavonoids reported for the first time in this species.
The chemical structure of isolated phytochemicals (Fig. 1) was
elucidated according to data obtained from spectroscopic tools
(MS, UV, 1D and 2D NMR) (ESI Fig. S1-S167). By comparison
with data in the literature, the isolated compounds were iden-
tified as 3'-geranyl-5,7,4"-trihydroxyisoflavone (1),>** 6-prenyl-
5,7,4"-trihydroxyisoflavone  (2),°**”  3’-geranyl-5,7,2',4"-tetrahy-
droxyisoflavone (3),%® 6-prenyl-3,5,7,4-tetrahydroxyflavone (4),
5,7,2-trihydroxyflavone (5),%*%' 5,7,4"-trihydroxy-6,3"-dimethoxy-
flavone (6),%2 5,7,4',5-tetrahydroxy-6,3"-dimethoxyflavone (7)*
and 5,4"-dihydroxy-6,7-dimethoxyflavone (8).%

3.2. The binding modes of C. scoparia flavonoids with BLG

We carried out molecular docking investigations to assess the
potential binding affinity of C. scoparia flavonoids (1-8) with
BLG. The binding affinities, polar bonding, and probable
hydrophobic interactions of the isolated phytochemicals with
BLG are represented in Table 1, and the binding modes are
represented in Fig. 2 and 3.

The stability of geometrical conformation of biological
macromolecules is believed to be dependent on ligand-protein
polar and hydrophobic interactions. Polar bonding represents
the main route for the binding of drugs at the binding cavity of
a specific protein. Consequently, these hydrogen bonds effec-
tively participate in ligand's alliance and correlation to the
target active site.*® The contribution of these polar interactions
to the binding affinity depends mainly on desolvation power
and the newly generated hydrogen bonds. The hydrophobic
interactions significantly affect the binding affinities of drug's

RI R2 R3 R2 R3 R4 RS R6 R7
1 H Geranyl H 4 Prenyl OH OH H H OH H
2 Prenyl H H 5 OH H OH H H H
3 H Geranyl ~ OH 6 OMe OH H H OMe OH H
7 OMe OH H H OMe OH OH
8 OMe OMe H H H OH H

Fig.1 Chemical structure of the isolated compounds.
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Table 1 Binding affinities, interacting polar residues, and hydrophobic interactions of the compounds (1-8) isolated from C. scoparia with BLG

Binding affinity
Flavonoid (kcal mol ) Polar bonds Hydrophobic interactions
1 -7.8 Lys69, Asn109 and Ser116 Pro38, Ile71, Ile84, Ala86 and Asn90
2 —6.9 Ser116 Leu39, Lys69 Ile84, Asp85 Ala86, Asn90 and Leul17
3 -7.8 Asn109 Pro38, Leu39, Val41, Val43, Ile56, Leu59, Lys69, Ile71,
Asn88, Val92, Phe105, Met107 and Ser116
1 —6.9 Lys69 Leu31, Leu39, Ile71, Ile84, Asn90 and Asn109
5 -7.5 Asn90 and Asn109 Asn88, Glu108 and Ser116
6 -7.5 Lys69, Asn90, Asn109 and Ser116 Pro38, Leu39, Ile84 and Glu108
7 —7.6 Lys69, Asn90, Asn109 and Ser116 Leu39, Ile71, Ile84, Asn88, Met107 and Glu108
] -7.1 Lys69 and Asn88 Pro38, Leu39, Ile71, Asn90, Met107, Asn109 and Ser116

Fig. 2 Binding interactions of compounds (1-4) with BLG. The tube model shows the active site of the drug—protein complex, and the
interacting residues are represented as stick model (up). Surface representation of the binding pocket occupied by drugs under investigation
(down). The active site interacting polar and hydrophobic residues are shown in the middle.

lipophilic surfaces to the binding pocket hydrophobic areas.
Thus, an adequate geometrical correlation of the ligand to
protein active site is crucial for a thermodynamically favorable
drug-target interaction.

The output of our docking studies revealed the affinity of the
isolated phytochemicals towards BLG, and thus reflected a high
probability of these compounds to from stable drug-protein
complexes. This inference could be attributed to the resulting
low binding energies of these flavonoids, ranging from —6.9 to
—7.8 kecal mol". These low binding interaction energies re-
flected a high probability of employing these flavonoids as
controlling factor for BLG transport function to biological active
sites. All isolated phytochemicals occupied the same active site
with common amino acids residues. The dense network of polar
bonds for all flavonoids confirms their compatibility to BLG
active site. Previously reported studies on BLG revealed the

© 2023 The Author(s). Published by the Royal Society of Chemistry

availability of three active sites with the central cavity as the
essential binding pocket for hydrophobic drugs, and this cavity
represents the favorable binding site for flavonoids. Our dock-
ing results manifested the binding of isolated flavonoids to the
entrance of the internal cavity with both polar and hydrophobic
interactions present with considerable existence for the hydro-
phobic bonding. In general, the molecular modelling analysis
of the isolated flavonoid-BLG pattern could provide trustworthy
foretelling of the conceivable routes for the production of BLG
binding inhibitors and activators.

3.3. MD simulations studies

The interaction of BLG with the isolated flavonoids was evalu-
ated by carrying out MD simulations for BLG and BLG-
flavonoids complexes with extensive analysis of MD trajecto-
ries along with the hydrogen bonding profile. The determined

RSC Adv, 2023, 13, 12361-12374 | 12365
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Fig. 3 Binding profile of compounds (5—-8) with BLG. The drug—protein complex binding sites are introduced as tube model, while residues are
depicted as stick model (up). Surface representation of BLG binding pocket occupied by drugs under assessment (down). The residues exerting
polar and hydrophobic interactions with the drugs are represented in the middle.

parameters included root mean square deviations (RMSD), the assessment of the hydrogen bonding patterns of various
radius of gyration (Rg), solvent accessible surface area (SASA), drug-protein interaction (Fig. 4). The polar bonding profile of
and root mean square fluctuation (RMSF). The interaction of compounds 1, 3, 4 and 6 displayed two hydrogen bonds with
the isolated compounds with residues in the binding cavity of different interacting residues in the BLG binding site, one
BLG was monitored along the 10 ns MD simulation run through  hydrogen bond is significantly stable and the other is relatively
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Fig. 4 Overall intensity of hydrogen bonds after 10 ns MD simulations for the BLG-flavonoids complexes (1-8).
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weak during the course of 10 ns MD simulations run. Three
hydrogen bonds were detected in compounds 2 and 7
complexes, among them two are strong for compound 2 and the
third is weak while in compound 7 only one hydrogen bond is
stronger. Compounds 5 and 8 form four hydrogen bonds, two
are strong and the remaining are weak.
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The stability and integrity of trajectories through the whole
10 ns MD simulations were emphasized by studying the RMSD
of backbone atoms of BLG against time for the target protein as
standard and for various drug-protein complexes (1-8), as
represented in Fig. 5A. From this plot, RMSD of BLG and BLG-
flavonoid complexes achieved equilibrium and oscillated all
over the median value after nearly 2.5 ns and kept with
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Fig. 5 Various backbone RMSD patterns of BLG in free form and BLG-

Residue

flavonoids complexes during 10 ns MD simulation (A), radius of gyration

(Rg) of the backbone of BLG and BLG-flavonoids complexes (B), total solvent accessible surface (SAS) of BLG and BLG-flavonoids complexes (C),
and root mean square fluctuation (RMSF) values of BLG and BLG-flavonoids complexes (D).
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minimum energy till the end of the MD simulation run. Thus,
the protein backbone atoms RMSD demonstrate comparable
patterns of all structures, reflecting their stability and equilib-
rium for most of the time (between 2.5 and 10 ns). Reduced
values of RMSD of BLG-flavonoid complexes indicate that the
bonding between flavonoids and BLG minimized the degrees of
freedom of the target protein dynamic. In addition, the ob-
tained values of radius of gyration (Rg) of the standard BLG and
BLG-flavonoid complexes were plotted as a function of time, as
shown in Fig. 5B. The tightness of the protein skeleton along
the folding and unfolding capacities during the 10 ns MD run
were estimated from the obtained thermodynamically based Rg
values. The Rg values attained a stabilized pattern at approxi-
mately 2500 ps in different systems, suggesting that the simu-
lation reached equilibrium after this time. As shown in Fig. 5B,
the compactness of the protein skeleton along the simulation
was estimated because of the decrease in Rg values of the
backbone atoms. The initial Rg value of BLG and BLG-flavonoid
complexes was close to 1.44 nm, which agrees with the previ-
ously published experimental data. Furthermore, Fig. 5B
demonstrates that the Rg estimation of BLG is not affected by
the forming complexes with flavonoids. This implied that the
nature of BLG was not altered during binding to ligands.

The total solvent accessible surface areas (SASA) were studied
for the protein in free and liganded form (1-8) during the 10 ns
MD simulations as shown in Fig. 5C. Interestingly, the diver-
gence behaviors of SASA in free BLG and BLG-liganded
complexes (1-8) resemble the alteration in Rg values. This
variation confirmed the accuracy and precision of the outcomes
of our MD calculations.

A detailed analysis of the RMSF profile of free BLG and BLG-
flavonoid complexes (1-8) was performed, and the assessed
findings manifested the fluctuations of interacting residues in
the free and liganded forms (Fig. 5D). The obtained plot was
developed as a function of the number of interacting residues
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according to the 10 ns trajectory. Fluctuations at the binding
site of BLG were detected in the range of 0.04 to 0.05 nm in the
obtained RMSF profile. Contrary to BLG in its free form, no
considerable fluctuations were detected at the drug's binding
cavity in various complexes (Fig. 5D). Consequently, the resul-
ted data is obviously pointed out to the fact that amino acids at
the active site in the main central channel show minimized
fluctuations for each flavonoid. Thus, the active site of isolated
drugs architecture is mainly exhibiting an almost rigid behavior
along the MD simulation run. The interaction between the
target BLG and isolated flavonoids is represented in Fig. 6.

3.4. DFT studies on the structure-antioxidant activity
relationship

Free radicals are oxidant species with well-acknowledged dele-
terious effects on the cells. The adverse influence, particularly
the cellular damage, caused by free radicals on the human body
is alleviated by the antioxidant defense system. Incompetence
of the antioxidant defense system is compensated by outside
source antioxidants. Natural antioxidant can be found in food,
and the vast majority exist in the form of flavonoids.*® Flavo-
noids are naturally occurring antioxidant phenolics with
a potent ability to contend free radicals via chelating, scav-
enging, deactivating prooxidant enzymes, and activating
detoxification enzymes.®” It has been depicted that the ability of
flavonoids to act as antioxidants is determined by its activity
toward scavenging free radicals.®® The ease of H-abstraction is
agreed to be the leading factor controlling the antioxidant
activity of flavonoids.*® Therefore, three conceivable mecha-
nisms (HAT, SET-PT and SPLET) are proposed for the radical
scavenging activities of the isolated flavonoids (1-8). Thus, the
O-H bond dissociation may proceed via any of the three
mechanisms. However, the three free radical scavenging

Fig. 6 The binding modes of isolated flavonoids in the active site of BLG as estimated by MD simulations.

12368 | RSC Adv, 2023, 13, 12361-12374

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01661g

Open Access Article. Published on 19 2023. Downloaded on 2025/11/1 16:53:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 BDE values (kcal mol™ at 298.15 K) in gas and aqueous
phases various hydroxyl groups of different phytochemicals (1-8)

Flavonoid Phase 4-OH 5-OH 7-OH 3-OH 3-OH 2-OH

1 Gas 79.63 98.52 88.02 — — —
Water  79.21 92.71 87.29 — — —

2 Gas 81.42 95.89 85.47 — — —
Water  80.17 90.88 85.03 — — —

3 Gas 78.37 97.93 89.19 — — 76.52
Water 78.32 92.11 88.67 — — 76.78

4 Gas 80.06 91.36 83.74 80.23 — —
Water  79.19 86.35 82.58 75.89 — —

5 Gas — 105.92 87.51 — — 83.3
Water — 104.13 87.35 — —_ 82.69

6 Gas 68.74 78.75 70.94 — — —
Water 70.32 77.94 7426 — — —

7 Gas 60.66 78.12  80.59 — 7011 —
Water  63.95 77.33 8123 — 70.94 —

8 Gas 82.64 91.01 — — — —
Water 82.54 86.28 — — — —

mechanisms can coexist depending on the thermodynamic
equilibrium existing through their different steps.>

The isolated flavonoids, including isoflavones and flavones,
are featured by the common carbon skeleton of flavonoids of
rings A, B and C. Even though the initial geometries of the
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optimized structures of the isolated phytochemicals were esti-
mated according to stereochemical data obtained from optical
rotation and spectroscopic data, a large number of conforma-
tions for all isolated flavonoids was examined by random
alteration of the dihedral angle C2-C1-C2-C3 and that of the
geranyl and prenyl groups to detect the most stable conforma-
tion for each compound. Results of these calculations revealed
that variation of C2'-C1-C2-C3 angles in some of the isolated
flavonoids resulted in quite meager influence on the final
optimized geometries of our compounds. All isolated
compounds are characterized by OH groups at positions 4'-, 5-
and 7- except for compounds 5 and 8, where the OH group at
positions 4’ is absent and OH at position 2’ is present instead in
compound 5. Meanwhile in compound 8 a methoxy group is
located at position 7- instead of the OH group. The OH group at
position 3- appears only in compound 4, while position 3’ is
occupied by OH in compound 7. Three free radical intermedi-
ates are resulted from the H-abstraction process from each
hydroxyl in compounds 1, 2, 5 and 6, while in compounds 3, 4
and 7 four radical species are produced and only two radicals
are resulted from the H-abstraction in compound 8.

The output of DFT calculations of the BDE and reaction
enthalpies (kcal mol™* at 298.15 K) for each active OH group
(minimum BDE) for eight flavonoids from C. scoparia in gas and
aqueous phases are represented in Tables 2-4, respectively.

Table 3 Reaction enthalpies (kcal mol™) in gaseous state for all flavonoids under investigation (1-8)*

SPLET SET-PT RSA
Active -

Flavonoid site PA ETE PA + ETE P PDE IP + PDE BDE ) (07
1 4’-OH 333.93 61.56 395.49 164.07 231.42 395.49 79.63 19.54
2 4-OH 337.21 60.07 397.28 167.36 229.92 397.28 81.42 22.38
3 2"-OH 328.15 64.82 392.97 162.91 230.06 392.97 76.52 15.83
4 4-OH 326.20 70.32 396.52 165.13 231.39 396.52 80.06 12.27
5 2"-OH 327.09 72.07 399.16 178.21 220.95 399.16 83.30 25.93
6 4-OH 313.35 71.25 384.60 153.72 230.88 384.60 68.74 5.42
7 4’-OH 259.38 117.73 377.11 169.13 207.98 377.11 60.66 3.73
8 4-OH 274.38 124.12 398.50 156.70 241.80 398.50 82.64 24.11

¢ SPLET, sequential proton loss electron transfer; SET-PT, single electron transfer followed by proton transfer; BDE, bond dissociation enthalpy;
RSA, radical scavenging activity; PA, proton affinity; ETE, electron transfer enthalpy; IP, ionization potential; PDE, proton dissociation enthalpy.

Table 4 Reaction enthalpies (kcal mol™?) in water for all flavonoids under investigation (1-8)°

SPLET SET-PT RSA
Active —

Flavonoid site PA ETE PA + ETE P PDE IP + PDE BDE ) (OFFY
1 4-OH 32.57 45.79 78.36 79.89 —1.53 78.36 79.21 19.54
2 4-OH 31.31 48.00 79.31 80.74 —1.43 79.31 80.17 22.38
3 2"-OH 29.08 47.43 76.51 78.11 —1.60 76.51 76.78 15.83
4 3-OH 29.07 46.55 75.62 77.71 —2.09 75.62 75.89 12.27
5 2’-OH 26.56 55.27 81.83 89.20 —7.37 81.83 82.69 25.93
6 4"-OH 16.83 52.64 69.47 70.80 —1.33 69.47 70.32 5.42
7 4"-OH 12.36 51.32 63.68 81.57 —17.89 63.68 63.95 3.73
8 4-OH 24.40 57.28 81.68 72.76 8.92 81.68 82.54 24.11

“ SPLET, sequential proton loss electron transfer; SET-PT, single electron transfer followed by proton transfer; BDE, bond dissociation enthalpy;
RSA, radical scavenging activity; PA, proton affinity; ETE, electron transfer enthalpy; IP, ionization potential; PDE, proton dissociation enthalpy.
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Interestingly, the radicals obtained by H-abstraction from
position 4[] are the most stable and represent the active site in
all isolated flavonoids except compounds 3 and 5 in gas phase
and compounds 3, 4 and 5 in water solution. The variation of
the active site in compound 4 between positions 4’ in gas phase
and 3 in water is obviously due to hydrogen bonding. In water,
the hydrogen bonding between OH at position 3 and the
carbonyl oxygen is attenuated by the hydrogen bonding with
water molecules. Consequently, the ease of H-abstraction from
position 3 is increased in water. The majority of 4'-Flav-O°
possessing stabilities are higher than their rivals because of the
hydrogen bonding with the neighboring oxo moiety in most
cases. The data shown in Table 2 revealed that the homolytic
hydroxyl bond dissociation is the thermodynamically prevailing
mechanism for the radical scavenging activity. Compounds 7
and 6 showed the lowest BDE values and consequently they are
considered the most active antioxidant agents among all iso-
lated flavonoids. This notion was supported by the coincided
results obtained by the DPPH assay in which these compounds
possessed the lowest ICs, values. Contrary to the small
discrimination in BDE values of the isolated flavonoids, there is
a great variation in ICs, values which might be attributed to the
environment that plays a crucial role in the antioxidant poten-
tial of the compounds under investigation. By checking the
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Fig. 7 (A) Plot of the experimental DPPH assay values against total

energy demand for the SPLET mechanism in water solution. (B) A plot
of the experimental DPPH assay values against gas phase BDE.
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results of the calculations in water (Table 4) of the reaction
enthalpies of the eight compounds, the homolytic bond disso-
ciation mechanism seemed the thermodynamically less favor-
able one when compared with the SPLET Pathway. Generally,
the energy requirements of the initial step in SPLET route (PA)
are lower than that needed for the homolytic bond dissociation,
and consequently the SPLET route is the predominant pathway
for the radical scavenging activities of isolated flavonoids in
water solution. Furthermore, a plot of the ICs, values of the
isolated compounds versus overall energy demand of the SPLET
mechanism afforded a linear relationship with a square corre-
lation value of 0.962 (Fig. 7A).

Data in Table 2 represents the estimated BDE (in kcal mol "
at 298.15 K) in gas and aqueous phases for various O-H groups
in the isolated compounds (1-8). The arrangement of BDE
values of OH substituents in gas phase is similar to that
calculated in water solution. Because water system is more
imitative to the bulk polarity of the cell environments and gas
phase is generally seen as an ideal state, our findings targeted
the mechanisms of antioxidant activities in water solution.
Interestingly, the order of experimental antioxidant efficacy of
different drugs is correlated with the theoretically predicted
arrangement, emphasizing that H-abstraction from OH
substituents is likely to be the optimum evidence for the radical
scavenging activity of phenolics (Fig. 7B).

The spin density is a rationally trustworthy parameter that
offers representation of stabilities of various radical species.*
The minimal BDE and the ease of radical formation are mainly
attributed to high delocalization of the radical spin density.*
The influence of H-abstraction on the electron delocalization of
various radical species was undertaken by evaluating local spin
densities distributions at the depletion site (Fig. S19-S267).
Interestingly, the spin densities of various flavonoids radicals
are more likely to be delocalized for radicals resulting from B
ring than those originating from A ring (5-OH and 7-OH). This
inference is confirmed by the fact that all active sites (minimum
BDE values) in studied phytochemicals are located in B ring (4"
OH and 2’-OH). For instance, in compound 1 the Mulliken spin
population is 0.357 on the oxygen atom at position 4’ of the
radical and 0.431 on position 7 of the same compound.
Consequently, this effect results in lowering the BDE values of
OH groups in B rings than the A ring counterparts. Compound 7
showed the highest antioxidant potential and minimum BDE
value (4-OH) with two radical species originating from B ring
and two from A ring. This compound showed the lowest spin
density (0.307) at position 4" among all radical species. On the
other hand, compounds 2 and 5 showed the lowest antioxidant
activities with the highest BDE values of the active sites. The
spin densities of the active sites of these compounds (4-OH and
2’-OH, respectively) were 0.382 and 4, respectively. The assess-
ment of spin populations of isolated flavonoid radicals revealed
carbon atom at position 1’ is the most likely radical center fol-
lowed by oxygen atom from which hydrogen is removed. These
outputs lead to the conclusion that spin densities distributions
play a crucial role in predicting stabilities of radical species.

Generally, the activity of flavonoids as antioxidant agents is
strongly influenced by variation of hydroxyl substitution on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XO inhibitory activity of C. scoparia flavonoids and allopurinol. Data are mean + SEM, (N = 3).

Table 5 Binding affinities, interacting polar residues, and hydrophobic interactions of the compounds (1-8) isolated from C. scoparia with XO

Binding affinity
Flavonoid (kcal mol ™) Polar bonds Hydrophobic interactions
1 -9 GIn585 and Arg912 Try592, Gly795, Gly796, Phe798, Met1038, Gly1039, GIn1040, GIn1194 and
Glu1261
2 -8 Ile698 and Glu733 Thr697, Glu699, Tyr735, Leu948, Asn866, Leu905, Tyr1213, Ser1214 and
Arg1295
3 —7.6 Glu699, Glu733, Leu1211, Ile696, Thr697, Tyr735 Leu843, Asn866 and Try1213
His1212 and Arg1295
4 —8.2 Ser1082 GIn767, Phe798, Gly799, Glug02, Phe911, Arg912, Phe914, GIn1040,
Lys1045, Thr1077, Ala1078, Ser1080, Thr1083, GIn1194, Ala1258, Val1259
and Gly1260
5 -7.8 Tyr135 and Lys1304 1le696, Thr697, Gly737, Gly738, Pro841, Asn866, Leu905, Glu1210, Leu1211,
Tyr1213 and Pro1299
6 -7.3 Tyr592, Arg912 and GIn585, Leu744, Gly795, Phe798, Met1038, Gly1039 and GIn1040
GIn1194
7 —-7.3 Tyr592, Leu744, Arg912 GIn585, Gly795, Phe798, Met1038, Gly1039, GIn1040 and Gly1197
and GIn1194
8 -7.2 Asp740, His741 and Phe742, Gly1197, Val1200, GIn1201, Tle1229, Pro1230, Ala1231 and Phe1232

Glu1209
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both rings A and B and conjugation extent between B and C
rings.” The results of our calculation led to the inference that
substitution at B ring offers a relatively stable phenoxy radical
upon H-abstraction. Also, the existence of both 3-OH and 5-OH
groups might result in improving the antioxidant activity as
seen in compound 4. Another leading factor for maximizing
stability of the phenoxy radical in compound 7 (minimum BDE,
highest RSA) is the o-dihydroxylation at the B ring (4'-, 5-OH),
this structural feature offers extra stability and better radical
scavenging activity by hydrogen bonding or expanded electron
delocalization.

3.5. XO inhibitory activity of C. scoparia flavonoids

XO is a molybdenum-containing enzyme that generates reactive
oxygen species (ROS) and catalyzes the oxidation of hypoxan-
thine and the production of uric acid. Activation of XO and its
mediated ROS production and oxidative stress are implicated in
several diseases.” Besides the radical scavenging activity of the
isolated flavonoids, we investigated their XO inhibitory activity
using in vitro assay and molecular docking simulations. The
results represented in Fig. 8 show the inhibitory effect of C.
scoparia flavonoids and allopurinol (AL). Compounds 1, 2, 4 and
5 showed lower ICs, values when compared with the other
compounds. The output of molecular docking revealed the
activity of isolated phytochemicals against XO as represented in
Table 5 and, Fig. 9 and supplementary Fig. S17 and S18.7 All
isolated flavonoids were shown to occupy the main central

12372 | RSC Adv, 2023, 13, 12361-12374

View Article Online

Paper

cavity of the enzyme. A relatively low binding energies (—7.2 to
—9.0 kcal mol™") were obtained with compounds 1 and 4
showed the lowest binding energy. The estimated low binding
energy indicated the activity of isolated compounds against XO.
All ligands were shown to exhibit polar interactions with the
binding cavity of the enzyme. A large number of hydrophobic
interactions were detected for compounds 4 and 5. In addition,
many commonly known significant amino acid residues were
included in the binding interactions of these complexes. These
findings highlighted the XO inhibitory activity of C. scoparia
flavonoids.

4. Conclusions

The outcomes of our DFT calculations indicated that the anti-
oxidant activity mechanism of the isolated flavonoids might be
operated by SPLET pathway in water dissolution and by HAT
mechanism in the gas phase. The compounds showed in vitro
radical scavenging and XO inhibitory activities. The most potent
antioxidants are compounds 6 and 7 that possess the lowest
ionization potential and BDE values. The SET-PT route is
a thermodynamically less favorable mechanism for all flavo-
noids. The nature of hydrogen atom transfer and neighboring
group effect in flavonoids would have a great effect on the
thermodynamic features of these flavonoids. Based on docking
outcomes, the isolated flavonoids can bind to the appropriate
binding site on BLG structure exhibiting polar and hydrophobic
interactions, and the obtained low binding affinities suggested
the formation of stable drug-protein complexes. The MD
simulation investigations produced significant contributions to
figure out the impact of the ligand interaction on BLG config-
urational modification and the stability of BLG-flavonoid
complexes in the water phase. Our MD calculations revealed
the relative energy minimization of the target protein and
flavonoid complexes around 2500 ps. Besides, the resemblance
of BLG and BLG-flavonoid complexes atomic fluctuations
pattern proposed the rigidity of the ligand-binding pocket
structure along the course of 10 ns MD simulations.
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