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Kuersetinin Elektronik ve Dogrusal Olmayan Optik (NLO) Ozelliklerinin DFT Tabanh Incelenmesi ve
Losemi Hedef Proteinlerine (6QGK ve 2021) Karsi1 Molekiiler Kenetlenme Analizi

OZET

Bu calismada, dogal bir flavonoid olan 2-(3,4-dihidroksifenil)-3,5,7-trihidroksi-4H-kromen-4-on (Kuersetin) molekiiliiniin
yapisal, elektronik, dogrusal olmayan optik (NLO) ve biyolojik 6zellikleri, yogunluk fonksiyoneli teorisi (DFT) ve
molekiiler modelleme yontemleri kullanilarak kapsamli bir sekilde incelenmistir. Kuantum kimyasal hesaplamalar,
B3PW91 ve B3LYP fonksiyonelleri ile 6-31G(d,p) temel seti kullanilarak temel durum geometrisinin optimizasyonu
iizerinden gergeklestirilmistir. Optimize edilmis nétr molekiiler yap1 iizerinden Mulliken atomik yiik dagilimlari, sinir
molekiiler orbital (HOMO-LUMO) enerjileri ve kiiresel reaktivite parametreleri hesaplanarak molekiiliin elektronik yapisi,
yiik transfer dinamikleri ve kimyasal kararlilig1 degerlendirilmistir. Molekdiler elektrostatik potansiyel (MEP) analizi ile
elektrofilik ve niikleofilik saldirilara karsi reaktif merkezler ve potansiyel hidrojen bagi kapasitesi haritalandirilmistir.
Ayrica, dipol moment, ortalama polarize edilebilirlik ve birinci dereceden hiperpolarize edilebilirlik bilesenleri
hesaplanarak molekiiliin dogrusal olmayan optik (NLO) yanitlar1 incelenmistir. Elde edilen bulgular, kuersetinin belirgin
bir molekiil i¢i yiik transfer karakterine sahip oldugunu ve umut verici bir optoelektronik materyal aday1 olabilecegini
gostermistir. Bilesigin antilosemik aktivite potansiyelini molekiiler diizeyde degerlendirmek amacryla, l6semi
patogenezinde kritik dneme sahip hedef proteinler (PDB ID: 6QGK ve 2021) ile molekiiler kenetlenme (docking)
caligmalart yiritilmistiir. Kenetlenme simiilasyonlari, kuersetinin hedef enzimlerin aktif bolgelerinde kararli
konformasyonlar aldigini; spesifik hidrojen baglari, kovalent etkilesimler ve hidrofobik aglar (Pi-Sigma, Pi-Alkil)
araciligryla yiiksek baglanma afinitesi sergiledigini ortaya koymustur. Elde edilen veriler, kuersetinin hem fonksiyonel
optoelektronik uygulamalar hem de hedefe yonelik yeni nesil terapotik ajanlarin gelistirilmesi agisindan yiiksek potansiyele
sahip bir aday iskele yap1 oldugunu gostermektedir.

Anahtar Kelimeler:

Kuersetin, DFT hesaplamasi, HOMO-LUMO analizi, NLO, Molekiiler doking

DFT-Based Investigation of the Electronic and Nonlinear Optical (NLO) Properties of Quercetin and
Molecular Docking Analysis Against Leukemia Target Proteins (6QGK and 2021)

ABSTRACT

In this study, the structural, electronic, nonlinear optical (NLO), and biological properties of the naturally occurring
flavonoid 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (Quercetin) were comprehensively investigated
using density functional theory (DFT) and molecular modeling methods. Quantum chemical calculations were performed
through the optimization of the ground state geometry using the B3PW91 and B3LYP functionals and the 6-31G(d,p) basis
set. The electronic structure, charge transfer dynamics, and chemical stability of the molecule were evaluated by calculating
Mulliken atomic charge distributions, boundary molecular orbital (HOMO-LUMO) energies, and spherical reactivity
parameters based on the optimized neutral molecular structure. Molecular electrostatic potential (MEP) analysis was used
to map reactive centers and potential hydrogen bonding capacity against electrophilic and nucleophilic attacks. Furthermore,
the nonlinear optical (NLO) responses of the molecule were investigated by calculating the dipole moment, mean
polarizability, and first-order hyperpolarizability components. The findings showed that quercetin possesses a distinct
intramolecular charge transfer character and could be a promising optoelectronic material candidate. To evaluate the
antileukemic activity potential of the compound at the molecular level, molecular docking studies were conducted with
target proteins (PDB ID: 6QGK and 2021) that are critical in leukemia pathogenesis. Docking simulations revealed that
quercetin assumes stable conformations in the active sites of target enzymes; exhibiting high binding affinity through
specific hydrogen bonds, covalent interactions, and hydrophobic networks (Pi-Sigma, Pi-Alkyl). The obtained data indicate
that quercetin is a candidate scaffold structure with high potential for both functional optoelectronic applications and the
development of next-generation targeted therapeutic agents.

Keywords:
Quercetin, DFT calculation, HOMO-LUMO analysis, NLO, Moleculer dockin
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Introduction

Quercetin is a naturally occurring secondary metabolite belonging to the flavonol subgroup of polyphenolic
compounds, widely distributed in fruits, vegetables, grains, and nuts (Li et al., 2016). This bioactive compound, frequently
found in glycoside form (aglycone structures attached to carbohydrate units such as glucose or rutinose), is present in high
concentrations in many plant sources that are essential to human nutrition, such as lettuce, chili peppers, cranberries, onions,
black aronia, tomatoes, broccoli, and apples (Kelly, 2011). Literature data indicates that daily dietary intake of quercetin
varies between 6—18 mg on average in different populations (Georgiou et al., 2023).

Recent pharmacological and medical research has clearly demonstrated the multifaceted therapeutic effects of
quercetin, including antioxidant, anti-inflammatory, cardioprotective, antiviral, and anticancer properties (Aghababaei &
Hadidi, 2023). Studies on in vitro mechanisms show that, in addition to its ability to directly scavenge free radicals, the
compound modulates cellular signaling pathways, suppresses oxidative stress, and regulates apoptotic processes (Sharma
et al., 2018). However, some inconsistencies are observed in the results obtained from clinical studies, which are largely
attributed to quercetin's poor aqueous solubility, low systemic bioavailability, rapid first-pass metabolism, and inter-
individual differences in absorption kinetics (Batiha et al., 2020). Overcoming these limitations and fully elucidating the
molecular-level mechanisms of action of the compound, particularly its antileukemic and specific anticancer effects, are
critical for rational targeted drug design processes (Khan et al., 2021).

A complete understanding of the pharmacological efficacy of a bioactive molecule and its interaction dynamics with
target receptors necessitates the investigation of its molecular geometry, boundary orbitals, reactivity indices, and charge
distribution properties at the atomic level (Goren & Yildiko, 2024). In this context, Density Functional Theory (DFT)-based
quantum chemical calculations offer a highly powerful and reliable theoretical approach for determining the electronic
structures of molecules, mapping electrophilic/nucleophilic centers, and predicting nonlinear optical (NLO) responses under
an external electric field (Baglan et al., 2023b). In particular, molecular electrostatic potential (MEP) maps and
polarizability and hyperpolarizability tensor analyses are fundamental in predicting the weak interaction tendencies of
molecules in receptor pockets (Tahiroglu, Goren, & Baglan, 2025). Furthermore, high-resolution molecular docking
modeling and the detailing of geometric bonding patterns provide strong scientific evidence prior to in vitro processes by
rationally elucidating specific amino acid interaction networks at the ligand-receptor interface (Tahiroglu, Goren, et al.,
2025Db).

The main objective of this study is to comparatively investigate the ground-state structural, electronic, and nonlinear
optical (NLO) properties of quercetin, a naturally occurring flavonol, using the DFT method with the B3PW91 and B3LYP
functionals and the 6-31G(d,p) basis set. Furthermore, to evaluate the antileukemic activity potential of quercetin at the
molecular level, its molecular docking behavior towards the active sites of the 6QGK (Bank, 2019) and 2021 (Bank, 2007)
enzyme targets, which play a key role in leukemia pathogenesis, was elucidated in detail through specific bond distances,
covalent fixations, and thermodynamic stability parameters.

Although quercetin, DFT programming, and complement docking methods have been studied in detail, most previous
series have focused separately on the physicochemical properties of quercetin or its interactions with different biological
methods. Therefore, the evaluation of quercetin with electronic comprehensive DFT analyses and its association with
leukemia has been adopted based on a theoretical framework summarized by considering complement docking analyses
against the 6QGK and 2021 target proteins. This allows for a greater understanding of the distance between quercetin's
electronic properties and potential inhibitory interactions. In our literature search, no integrated disease study was found
where quercetin was evaluated with the 6QGK and 2021 leukemia targets using both DFT and total docking analyses.

1. Materials and Methods

In this study, the biological activity of the quercetin molecule was investigated using theoretical calculations,
molecular docking, and pharmacokinetic analyses. All quantum chemical calculations were performed within the
framework of Density Functional Theory (DFT) using the Gaussian 09 software package (G.W.T. M.J. Frisch, 2009). The
B3PW91 and B3LYP functionals and the 6-31G(d,p) basis set were used for geometry optimization, determination of
electronic properties, and calculation of reactivity parameters. For molecular docking studies, the crystal structures of the
target proteins were obtained from the Protein Data Bank (PDB) database and prepared using the AutoDock Vina program
(Eberhardt et al., 2021). During the protein preparation stage, water molecules were removed, missing hydrogen atoms
were added, and appropriate protonation states were assigned. The binding affinity of the quercetin molecule to the active
sites of the target proteins and the interaction mechanisms were evaluated using molecular docking analyses. The interaction
profiles and visualizations of the obtained protein-ligand complexes were examined using the Discovery Studio Visualizer
program (BIOVIA, 2016).

Considering the pKa values of the phenolic hydroxyl groups of quercetin, although it may exhibit a tendency toward
partial ionization under physiological pH conditions (pH 7.4), environmental factors such as the molecular environment,
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hydrogen bonding interactions, and protein binding sites can influence the protonation equilibrium. Therefore, the neutral
form has been widely used as an appropriate starting model in quantum chemical calculations and molecular docking
studies, particularly in simulations representing the gas phase and low-polarity binding environments, for evaluating
biological interactions.

2. Results and Discussion

2.1. Mulliken Atomic Charges

Mulliken atomic charges provide important information about electronic structure and reactivity by revealing the
distribution of electron density among atoms within a molecule (Goren, Baglan, & Yildiko, 2024a, 2024b). Atoms carrying
a negative charge represent electron-rich (nucleophilic) regions, while atoms carrying a positive charge represent electron-
poor (electrophilic) regions (Baglan et al., 2023a; Goren, Kotan, et al., 2024). Therefore, Mulliken charge analysis is widely
used in the evaluation of potential reactive centers, charge transfer, and bond polarization (Gdoren et al., 2022; Goren,
Baglan, Yildiko, et al., 2024).

Table 1 shows the Mulliken atomic charges of quercetin using the B3PW91 and B3LYP functionals for a comparative
analysis. Overall, a strong agreement is observed between the two methods, with atomic charges exhibiting similar trends
in sign and magnitude. This indicates that the electronic charge distribution of the molecule is quite stable against the chosen
calculation method. It is noteworthy that negative charges are particularly concentrated on oxygen atoms. Atoms O7, OS,
010, 015, 021, and 022 exhibit significantly high negative Mulliken charges, indicating that these regions are electron-
rich and therefore act as hydrogen bond acceptors. Specifically, atom O15 has one of the highest negative charges in both
methods (B3PW91: -0.647; B3LYP: -0.635), suggesting that this region is one of the most reactive electron-dense areas of
the molecule. The charge distribution among the carbon atoms appears heterogeneous. Some carbon atoms (e.g., C5, C6,
C9, C11, C13, C14, C18, and C20) exhibit positive charges, while others, such as C1, C3, C4, C17, and C19, have negative
charges. This suggests a pronounced electronic asymmetry in the quercetin skeleton, influenced by n-electron delocalization
and aromatic systems. In particular, carbons with higher positive charges, such as C13 and C18, exhibit partial electron
deficiency due to their proximity to electron-withdrawing oxygen atoms. All hydrogen atoms carry a positive charge, as
expected, confirming their electrophilic character. The fact that some hydrogens, such as H28, H29, H30, and H31, have
higher positive charges compared to others indicates that the electron-withdrawing effect around the carbon to which they
are attached is stronger. Overall, the small differences between the B3PW91 and B3LYP results reveal that the functionals
describe the electronic density distribution similarly but exhibit slight quantitative differences. These findings suggest that
the charge distribution in the quercetin molecule is concentrated particularly around oxygen-centered functional groups,
and that the chemical reactivity of the molecule is shaped through these regions.

Table 1. Mulliken atomic charges of the Quercetin molecule

ATOMS B3PW91 B3LYP ATOMS B3PW91 B3LYP
Cl -0.169 -0.149 C17 -0.201 -0.164
C2 0.006 0.042 CI18 0.345 0.349
C3 -0.146 -0.124 C19 -0.210 -0.170
C4 -0.162 -0.123 C20 0.335 0.316
(O3] 0.325 0.327 021 -0.561 -0.552
C6 0.286 0.293 022 -0.580 -0.570
o7 -0.609 -0.597 H23 0.135 0.098
08 -0.567 -0.559 H24 0.166 0.130
C9 0.291 0.279 H25 0.142 0.104

010 -0.571 -0.565 H26 0.343 0.328
Cl1 0.321 0.303 H27 0.352 0.338
Cl12 -0.053 0.001 H28 0.145 0.104
Cl13 0.417 0.399 H29 0.131 0.092
Cl4 0.253 0.259 H30 0.340 0.326
015 -0.647 -0.635 H31 0.372 0.355
016 -0.586 -0.576 H32 0.354 0.339

2.2. HOMO-LUMO Analysis

According to molecular orbital (MO) theory, the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are called frontier molecular orbitals (FMOs) (Agbektas et al., 2026; Goren, Baglan,
Tahiroglu, et al., 2024). These orbitals provide important information about the molecule's electronic structure, chemical
stability, and reactivity (Baglan, Goren, Tahiroglu, et al., 2026; Baglan et al., 2022). HOMO represents the tendency to
donate electrons, while LUMO represents the capacity to accept electrons. The HOMO-LUMO energy difference (AE) is
one of the fundamental indicators of a molecule's reactivity and stability. Density Functional Theory (DFT) calculations
allow for the determination of global reactivity parameters such as chemical potential (u), chemical hardness (), and
electrophilicity index (o) from HOMO and LUMO energy values. These parameters play a crucial role in evaluating the
electron exchange tendencies and reactive centers of molecules, and DFT-based analyses are widely used in organic
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synthesis, drug design, and functional material development studies (Baglan, Goren, Kotan, et al., 2026; GOREN,
BAGLAN, YILDIKO, et al., 2024).

Table 2 presents the HOMO-LUMO energies (Figure 1 and Figure 2) calculated for the quercetin molecule using
the B3PW91 and B3LYP density functional theory (DFT) methods, along with the resulting spherical chemical reactivity
parameters. The close proximity of the results obtained from both functionals demonstrates the reliability of the calculations
and indicates that the electronic structure of the molecule is not significantly affected by the functional used. The HOMO
energies were calculated as —6.7752 and —6.6514 eV for the B3PW91 and B3LYP methods, respectively, while the LUMO
energies were calculated as —0.2759 and —0.2202 eV. The lower HOMO energy obtained with the B3PW91 method
indicates that the tendency to donate electrons is somewhat lower than that of B3LYP. The HOMO-LUMO energy gap
(AE) is 6.4993 and 6.4312 eV, respectively, and the lower AE value obtained with the B3LYP method shows a slight
increase in the chemical reactivity of the molecule, but the high AE values in both methods reveal that quercetin has high
electronic stability. The ionization potential (I) and electron affinity (A) values were found to be consistent with the HOMO
and LUMO energies, respectively. The low electron affinity values indicate that the molecule's tendency to accept electrons
is limited. The chemical hardness (n) values were calculated as 3.2497 and 3.2156 eV for B3PW91 and B3LYP,
respectively, and the chemical softness (s) values were calculated as 0.1539 and 0.1555 eV~"'. These results demonstrate
that quercetin exhibits high hardness, low polarizability, and good structural stability. The negative chemical potential ()
values (—3.5256 and —3.4358 eV) support the electronic stability of the molecule, while the electronegativity (y) values
indicate a moderate tendency to accept electrons. The electrophilicity index (w) was calculated as 1.9125 and 1.8354 eV
for the B3PWO91 and B3LYP methods, respectively, with the B3PW91 method predicting quercetin as a slightly more
electron-accepting electrophile. Overall, only minor differences were observed between the global reactivity parameters
obtained from both methods, and it was determined that the quercetin molecule possesses high electronic stability, moderate
chemical reactivity, and balanced electron-donating and electron-accepting properties. These findings are consistent with
the high antioxidant and free radical scavenging properties of quercetin reported in the literature.

AE = |[EHOMO — ELUMO| 1
n=1-A4)/2 2
s=1/2n 3

_ (I-;A) 4
x=1+4)/2 5
w=u?/2n 6

Table 2. The HOMO and LUMO quantum chemical characteristics determined by applying the B3PW91 and B3LYP techniques for
the Quercetin molecule

Enomo Evrvmo  Enomo-1  Evumo-1 AE 1 A n s u X ®

B3PWI91  -6.7752  -0.2759  -7.0836 0.2024 6.4993 6.7752 0.2759 3.2497 0.1539 -3.5256  3.5256  1.9125

B3LYP -6.6514  -0.2202  -6.9654 0.2384 6.4312 6.6514 0.2202 3.2156 0.1555 -3.4358  3.4358  1.8354

AE—Energy Gap, [—Ionization Potential(—Enomo), A—Electron Affinity(—ELumo), #7—Chemical hardness, s—Chemical softness, 41— Chemical
Potential, y—Flectronegativity, @—Electrophilicity in

o
el

=

W2

LUMO LUMO+1
E=-0.2759 eV E=0.2024 eV

HOMO HOMO-1
E=-6.7752 eV E=-7.0836 eV

Figure 1. Boundary molecular orbitals of the Quercetin molecule according to the B3PWO1 level
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LUMO+
E=0.2384 ¢V

HOMO HOMO-1
E=-6.6514 eV E=-6.9654 ¢V

Figure 2. Boundary molecular orbitals of the Quercetin molecule according to the B3LYP level
2.3. Molecular Electrostatic Potential (MEP)

Molecular Electrostatic Potential (MEP) is a method that reveals the charge distribution on a molecule's surface and
provides important information for evaluating the molecule's chemical reactivity (Kotan et al., 2025). MEP maps allow for
the identification of regions susceptible to electrophilic and nucleophilic attacks, as well as the prediction of weak
interactions such as hydrogen bonding (Tahiroglu et al., 2024). On MEP surfaces, red represents electron-rich regions with
high negative electrostatic potential, blue represents electron-poor regions with dominant positive electrostatic potential,
and green represents neutral regions with approximately zero electrostatic potential (Goren et al., 2025). This distribution
contributes to the identification of possible interaction sites of the molecule, providing qualitative information about its
chemical behavior and reactivity (Kartal et al., 2026).

Figure 3 shows the Molecular Electrostatic Potential (MEP) surfaces of the quercetin molecule calculated using the
B3PWO91 and B3LYP theoretical methods. MEP maps show the electron density distribution on the molecule and possible
electrophilic/nucleophilic attack sites. In the MEP color scale, red regions represent negative electrostatic potential, i.e.,
electron-rich areas susceptible to electrophilic attack; blue regions represent positive electrostatic potential, i.e., electron-
poor areas susceptible to nucleophilic attack. Green colors indicate intermediate potential values. In both theoretical
methods, the most negative potential regions are concentrated around oxygen atoms. In particular, oxygen atoms in hydroxyl
groups (015, 016, 021, 022) and carbonyl-like oxygen centers form distinct red regions, indicating that they are the main
electrophilic interaction centers of the molecule. This supports the proton-accepting character of quercetin and its hydrogen
bonding capacity. Positive potential regions are located around hydrogen atoms and especially near hydroxyl protons, and
these regions can be considered as areas where the molecule can interact with nucleophilic species. The predominance of
green tones on the aromatic ring system indicates that the electron density is delocalized throughout the molecule. The
electrostatic potential values for the B3PW91 method ranged from —8.014 to +8.014 a.u., while for the B3LYP method,
this range was calculated as —7.604 to +7.604 a.u. The fact that both methods yielded similar distributions indicates that the
electrostatic properties of quercetin are largely independent of the theoretical method. However, the B3PW91 method
exhibits a wider potential range, revealing slightly more pronounced charge separation.
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Figure 3. Molecular electrostatic potential surface of the Quercetin molecule using B3PW91 and B3LYP methods
2.4. Non-Linear Optical Properties (NLO)

Nonlinear optical (NLO) properties play a significant role in optoelectronic and photonic applications. These
properties are related to the optical responses of molecules under the influence of electromagnetic fields and are
characterized by changes in the phase, amplitude, and frequency of light (Tahiroglu, Goren, et al., 2025a). Theoretical
evaluation of NLO behavior utilizes molecular parameters such as mean polarizability ({a)), polarizability anisotropy (Aa),
first-order hyperpolarizability (Bw:), second-order hyperpolarizability (y), and dipole moment (). These parameters are
calculated using tensor components obtained from quantum chemical calculations and are considered fundamental criteria
in evaluating the nonlinear optical potentials of molecules (Janjua et al., 2014).

Table 3 shows the dipole moment, polarizability, and first-order hyperpolarizability () values calculated for the
quercetin molecule using the B3PW91 and B3LYP methods. The results show that both functionals describe the electronic
properties of the molecule in a very similar way. When the dipole moment components are examined, it is seen that the
largest contribution in both methods comes from the uy component. The total dipole moment values were calculated as
4.1818 D and 4.0997 D for the B3PWO91 and B3LYP methods, respectively. These results reveal that the quercetin molecule
exhibits a distinct polar character and that the electron density is predominantly distributed in the y-direction. In addition,
the B3PW91 method yielded a slightly higher dipole moment value compared to the B3LYP functional. When the
polarizability components are evaluated, it was determined that the 0zz component has the highest value in both theoretical
levels. The average polarizability values were calculated as 117.9466 au and 118.9323 au for the B3PW91 and B3LYP
methods, respectively. The B3LYP method predicts a slightly higher polarizability value than B3PW91. This indicates that
the electron cloud of the quercetin molecule can be easily deformed under the influence of an external electric field,
exhibiting high electronic flexibility. When examining the first-order hyperpolarizability tensor components, the most
dominant contributions are found to be from the fxxy and fxxx components. For the B3PW91 method, fxxy=113.3921 au
and Pxxx=96.0431 au were calculated, while for the B3LYP method, Bxxy=111.7110 au and Pxxx=96.7538 au were
calculated. In contrast, the relatively small values of the components related to the z-axis suggest that the charge transfer
mechanism primarily occurs in the x-y plane of the molecule. The total hyperpolarizability values were found to be
1.296x1073° esu (B3PW91) and 1.280x1073° esu (B3LYP), respectively. The fact that these values are quite close to each
other indicates that the functionals used consistently and reliably describe the nonlinear optical behavior of the quercetin
molecule. The high hyperpolarizability values obtained suggest that the quercetin molecule could be a potential NLO
material for use in nonlinear optical applications.

po= 2+l + u)? ()
a(au) = % (axx + ayy + azz) (8)
Brotar = (B*x + B%y + p?2)*/? ) €))

= [(Bxxx + Bxyy + Bxzz)? + (Byyy + Byxx + yzz)? + (Bzzz + Bzxx + Bzyy)?]? (10)

Table 3. The dipole moments (Debye), polarizability (au), components, and total value of the Quercetin molecule are computed using
B3PW91 and B3LYP methods

Parameters B3PW91 B3LYP Parameters B3PW91 B3LYP
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Bxxx 96.0431 96.7538 Bx 0.3155 0.3650
Byyy 23.0571 22.1449 Ry 4.1699 4.0834
Bzzz -0.0001 -0.0053 Nz -0.0004 0.0000
Bxvyy -33.0070 -32.4195 T 4.1818 4.0997
Bxxy 113.3921 111.7110 (1h.0.¢ -115.5416 -117.2747
Bxxz 0.0040 0.0033 ayy -112.4332 -113.8800
Bxzz 2.1818 2.2046 0zz -125.8649 -125.6423
Byzz -1.3984 -1.4061 axy 3.1377 3.2071
Byvz -0.0094 -0.0061 oxz -0.0119 -0.0013
Bxvz -0.0280 0.0029 oyz 0.0059 -0.0014
B(esu) 12961073 1.280x10°3 a(au) 117.9466 118.9323

2.5. Molecular Docking Analysis

In current structure-based drug design (SPD) studies, molecular docking analyses, which are among the leading in
silico methods, play a critical role. This computational approach is widely used to predict how a potential ligand fits into
the active site of a target protein or enzyme in three-dimensional space, the thermodynamically most stable binding
conformation, and the affinity score of the complex (Dogan & Goren, 2026; Noureddine et al., 2021). It is well known in
the literature that elucidating hydrogen bonds, van der Waals forces, covalent bonds, and hydrophobic interaction networks
formed with specific amino acids at the ligand-receptor interface provides highly reliable data for understanding the
mechanisms of action of next-generation therapeutic agents (Boy et al., 2026; Ramalingam et al., 2021). In this context,
high-resolution static docking analyses and detailed examination of geometric bonding patterns provide a sufficient and
scientifically convincing level of evidence for the identification of targeted inhibitors. In line with this theoretical
framework, molecular docking studies were conducted on Quercetin against the active sites of 6QGK and 2021 enzymes,
which play a key role in leukemia pathogenesis, in order to elucidate the molecular mechanisms of action of naturally
occurring compounds with antileukemic activity potential. The obtained theoretical binding affinities (kcal/mol) and ligand-
receptor interaction scores are summarized in Table 4.

Table 4. Molecular docking interactions scores with PDBID: 6QGK, PDBID: 2021 enzymes of Quercetin compound

Docking Score
(PDB: 6QGK) (PDB: 2021)
Qurcetin -7.70 -8.50

Compound

When the docking results were examined, it was determined that the Quercetin compound showed a significant
binding affinity to both leukemia target molecules. The docking score of -8.50 kcal/mol exhibited by the compound against
the PDB:2021 enzyme, compared to the score of -7.70 kcal/mol exhibited against the PDB:6QGK enzyme, indicates a
higher binding affinity and a more thermodynamically stable conformation. Visual data generated using Discovery Studio
Visualizer software to detail the orientations of the Quercetin compound in the active pockets of the target proteins, the
three-dimensional (3D) binding modes, and the two-dimensional (2D) ligand-amino acid interaction networks are presented
in Figures 4 and 5. The parameters supporting these visual analyses and quantitatively revealing the nature of the
interactions (bond types and bond lengths) are listed in Table 5.

3D 2D

Qurcetin compound-PDBID:6QGK

Interactions
[] van der waals B Fi-Cation
[ Attractive Charge Pi-Sigma

[ conventional Hydrogen Bond Pi-Alkyl
I unfavorable Positive-Positive

Figure 4. 2D and 3D images of the Quercetin compound and PDB: 6QGK enzyme
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3D

Qurcetin compound-PDBID:2021
Interactions

[ | van der waals I Pi-Anion
[ Attractive Charge B Fi-sigma
I conventional Hydrogen Bond [ | Pi-Alkyl

- Metal-Acceptor |:] Covalent bond
- Unfavorable Metal-Donor

Figure 5. 2D and 3D images of the Quercetin compound and PDB: 2021 enzyme

Table 5. The interaction parameters between Quercetin compound and 6QGK, 2021 enzyms

Type of Bond Quercetin PDB: Bond Length (A) Quercetin PDB: 2021 Bond Length (A)
6QGK
Van der Waals ASP-102 - TYR-7 -
Interactions SER-105 - THR-5 -
ALA-113 - GLU-46 -
PHE-112 - ARG-204 -
GLU-160 - GLU-197 -
Attractive Charge GLU-152 7.94 ASP-193 5.93
Conventional Hydrogen GLN-25 5.19,5.32 VAL-196 3.50
Bonds ARG-26 5.92 - -
VAL-156 3.76 - -
Un-favorable LYS-22 4.76 - -
Positive-Positive ARG-109 2.58 - -
Pi-Cation ARG-26 6.49 - -
Pi-Sigma VAL-156 4.52 VAL-89 4.48
Pi-Alkyl VAL-156 6.00 VAL-90 5.99
VAL-159 5.88 VAL-89 4.66
- - VAL-196 4.39,4.98
Metal Acceptor - - VAL-196 5.27
Unfavorable Metal-Donor - - VAL-90 3.45
Pi-Anion - - ASP-193 4.68
Potential Covalent Bond - - THR-5 -
VAL-96 -

According to the data in Figure 4 and Table 5, the Quercetin compound stably binds to the active site of the 6QGK
enzyme. This binding is stabilized by conventional hydrogen bonds established with amino acid residues GLN-25 (5.19 A,
5.32 A), ARG-26 (5.92 A), and VAL-156 (3.76 A). Furthermore, the ligand's aromatic ring system forms a Pi-Cation
interaction (6.49 A) with the ARG-26 residue, a Pi-Sigma interaction (4.52 A) with VAL-156, and hydrophobic Pi-Alkyl
bonds (6.00 A and 5.88 A, respectively) via residues VAL-156 and VAL-159. The binding mode in the active pocket is
further supported by the widespread Van der Waals interactions established with residues ASP-102, SER-105, ALA-113,
PHE-112, and GLU-160. However, it is assessed that unfavorable positive-positive electrostatic repulsions occurring with
residues LYS-22 (4.76 A) and ARG-109 (2.58 A) within the pocket negatively affect the total energy of the system, causing
the docking score to remain at -7.70 kcal/mol.

The docking architecture of the quercetin compound with the PDB:2021 enzyme (Figure 5) reveals a very strong
and stable binding profile. This high affinity directly stems from the unique geometric bond sequence that the compound
forms with the amino acids in the active pocket. The ligand formed a very short and strong conventional hydrogen bond
(3.50 A) with residue VAL-196. In addition to the hydrogen bond network, it was determined that the functional groups of
the ligand form direct potential covalent bonds with the THR-5 and VAL-96 residues. This covalent fixation in the active
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site maximizes the conformational stability of Quercetin in the enzyme pocket. Furthermore, the aromatic centers of the
structure conduct Pi-Sigma (4.48 A) interactions with the VAL-89 residue; and multiple Pi-Alkyl (5.99 A, 4.66 A, 4.39 A
and 4.98 A, respectively) interactions with the VAL-90, VAL-89 and VAL-196 residues. Both Attractive Charge (5.93 A)
and Pi-Anion (4.68 A) interactions established with the ASP-193 residue contribute to electrostatic stability. The residues
TYR-7, THR-5, GLU-46, ARG-204, and GLU-197 extending outwards from the active pocket surround the ligand by
forming Van der Waals forces. Although a weak, unfavorable metal-donor interaction (3.45 A) is observed at the VAL-90
position, Quercetin exhibited a highly superior antileukemic inhibitor candidate performance of -8.50 kcal/mol against the
2021 enzyme due to the predominance of covalent bonds and strong hydrophobic/steric interactions. In conclusion, these
specific geometric bond patterns, hydrogen bond distances, and covalent interaction parameters theoretically confirm that
the Quercetin compound possesses a strong inhibitory potential with high conformational stability on these two target
enzymes associated with leukemia, especially on the PDB:2021 structure.

Conclusion

In this study, the structural, electronic, nonlinear optical (NLO), and bioactive properties of quercetin, a naturally occurring
flavonoid in its neutral protonation state (net charge = 0), were comprehensively investigated using Density Functional
Theory (DFT) calculations and molecular docking simulations. The theoretical results obtained using the B3PWO91 and
B3LYP functionals with the 6-31G(d,p) basis set showed a high level of consistency, confirming the reliability of the
calculated molecular properties. The HOMO-LUMO energy gap (AE) and global reactivity descriptors revealed that
quercetin possesses a stable electronic structure with balanced chemical reactivity. Mulliken charge distribution and
molecular electrostatic potential (MEP) analyses demonstrated that oxygen atoms and hydroxyl groups, particularly O15,
021, and 022, represent electron-rich reactive regions within the molecule. These sites play a crucial role not only in
intramolecular charge transfer processes but also in molecular recognition mechanisms by determining the hydrogen-
bonding ability of quercetin. Therefore, the electron density distribution and the presence of oxygen-containing functional
groups provide a structural basis for both the nonlinear optical response and the biological interaction capacity of the
molecule. The calculated high first-order hyperpolarizability () value indicates that quercetin exhibits efficient
intramolecular charge-transfer characteristics and may serve as a promising candidate for nonlinear optical (NLO) material
design in optoelectronic and photonic applications. However, the electronic characteristics responsible for its optical
response, including charge delocalization, polarizability, and electron-rich active regions, are also directly associated with
its ability to interact with biological macromolecules. In this context, the high polarizability and hydrogen-bonding potential
arising from oxygen-containing functional groups may facilitate favorable ligand—protein interactions by enhancing
electrostatic and non-covalent interactions within biological targets. To further evaluate the biological relevance of these
electronic and structural features, molecular docking analyses were performed against 6QGK and 2021 enzyme targets
associated with leukemia pathogenesis. The results revealed that quercetin can effectively interact with the active sites of
both targets with high binding affinity. Particularly, the docking score of —8.50 kcal/mol obtained for the 2021 enzyme was
supported by strong interactions within the active pocket, including interactions involving THR-5 and VAL-96 Potential
covalent bonds, hydrogen bonding with VAL-196, and additional hydrophobic interactions such as Pi-Sigma and Pi-Alkyl
contacts. These findings suggest that the electron-rich regions and hydrogen-bonding capabilities identified through DFT
calculations contribute significantly to the stabilization of ligand—protein complexes and provide a molecular basis for the
observed binding affinity. Overall, when the electronic structure, high hyperpolarizability, and biological interaction profile
of quercetin are considered together, this molecule emerges as a versatile molecular platform with potential applications in
both NLO material development and targeted therapeutic strategies. The obtained theoretical findings demonstrate a
meaningful relationship between the electronic properties governing optical behavior and the molecular interactions
responsible for biological activity, supporting quercetin as a rational and promising scaffold for multifunctional
applications.
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  𝜇   =    (   𝜇  x 2 +   𝜇  y 2 +     𝜇  z 2 )   1 2                                                                                                                                                                                                                                                                                                                                                                                                          ( 7 )


  α ( au )  = ⁡   1 3  ( 𝛼 x x +   𝛼 y y +   𝛼 z z )                                                                                                                                                                                                                                                                                                                                                                         ( 8 )


    𝛽  T o t a l =    (   𝛽 2 x +   𝛽 2 y +   𝛽 2 z )   1 2                                                                                                                                                                                                                                                                                                                                                                     ( 9 )


                            = [ ( 𝛽 x x x + 𝛽 x y y + 𝛽 x z z  ) 2 + (   𝛽 y y y + 𝛽 y x x + y z z ) 2 + ( 𝛽 z z z + 𝛽 z x x + 𝛽 z y y  ) 2  ]   1 2                                                                                                                                 ( 10 )

