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Computational Characterization of Flavonoid Recognition of CAG-Repeat Mismatch
Motifs Using Molecular Docking, Global Reactivity Descriptors, and Pharmacokinetic
Profiling

Kiara Garcia Homs, Bijili Navine Nanjo, Nabanita Saikia*

Chemistry Department, New Mexico Highlands University, Las Vegas 87701, USA

Abstract

Trinucleotide repeat expansions underlie several neurodegenerative diseases, including
Huntington’s disease and other polyQ-related disorders. This work investigates the therapeutic
potential of dietary flavonoids, naturally occurring polyphenolic compounds, as candidate small-
molecule ligands for recognizing A-A mismatch motifs within CAG trinucleotide repeats and
examines how flavonoid chemical structure and electronic descriptors contribute to predicted
binding. Fifteen flavonoids representing five subclasses were studied together with naphthyridine-
azaquinolone (NA) as a reference ligand using density functional theory, global reactivity
descriptors, hydration free-energy analysis, molecular docking, and ADME prediction. NA has
been reported to specifically bind slipped-CAG DNA intermediates of expansion mutations.
Quercetin and myricetin showed low energy gaps and global hardness comparable to NA, whereas
catechin, EGCG, and naringenin demonstrated high global hardness. Docking revealed ligand- and
receptor-dependent recognition, with EGCG exhibiting the strongest predicted binding affinity,
nobiletin the weakest, and several flavonols displaying favorable interactions across different
CAG-repeat structures. Binding strength correlated moderately with chemical potential (R = 0.62,
p = 0.011) and strongly with hydration free energy (R = —0.82, p = 0.0001). ADME analysis
showed that the predicted binding did not necessarily translate into favorable pharmacokinetic
behavior; EGCG showed less favorable permeability- and metabolism-related scores, whereas 7,8-
dihydroxyflavone, catechin, naringenin, and nobiletin presented balanced final consensus ADME
scores. To our knowledge, this work represents one of the few integrated computational studies
exploring flavonoids as small-molecule scaffolds for targeting trinucleotide CAG-repeat mismatch
motifs.
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Introduction
Huntington’s disease (HD)', a rare genetic polyQ disorder, arises from aberrant trinucleotide repeat
expansions in exon 1 of the huntingtin gene’*. These expansions produce mutant huntingtin
protein, which misfolds and aggregates, contributing to neuronal dysfunction®. The dynamic
instability of trinucleotide repeats is thought to occur via the formation of intrastrand hairpins
during replication, repair, recombination, and transcription®’. Expanded CXG repeats, where X =
A, T, G, or C, form stable RNA and DNA hairpins through G-C base pairing and palindromic
CXG/CXG motifs. These motifs introduce X-X mismatches, including A-A, C-C, and GG
noncanonical pairs®.

Currently available treatments primarily manage symptoms but do not halt disease progression.
Hence, understanding the structural effects of repeat expansion is critical for developing targeted
interventions that can halt or reverse disease progression®!°. Small molecules offer potential
advantages including chemical tunability, ease of administration, and, for suitable compounds,
blood-brain-barrier (BBB) permeability*!!
structures, including bulges, internal loops, and hairpins, through hydrogen bonding, n-n stacking,
intercalation, electrostatic, van der Waals, and hydrophobic interactions!!%!3,

. Small molecules can recognize trinucleotide repeat

Synthetic
compounds, naphthyridine-azaquinolone (NA) and naphthyridine-benzoazaquinolone were shown
to exhibit sequence-specific binding to CAG-repeat motifs'*. NA was the first molecule shown to
selectively bind to extended CAG hairpins (>30 repeats), forming hydrogen bonds with guanine
and adenine while flipping out cytosines from the complementary strand'>. A dataset of 104
flavonoids was examined using ADMET (Absorption, Distribution, Metabolism, Excretion, and
Toxicity), molecular docking, and molecular dynamics simulations on the best conformation from
each flavonoid subcategory with the colchicine binding site of tubulin protein'®. The in silico study
suggested that flavonoids may act as promising anti-tubulin agents in cancer treatment. A set of
flavonoids was docked against inflammation pathway enzymes'’. In the same study,
amentoflavone was shown to cause interactions with phosphodiesterase enzymes, while bilobetin
and silibinin demonstrated an increase in binding energy with collagenase enzymes. The
thermochemical parameters indicated that silibinin was more stable than the other studied
flavonoids, whereas ADMET profile predicted that silibinin could be used orally. Isika and Sadik'®
designed, synthesized, and characterized partial flavonoid acetamide derivatives of apigenin,
quercetin and luteolin and in vitro bioavailability of the flavonoid acetamide derivatives was
determined using the dialysis tubing procedure, while the antioxidant capacity was determined
using the 2,2-diphenyl-1-picrylhydrazyl free radical scavenging assay. The structure-activity
relationship studies implied that the methylene groups in the flavonoid acetamide derivatives were
essential in improving bioavailability, while the hydroxyl group played a key role in the
enhancement of antioxidant capacity of flavonoids.

Given the chronic nature of HD treatment, naturally occurring compounds such as dietary
flavonoids alongside synthetic ligands may provide complementary chemical scaffolds for
developing ligands that selectively recognize repeat-associated nucleic acid structures'®-2!. Dietary
flavonoids are naturally occurring, bioactive polyphenols found in various foods and beverages
and possess antioxidant, anti-inflammatory, and neuroprotective properties’>>*. Flavonoids are a



ubiquitous class of secondary metabolites characterized by a common 15-carbon backbone
consisting of two phenyl rings (A and B) linked through a heterocyclic oxygen-containing pyran
ring?* (see Figure 1). Based on the chemical structure, flavonoids are categorized into the following

subclasses - flavones, flavanols, flavonols, isoflavones, flavanones, and anthocyanins?>-%7,
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Figure 1. Overview of the flavonoid core scaffold, flavonoid subclasses, and compounds included
in this study. The flavonoid scaffold is shown with the A, B, and C rings labeled. Selected
flavonoids are grouped according to subclass, including flavanols, flavanones, flavonols, flavones,
and isoflavones.

Flavonoids have attracted research interest in the prevention of various diseases such as cancer,
cardiovascular, and neurodegenerative disorders, due to their biochemical, anti-inflammatory?®-3°,
antibacterial®'*?, anticarcinogenic®**, and antioxidant (free-radical scavenging) activities>>3>-36,
which are influenced by the number and position of hydroxyl and other functional groups that
govern reactivity, bioavailability, and biological function®’*%, Chelation with first-row transition
metals in aqueous solution plays an important role in the redox activity of flavonoids, providing
protection against oxidative stress through prevention or scavenging of toxic redox-active metal
ions**¥-41 Aparicio performed DFT calculations on seventeen flavone derivatives, flavonoids, at
the B3LYP6-311++G** level to investigate the molecular factors that determine the structural and
energetic properties in the gas phase’®. The study aimed to understand how the presence of
hydroxyl groups influenced charge delocalization, and how it was related to geometric and
molecular parameters. The torsional profiles around the C2-C1’ bond were studied as a function
of different hydroxyl group substituents and was related to the charge delocalization. Martins et
al.*? investigated the relative gas phase acidities of eight flavonoids by means of electrospray-ion
trap mass spectrometry. The experimental acidity followed the order, myricetin > luteolin >
quercetin > (+)-taxifolin > kaempferol > apigenin > (1)-catechin > (+)-naringenin and showed
good agreement with theoretical calculations at the B3LYP/6-311+G(2d,2p)//HF/6-31G(d) level.



For all the flavones and the flavanol catechin, the 4’-hydroxyl group was the most favored
deprotonation site whereas for the flavanones, taxifolin and naringenin, the most acidic site was
the 7-hydroxyl group. On the other hand, the 5-hydroxyl, in flavones and naringenin, and the 3-
hydroxyl, in taxifolin and catechin, were the less acidic positions. The acidity pattern depended on
the ortho-catechol group, the 2,3 double bond and the 4-keto group. Myricetin had the highest
antioxidant ability, naringenin the lowest, and the others in between. Altunayar-Unsalan and
Unsalan® studied the inhibitory role of plant flavonoid blumeatin toward XO (Xanthine oxidase)
and determined its antioxidant mechanism using Fourier transform infrared spectroscopy, DFT,
ADME/Tox (absorption, distribution, metabolism, excretion, and toxicity) analysis, and molecular
docking. Blumeatin showed better theoretical radical scavenging activity compared to other
flavonoids. ADME/Tox analysis determined that blumeatin had a high absorption profile in the
human intestine and was neither carcinogenic nor mutagenic*®.

The neuroprotective properties of flavonoids in controlling synaptic plasticity and its
associated role in brain disorders and treatment of neurodegenerative diseases, including
Alzheimer’s, Parkinson’s, HD, and amyotrophic lateral sclerosis, have been reviewed***®,
Mpyricetin was reported to reduce mutant huntingtin expression and prevent sequestration of
muscle blind like-1 splicing factor through interaction with expanded CAG-repeat RNA.
Structural analysis of myricetin—5'CAG/3'GAC RNA complex indicated that myricetin binds near
the A-A mismatch motif, while cellular experiments showed reduced mutant huntingtin
aggregation. A prior study reported sequence-dependent binding of flavonoids, quercetin and
flavopiridol to DNA duplexes, supporting their potential as RNA-targeting molecules®. Flavonoid,
naringin attenuated the 3-Nitropropionic acid (3-NP)-induced neurodegeneration through the
modulation of intrinsic apoptotic cascade in Wistar rats>!. The study showed that in rats exposed
to 3-NP, naringin treatment at 80 mg/kg body weight reduced lipid peroxidation and protein
carbonyl levels, restored enzymatic and non-enzymatic antioxidant defenses, and normalized
striatal ATPase activities, indicating protection against 3-NP-induced neuronal apoptosis via
decreased cytochrome c release from mitochondria and caspase 3 activation as revealed by Western
blot.

Despite growing evidence supporting the neuroprotective potential of flavonoids, the
molecular-level basis underlying recognition of CAG-repeat trinucleotide motifs in DNA and RNA
remains poorly understood, and studies in this research area are limited. In particular, the
relationship between flavonoid electronic structure, global reactivity descriptors, pharmacokinetic
properties, and interactions with mismatch motifs within trinucleotide-repeat-containing
DNA/RNA structures has not been systematically investigated, in detail, at the molecular level.
Because ligand binding to nucleic acid structures depends on hydrogen bonding, aromatic m-
stacking, electrostatic interactions, molecular polarity, and sequence context, quantum chemical
descriptors are valuable for identifying the physicochemical factors that may govern flavonoid—
nucleic-acid recognition.

To address this knowledge gap, we employed an integrated computational framework
combining DFT-based electronic structure analysis, global reactivity descriptors, pharmacokinetic



profiling, and molecular docking. Fifteen dietary flavonoids associated with antioxidant or
neuroprotective activity in HD and related neurodegenerative disorders were selected from prior
reports’>>3-3, as shown in Figure 1. The synthetic ligand NA was included as a reference
compound for comparison. Molecular docking of the selected flavonoids and NA with NMR and
X-ray crystal structures of RNA and DNA containing varying CAG-repeat expansions with A-A
mismatches was performed to investigate the binding modes within the noncanonical mismatch
motifs. Docking results were interpreted alongside DFT-derived electronic descriptors and
predicted pharmacokinetic properties to examine whether these properties correlate with any
known or predicted CAG-repeat recognition.

Methods

Compound dataset and selection criteria

The flavonoid dataset included representatives from five major flavonoid subclasses: flavanols
(catechin and epigallocatechin gallate, EGCG), flavones (chrysin, luteolin, baicalein, nobiletin,
and 7,8-dihydroxyflavone, 7,8-DHF), flavonols (quercetin, myricetin, kaempferol, fisetin, and
morin), flavanones (hesperetin and naringenin), and the isoflavone genistein (see Figure Sla of
Supplementary Information). The synthetic CAG-repeat-targeting ligand NA was included as a
reference compound for comparison (see Figure S1b of Supplementary Information). Structural
diversity was used as a selection criterion to ensure a broad yet manageable coverage of flavonoid

subclasses, hydroxylation patterns, and functional group distributions within the molecular
scaffolds.

Ligand preparation and quantum chemical calculations

The structures of the fifteen flavonoids and NA were obtained from PubChem>®. Initial molecular
geometries were prepared using GaussView 6.1.1 and geometries were optimized using Gaussian
16 software®’. GaussView, Avogadro, and ChemCraft software were used for electronic structure
analysis and visualization. Geometry optimizations were performed in the gas phase and in implicit
solvent using the M06-2X and CAM-B3LYP functionals with the 6-31G(d,p) and 6-31+G(d,p)
basis sets, respectively. The CAM-B3LYP Coulomb-attenuated functional was selected because it
has been reported to provide consistent performance for electronic-structure calculations involving
excitation-energy>>. Vibrational frequency calculations were performed on all optimized
geometries to confirm the absence of imaginary frequencies and verify that the optimized
structures correspond to local minima on the potential energy surface. The basis sets were chosen
based on a previous study that reported HOMO-LUMO energy gap values to converge above the
6-31G(d) basis set, with an absolute deviation of <1% (~0.03 eV) relative to the 6-311++G(d,p)
basis set®”. Increasing the basis set size from 6-31G to 6-311G or from 6-31G(d) to 6-311G(d) had
limited improvement in the computed energy gaps.

To benchmark the DFT-derived electronic energies, single point calculations were performed
using the domain-based local pair natural orbital coupled-cluster method with single, double, and
perturbative triple excitations, DLPNO-CCSD(T)®*6162, The high-level calculations were carried
out at the DLPNO-CCSD(T)/def2-TZVP and DLPNO-CCSD(T)/cc-pVTZ using the ORCA
package with NormalPNO parameters and TightSCF convergence criteria®®%%4, The higher level



of theory was selected based on a prior work on noncanonical adenine base pair stability and
related nucleic acid systems®. Solvent phase calculations were performed using the Solvation
Model based on Density (SMD)®. Three solvents were considered: water, ethanol, and dimethyl
sulfoxide (DMSO), with dielectric constants of 80.1, 24.5, and 46.7, respectively. The three
solvents were categorically selected to compare the effects of polar protic, moderately polar protic,
and polar aprotic environments on the electronic structure and solvation behavior of flavonoids
and the reference ligand NA.

Frontier molecular orbitals and global reactivity descriptors

Frontier molecular orbital analysis was performed using optimized geometries. The highest
occupied molecular orbital energy (Enomo), lowest unoccupied molecular orbital energy (Erumo),
and HOMO-LUMO energy gap (4E) were calculated to evaluate electronic stability and chemical
reactivity. The energy gap was calculated as:

AE = Erymo — Enomo (1)

where, Enomo characterizes the electron donating while Erumo characterizes the electron
withdrawing ability of a molecule. A small energy gap suggests ease in electron transfer from
HOMO to LUMO states, which makes a molecule chemically reactive and less stable whereas, a
large energy gap indicates that more energy is needed for electronic transitions, meaning the
molecule is relatively stable or less reactive. Further, localization of electron density in HOMO
highlights nucleophilic regions, whereas localization in the LUMO highlights electrophilic
regions®’. The ionization potential (IP) associated with the HOMO indicates the energy required
to remove an electron while the electron affinity (EA4), related to the LUMO represents the energy
released when capturing an electron®’.

IP = —Eyomo ()
EA = —Er uymo

Global reactivity descriptors, including chemical potential (u), electronegativity (y), global
hardness (), global softness (), electrophilicity index (w), and maximum charge transfer index
(4Nmax) were calculated using Koopmans’ theorem, from the /P and EA4 (frontier molecular orbital
energies) values. These descriptors were used to compare the relative stability/reactivity, charge
transfer, and electrophilic (nucleophilic) character of the flavonoids and NA. The quantum
molecular descriptors derived from the Enomo and ELumo and /P and EA energies are provided in
Table 1. Details of the quantum molecular descriptors can be found elsewhere®®’?. The maximum
amount of electron charge transfer from the nucleophile to the electrophile, ANy, is given in
Table 1. Larger ANmax values indicate a greater electron accepting capacity and stronger potential
for charge transfer interactions, whereas smaller values suggest a lower tendency to accept electron
density.



Table 1. Quantum molecular descriptors and the corresponding equations used for the conceptual
DFT analysis in this study.

Descriptor Equation
HOMO-LUMO energy gap AE Er umo — Enomo
Chemical potential i (IP + EA)

K="
Electronegativity X IP + EA
X=—>H
Global hardness n IP — EA
n=—>
Global softness S g 1
U]
Electrophilicity index ) u?
W=
2n
Max. charge transfer index — ANmax AN __H
max — T]

Hydration free energy
Hydration free energy (4Gunya) was calculated as the free energy change associated with
transferring a molecule from gas phase to aqueous solution and is given as:

A Ghyd = AGwater— A Ggas (3 )

Negative AGhyd (AGnya < 0) values were interpreted as thermodynamically favorable hydration.
In this study, dipole moment and 4Gnyq are used as important molecular descriptors in defining
regions of chemical space for flavonoid and NA binding.

In silico ADME and toxicity prediction

The pharmacokinetic and toxicological profiles of the selected flavonoids and NA were evaluated
using computational ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
prediction tools”7, including SwissADME”’, ADMETIab37%, and admetSAR3.077 web servers to
discern whether our studied compounds have the potential for any adverse effect in the human
body upon administration. Canonical SMILES (simplified molecular-input line-entry system)
strings were used as input structures for all web-based prediction platforms. The evaluated
pharmacokinetic parameters included gastrointestinal absorption, Caco-2 permeability, BBB
permeation, plasma protein binding (PPB), cytochrome P450 (CYP) metabolism, and general
drug-likeness properties’®”®. Drug-likeness was assessed using Lipinski’s Rule of Five, including
molecular weight, lipophilicity (logP), number of hydrogen-bond donors, and number of



hydrogen-bond acceptors. Predicted ADME and toxicity parameters were compared to identify
compounds with favorable pharmacokinetic profiles and reduced predicted toxicity.

Molecular Docking

Molecular docking was performed to investigate the predicted binding modes and binding
affinities of the selected flavonoids and the reference ligand NA toward representative CAG-
repeat-containing RNA and DNA structures with varying noncanonical A A mismatch motifs. The
three-dimensional nucleic acid structures were obtained from the Protein Data Bank (PDB). Table
2 lists the PDB IDs, classification, and experimental method of the available CAG-repeat-
containing RNA and DNA structures.

Table 2. The crystal structures of CAG-repeat expansions retrieved from the PDB that are used
for molecular docking. Here, ‘n’ represents the number of A-A mismatch repeats within the CAG
structure. CAG-repeat RNA and DNA motifs were selected to compare ligand recognition of
repeat-associated noncanonical base pairs.

n  PDBID Method Classification

1 5XI11, 9DLL, 9DKG, 9DLM, Solution NMR RNA
9DLN, 2MSS5, 7D12, 8ZNQ
3NJ6 (3NJ7) X-ray diffraction RNA

2  9KAD Solution NMR RNA
SVH7 Solution NMR RNA
4YNG6, 4J50 X-ray diffraction RNA

5 TVFET X-ray diffraction RNA

1 1X26 Solution NMR DNA

3 8WU5 X-ray diffraction DNA

For each repeat length, n, one representative structure was selected from the PDB. Structures
were chosen based on experimental method and structural resolution, presence of the target CAG-
repeat motif, and suitability for docking preparation. This approach was used to enable consistent
comparison of predicted binding modes across the reference ligand NA and flavonoid dataset. Prior
to docking, receptors were prepared by removing any crystallographic water molecules, ions, and
non-relevant ligands where appropriate. Hydrogen atoms were added, and receptor files were
converted into the required docking format using Chimera®® software. Ligand structures were
obtained from the gas phase optimized geometries from quantum chemical calculations. Ligand
rotatable bonds were defined prior to docking. Both ligands and receptors were converted to
“pdbqt” file format in Chimera to prepare the structures for docking.

Docking calculations were carried out using AutoDock Vina®!. The docking grid was centered
around the noncanonical A-A mismatch region of each CAG-repeat nucleic-acid structure.
Depending on the crystal structure of the receptors, grid box dimensions were varied and an
exhaustiveness value of 32 was used, and 20 poses were considered. Details of the docking scoring
function can be found elsewhere®!. For each ligand/receptor pair, the top-ranked docking poses
were evaluated based on predicted binding affinity, orientation within the CAG-repeat motif,



proximity to A-A mismatch sites, hydrogen-bonding, n—m stacking, electrostatic contacts, and
hydrophobic interactions. The docking score was treated as the predicted binding affinity and
expressed in kcal/mol. More negative values were interpreted as stronger predicted ligand—nucleic
acid binding. Docked poses were visualized and analyzed using PyMOL and Chimera software.
Docking results were interpreted alongside quantum chemical descriptors and ADMET predictions
to elucidate whether electronic structure, polarity, solvation, and pharmacokinetic properties
correlated with predicted CAG-repeat recognition. Where a co-crystallized or experimentally
characterized ligand was available, the docking protocol was validated by redocking the reference
ligand and comparing the predicted pose with the experimental binding orientation.

The plots were generated using Python with pandas, NumPy, and Matplotlib. AutoDock Vina
predicted binding affinities were organized into CSV files before plotting. Ligands were grouped
according to flavonoid subclass, with NA included as the reference ligand. Docking heatmaps were
generated using AutoDock Vina predicted binding affinities reported in kcal/mol, with more
negative values indicating stronger predicted binding. Representative docking poses were
visualized using molecular-graphics software, and selected poses were prepared to show ligand
orientation and nearby interacting nucleobases. OriginPro and Pymol were also used for generating
the figures.

Results and Discussion

Benchmark of DFT levels of theory

The optimized geometries of the flavonoids and NA are shown in Figure S1 of Supplementary
Information. To evaluate the reliability of selected DFT methods in describing the electronic
properties and quantum molecular descriptors of flavonoids dataset and reference ligand NA, a
benchmark study was performed using the HOMO-LUMO energy gap (4E) as a key electronic
descriptor. The performance of M06-2X and CAM-B3LYP functionals, in combination with
different basis sets, was compared against DLPNO-CCSD(T), which was used as a higher-level
correlated reference method®?. The DLPNO-CCSD(T) method is a local correlation method based
on pair natural orbitals (PNO) that assumes that the electron correlation is a local phenomenon and
decays rapidly with an increase in the inter-electronic distance. Compared to the traditional CCSD,
DLPNO-CCSD(T) produces reasonable CCSD(T) results with reduced computational cost and can
be extended to large molecular systems.

As shown in Figure 2a, both M06-2X and CAM-B3LYP underestimated the energy gap relative
to DLPNO-CCSD(T) in implicit waters. This difference is expected because the DLPNO-
CCSD(T) calculated values were obtained from correlated total energy differences®’, whereas the
DFT-derived values represent Kohn—Sham orbital energy differences. However, both functionals
successfully reproduced the relative trends in energy gaps across the different flavonoid
subclasses. Less conjugated structures such as flavanols and flavanones showed higher energy
gaps whereas flavonols, flavones, and isoflavones along with the synthetic compound NA
exhibited lower energy gap values (see Figure 2a). The observed trend can be correlated to the
degree of m-conjugation in compounds containing the C2=C3 double bond, C4 carbonyl group,
and molecular planarity: conjugated systems, such as flavonols, flavones, and isoflavones



stabilized the LUMO and reduced the energy gap. A comparatively lower energy gap in NA
supports its electronically soft behavior relative to flavonoids.
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Figure 2. (a) The performance of the functionals M06-2X and CAM-B3LYP, in combination with
different basis sets, against DLPNO-CCSD(T) level in presence of implicit water. (b) Mean
absolute error (MAE) in energy gap of M06-2X and CAM-B3LYP, relative to DLPNO-CCSD(T).

The mean absolute error (MAE), a statistical metric used to assess the average magnitude of
error between calculated and reference values, is employed to quantify the error in the calculated
energy gap, 4E. MAE is calculated using the equation:

1 "
MAE = — %1 |yi = Jil 4

where, y; and y; are the AE values calculated for different DFT functionals, and ‘n’ is the
number of observables. To quantify the accuracy of the two functionals, the MAE in energy gap
was calculated and the results were benchmarked against DLPNO-CCSD(T) level, as shown in
Figure 2b. When benchmarked against DLPNO-CCSD(T)/cc-pVTZ, CAM-B3LYP/6-31+G(d,p)
showed a MAE of 2.14 eV, while M06-2X/def2-TZVP and M06-2X/6-31+G(d,p) yielded MAE
values of 2.34 and 2.37 eV, respectively. Similarly, when compared to DLPNO-CCSD(T)/def2-
TZVP, CAM-B3LYP/6-31+G(d,p) exhibited an MAE of 2.12 eV, while M06-2X/def2-TZVP and
MO06-2X/6-31+G(d,p) had values of 2.32 and 2.35 eV, respectively. CAM-B3LYP showed slightly
lower MAE values and better agreement with the DLPNO-CCSD(T) reference method in
predicting the energy gap values.

Dipole Moment

The dipole moment was computed to understand solvent-dependent changes in polarity of the
flavonoids and the reference ligand NA, as well as to assess how electronic charge distribution
influences interaction potential. As shown in Figure 3, dipole moments were calculated in both the
gas and implicit solvent phase at the M06-2X/6-31+G(d,p) and CAM-B3LYP/6-31+G(d,p) levels.



For each compound, the connecting line between the gas and solvent phase values represents the
solvent-induced change in dipole moment.
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Figure 3. Dipole moments of NA and the flavonoid dataset calculated in the gas phase and implicit
solvent phase at the (a) M06-2X/6-31+G(d,p) and (b) CAM-B3LYP/6-31+G(d,p) levels of theory.
Compounds are grouped according to flavonoid subclass, with NA included as a reference ligand.
The connecting line between the gas and implicit solvent phase markers represents the magnitude
of the solvent induced increase in molecular polarity. For all compounds, the dipole moment
increased in implicit water relative to the gas phase, indicating enhanced molecular polarization in
solvent phase. The trends are comparable between the two levels of theory, with some compounds
showing stronger solvent-dependent changes than others.

The higher dipole moments observed in the solvent phase relative to gas phase indicate
enhanced polarization in the aqueous environment, due to solvent induced stabilization of charge
separated electronic distributions, particularly in compounds containing polar hydroxyl and
carbonyl functional groups. Flavonoids such as quercetin, morin, hesperetin, chrysin, kaempferol,
fisetin, 7,8-DHF, and EGCG presented comparatively high dipole moments, suggesting greater
polarity in aqueous implicit solvent. In contrast, catechin, naringenin, and myricetin had lower
dipole moments across both phases and levels of theory. The ligand NA exhibited a considerable
increase in dipole moment upon solvation, highlighting the importance of aqueous environment in
modulating its polarity. The observed variations in dipole moments are linked to differences in



molecular geometry, electronic distribution, position and orientation of hydroxyl groups, and
extent of m-conjugation.

Flavonoids exhibit electron delocalization across the A, B, and C rings, and the electronic
properties are influenced by the number and position of hydroxyl groups?**3. Molecules with
asymmetric structures and uneven distribution of electronegative atoms exhibit larger dipole
moments because of greater separation of partial charges. A high dipole moment of quercetin may
arise from its geometry, particularly rotation of the B ring relative to the A-C ring®, which disrupts
molecular symmetry and leads to an uneven distribution of electron density®. In addition, the
hydroxyl group arrangement in quercetin may enhance localized electronegativity differences,
resulting in a larger net dipole moment. A similar behavior is observed in morin, where the
asymmetric hydroxyl group substitution pattern contributes to charge separation.

In contrast, the lower dipole moment of myricetin may be associated with a balanced
distribution of hydroxyl and oxo functional groups and a greater degree of charge compensation
across the molecule. This interpretation is consistent with previous computational studies showing
that flavonoids containing a 3-OH group can adopt relatively planar conformations through
intramolecular hydrogen bonding, which enhances m-delocalization across the ring system?%4.
Increased molecular planarity can promote an even charge distribution, leading to partial
cancellation of local dipole vectors and a lower dipole moment. A higher dipole moment of chrysin
may reflect the combined effects of its carbonyl group, hydroxyl substitution, and molecular
asymmetry, despite the absence of hydroxyl groups on the B ring. By contrast, catechin exhibited
a relatively low dipole moment, which may be attributed to its non-planar, saturated C-ring
structure that disrupts extended n-conjugation.

To further quantify the effect of implicit waters, the solvent-induced change in dipole moment
was calculated as (4u = pwater — l4gas) and summarized in Table S1 of Supplementary Information.
All compounds exhibited positive 4u values at both levels of theory, confirming that implicit water
increases molecular polarization. The magnitude of Au varied substantially among the dataset,
indicating that solvent sensitivity depended on molecular geometry, substitution pattern, and
electronic distribution rather than the number of polar functional groups. NA showed a pronounced
solvent-induced increase in dipole moment, consistent with its molecular geometry that facilitates
strong polarization in aqueous solvent. Among the flavonoids, quercetin, nobiletin, 7,8-DHF,
chrysin, kaempferol, fisetin, and morin showed relatively large Au values, suggesting greater
sensitivity to aqueous solvation. In contrast, catechin and myricetin had smaller 4y values,
indicating comparatively weaker solvent induced polarization. The n-delocalization across the
flavonoid scaffold plays an important role in determining electronic distribution and molecular
polarity, whereas disruption of conjugation can reduce resonance-driven charge separation.

Dipole moment in different solvents

To further investigate solvent-dependent polarization, dipole moments were evaluated in water,
ethanol, and DMSO. The solvents were selected to compare environments with different dielectric
constants and protic/aprotic character. Water, with the highest dielectric constant, € of 80.1,
represents a highly polar aqueous environment relevant to physiological conditions. Ethanol, € =



24.5 and DMSO, € = 46.7 were included as commonly used polar solvents in spectroscopic and
biochemical studies, providing additional comparison of protic and aprotic solvent effects. Across
all flavonoids and NA, the calculated dipole moments generally followed the trend: water > ethanol
> DMSO as shown in Figure S2 of the Supplementary Information at the M06-2X/6-31+G(d,p)
level. Most ligands exhibited higher dipole moments in water than in ethanol or DMSO, consistent
with stronger solvent induced polarization in the aqueous implicit-solvent environment. Because
the SMD model treats the solvent implicitly, these observed differences should be interpreted
primarily in terms of bulk solvation effects rather than specific, explicitly modeled solute—solvent
hydrogen bonds. Nevertheless, the hydroxyl and carbonyl groups present in flavonoids and
reference ligand NA influence the intrinsic polarity and enhance sensitivity to polar solvent
environments. Ethanol, as a polar protic solvent, supported stabilization of polar electronic
distributions, although to a lesser extent compared to water. DMSO, despite its relatively high
dielectric constant, showed lower calculated dipole moments, suggesting that dielectric constant
alone does not fully describe the solvent-dependent polarization behavior of these compounds. The
solvent effects on dipole moment depend on bulk solvent properties and molecular features such
as orientation and distribution of functional groups, electronic structure, and scaffold geometry.
Subsequent comparisons therefore focus on the aqueous implicit solvent results.

Energy gap and global hardness: Influence on reactivity and molecular stability

The HOMO-LUMO energy gap (4E) and global hardness () were analyzed to evaluate the
electronic stability and chemical reactivity of the flavonoids and reference ligand NA in implicit
solvent, as shown in Figure 4. The energy gap and # are closely associated with molecular
reactivity. A smaller energy gap and lower # value indicate higher chemical reactivity and greater
ability to participate in charge transfer interactions, which may be relevant to noncanonical
mismatch recognition in CAG-repeat structures. A consistent trend is observed across both
functionals (M06-2X and CAM-B3LYP), with M06-2X generally predicting slightly lower energy
gaps.

Quercetin and myricetin exhibited the lowest energy gaps and # values, comparable to the
reference molecule NA, suggesting that they are among the electronically softer compounds in the
dataset and may readily undergo charge redistribution during noncovalent interactions. For
quercetin and myricetin, this may be associated with extended n-conjugation across the A-C-B
ring system, facilitated by the presence of the C2=C3 double bond. The extended conjugation
stabilizes the frontier molecular orbitals and reduces the energy gap, thereby enhancing reactivity.
The other flavonoids exhibited moderate and broadly comparable energy gap and # values,
indicating similar electronic behavior across much of the flavonoid dataset. However, a significant
deviation was observed in catechin, EGCG, and naringenin, which exhibited higher energy gaps
and 7 values, indicating lower reactivity (see Figure 5).
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Figure 4. (a) Energy gap (4F) and (b) global hardness (7) of flavonoids and reference ligand NA
in implicit solvent phase.
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Figure 5. The energy gap and global hardness (#) values of catechin, EGCG, and naringenin.

The higher energy gap and 5 observed in catechin (Figure 5, left panel) is attributed to its
saturated C2—C3 bond, which disrupts m-conjugation across the flavonoid backbone and limits
electron delocalization. Similarly, naringenin, which lacks the C2=C3 bond, exhibits a comparable
increase in energy gap and # value due to reduced conjugation (Figure 5, right panel). EGCG, with
a non-planar, conformationally flexible structure, behaves similarly to catechin, which further
disrupts m-conjugation across the molecule, as shown in Figure 5, middle panel. Despite having
multiple hydroxyl groups, lack of planarity and disruption of m-conjugation reduce electron
delocalization, resulting in relatively higher energy gap and 7 values. The 4E and # analysis
indicates that electronic reactivity is governed not only by the number of hydroxyl groups, but also
by molecular planarity, conjugation, scaffold geometry, and the ability of the molecule to
delocalize electron density.

Chemical potential and global softness

The chemical potential, x, is a useful conceptual DFT descriptor that reflects the tendency of a
molecule to lose electron density. In general, a more negative x value indicates a lower escaping
tendency of electrons and therefore greater electronic stability, whereas a less negative u value
suggests a higher tendency to donate electrons and relatively greater reactivity. Because chemical

potential is related to electronegativity (u = —y), less negative p values indicate a greater relative



tendency toward electron-density donation, whereas more negative values indicate stronger
retention of electron density. The x4 values are negative, indicating a thermodynamically favorable
and stable electronic configuration that resists decomposition or spontaneous chemical change®®*’.
As shown in Table S2 of Supplementary Information, at the M06-2X/6-31+G(d,p) level, catechin
has the least negative u value of -3.544 eV, followed by NA (-3.827 eV) suggesting a relatively
greater tendency toward electron-density donation. A more negative u value for nobiletin (-4.485
eV) and chrysin (-4.473 eV) indicates the ligands to be electronically more stable or poor electron
donors. The variation in ¢ among the compounds reflects differences in the electron-donating
tendency, which may influence electronic interactions with CAG-repeat-containing nucleic-acid
targets.

Chemical softness (S) was evaluated as an additional conceptual DFT descriptor to assess the
relative electronic reactivity of the flavonoids and the reference ligand NA (Table S2,
Supplementary Information). Global softness is inversely related to global hardness (see Table 1);
a higher S value indicates greater electronic softness, lower resistance to electron-density
redistribution, and higher relative chemical reactivity. In contrast, lower S value indicates greater
electronic hardness and comparatively lower reactivity. The decreasing order of S was, NA >
myricetin > quercetin > kaempferol > luteolin > fisetin > baicalein > morin > nobiletin > 7,8-DHF
> genistein > chrysin > hesperetin > naringenin > EGCG > catechin. NA, myricetin, and quercetin
are among the electronically reactive compounds in the dataset, consistent with their relatively low
n values and enhanced ability to participate in charge transfer or polarization driven interactions.
In contrast, EGCG and catechin showed the lowest global softness values, suggesting greater
electronic hardness and lower electronic reactivity. The global softness trend supports the energy
gap and global hardness analyses, suggesting that differences in m-conjugation, molecular
planarity, and electron delocalization strongly influence the reactivity of flavonoid scaffolds and
reference ligand NA.

The maximum charge transfer index (4Nmax) Was evaluated to compare the relative electron-
accepting capacity of NA and the flavonoid dataset (see Table S3 of Supplementary Information).
At the M06-2X level, most compounds showed comparable 4ANmax values, with quercetin,
nobiletin, baicalein, kaempferol, EGCG, and myricetin exhibiting higher values. NA also fell
within the comparable range, suggesting that several flavonoids possess charge-transfer capacities
similar to the reference ligand. The CAM-B3LYP results showed a similar pattern for most
compounds, although catechin displayed a markedly lower value at both levels. Overall, the ANmax
analysis suggests that several flavonoid scaffolds, particularly flavonols and selected flavones,
may support charge-transfer upon binding with nucleobases in CAG-repeat structures.

Electronegativity and electrophilicity index

The electronegativity (y) and electrophilicity index (w) were calculated at the M06-2X/6-
31+G(d,p) and CAM-B3LYP/6-31+G(d,p) levels of theory, as shown in Figure 6. The two global
reactivity descriptors provide insight into the electron-accepting ability and electrophilic character
of the compounds. The w describes the stabilization energy of a molecule when it receives
electrons and represents electrophilicity, with larger values of @ indicating stronger electrophilic



behavior®®. Higher y and w values generally indicate a greater tendency to accept electron
density®®, which may influence interactions with nucleobases. Since a molecule with good
electrophilicity has a low x value®, at the M06-2X level, most flavonoids, except NA, EGCG, and
catechin, exhibited comparable y values in the range of ~3.5-4.5 eV and w values ~2.5-3.2 eV,
indicating similar electrophilic behavior.
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Figure 6. Electronegativity (y) versus electrophilicity index (w) of the reference ligand NA and
selected flavonoids calculated in aqueous implicit solvent at the (a) M06-2X/6-31+G(d,p) and (b)
CAM-B3LYP/6-31+G(d,p) levels of theory. Histograms show the distribution of @ values, and
selected compounds are labeled to highlight the deviations in electronic descriptors.

A similar trend was observed at the CAM-B3LYP level, where most flavonoids clustered
within a narrower region, with y values of ~3.8-4.5 eV and w values of ~2.3-2.8 eV. Catechin was
an outlier with significantly lower y and w values, while EGCG also deviated from the main cluster,
although to a lesser extent. In catechin, torsional rotation of the B ring relative to the A—C ring
system disrupts m-conjugation, contributing to its lower electrophilicity. Catechin also lacks the
C2=C3 double bond and C4 carbonyl group required for extended n-conjugation. Consequently,
catechin exhibits lower electron affinity and reduced electrophilic character. Despite the presence
of multiple hydroxyl groups, EGCG showed reduced electrophilicity, likely because its nonplanar
and conformationally flexible structure limits n-delocalization and electron-accepting character.
Flavonoids such as quercetin, myricetin, luteolin, and morin showed moderate to high y and w
values, reflecting higher electrophilic character due to the presence of C2=C3 double bond, the C4
carbonyl group, and extended m-conjugation, which promote charge delocalization across the
flavonoid scaffold. The y—w analysis showed that electronic descriptors were strongly influenced
by conjugation and substitution patterns within the molecule.

Hydration free energy

Hydration free energy (4Gnya) is defined as the change in Gibbs free energy associated with
transferring a molecule from the gas to aqueous phase. It is an important thermodynamic descriptor
related to aqueous stabilization, solvation, partitioning, and bioavailability of small molecules,
making it relevant in drug design’??>. In general, a more negative AGhyq indicates favorable
hydration and stronger stabilization in water. Figure S3 of Supplementary Information depicts the



AGhnya of the flavonoids and the reference ligand NA at the two levels of theory, M06-2X and
CAM-B3LYP. Both functionals showed consistent trends, although NA and EGCG displayed
notable method-dependent differences relative to the remaining compounds.

Flavonoids were categorized into strong hydration (EGCG, myricetin, catechin, fisetin),
moderate hydration (quercetin, luteolin, naringenin, hesperetin, genistein, kaempferol), and
weak hydration (7,8-DHF, chrysin, baicalein, nobiletin). NA exhibited the most favorable 4Ghyd
followed by EGCG, while the remaining flavonoids were within the moderate-to-weak range.
A more favorable hydration behavior of EGCG was attributed to the increased number
of hydroxyl groups and presence of a gallate moiety, which increased polarity, intermolecular
hydrogen bonding, and favored aqueous stabilization. Flavanols and flavonols exhibited more
negative to moderately negative 4Gnyq values, reflecting their higher hydroxyl content and greater

hydrogen bonding capacity. This trend suggests increased aqueous stabilization for highly
hydroxylated flavonoids, although favorable hydration alone does not necessarily imply stronger
target binding because desolvation effects and binding site properties may influence ligand
recognition. Although favorable hydration can increase aqueous stabilization, excessive solvation
may reduce the availability of a ligand for direct interaction with nucleic-acid binding sites.

Pharmacokinetic properties using in silico ADME and toxicity

To further evaluate the drug-likeness and pharmacokinetic properties of the selected flavonoids
and reference ligand NA, computational ADME and toxicity predictions were performed. The
analysis included absorption-, distribution-, metabolism-, excretion-, and toxicity-related
descriptors, including gastrointestinal absorption (HIA), Caco-2 permeability, BBB permeability,
plasma protein binding (PPB), cytochrome P450 metabolism, Lipinski’s Rule of Five parameters,
and selected toxicity endpoints. The selected properties were used to assess whether the
compounds with favorable electronic descriptors and docking behavior (discussed in the next
section) also possess acceptable predicted pharmacokinetic profiles. The predicted
pharmacokinetic profiles are summarized using a consensus ADME heatmap as shown in Figure
7.

Raw outputs from ADMETIlab3 and admetSAR3.0 tools were converted into coded values,
where scores of 2, 1, and 0 represented favorable, intermediate, and unfavorable predicted
behavior. The scoring approach allowed comparison of ADME properties that were originally
reported on different numerical or categorical scales. The heatmap was divided into individual
ADME parameters and category-level scores to distinguish specific pharmacokinetic features from
ADME suitability. The individual descriptor heatmap showed that most compounds satisfied
essential physicochemical and drug-likeness criteria, including acceptable molecular weight
(MW), lipophilicity, hydrogen-bond donor/acceptor counts, and Lipinski rule. In contrast, greater
variation was observed for TPSA (Topological Polar Surface Area), Caco-2 permeability, BBB
permeability, PPB, and CYP inhibition risk. The predicted pharmacokinetic limitations of the
flavonoid dataset are associated primarily with permeability, distribution, and metabolism rather
than drug-likeness. NA showed moderate final consensus ADME score, with favorable molecular
weight, logP, Lipinski rule, solubility, and PPB-related scores.
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Figure 7. Consensus ADME heatmap of NA and flavonoids. (a) Individual ADME parameters
converted into coded scores, where 2 indicates favorable, 1 indicates intermediate, and 0 indicates
unfavorable predicted behavior. (b) Category-level scores summarizing physicochemical/drug-
likeness, absorption, distribution, metabolism, and solubility properties, together with the final
consensus ADME score. Final consensus ADME scores were classified using the following
criteria: 1.50-2.00 = favorable, 1.00—1.49 = moderate, and 0.00-0.99 = unfavorable. Ligands are
grouped according to flavonoid subclass.

NA displayed weaker TPSA-, Caco-2-, and BBB-related behavior, suggesting that its predicted
pharmacokinetic profile may be limited by a highly polar surface area and reduced membrane
permeability. EGCG showed the least favorable ADME profile, likely due to its high polarity,
extensive hydrogen bonding capacity, and reduced permeability-related scores. This agrees with a
prior review by Sahadevan et al.® that covered the application of different strategies such as
structural modifications, nano-carriers as efficient drug delivery systems, synergistic studies with
other bioactivities to improve the poor bioavailability, poor membrane permeability, rapid
metabolic clearance and lack of stability of EGCG. Compounds such as 7,8-DHF, catechin,
naringenin, and nobiletin showed moderate final consensus ADME score. Nobiletin was notable
because it showed relatively favorable ADME behavior but ranked lower in the electronic
descriptor analysis. Though nobiletin showed favorable drug-likeness properties, including
favorable MW, logP, TPSA, hydrogen-bond donor/acceptor, and Lipinski-related scores, its final
consensus ADME score was moderate because the favorable properties were offset by weaker
CYP/metabolism risk-related scoring and intermediate distribution and solubility behavior. The
ADME heatmap supported the interpretation that predicted ligand performance is multifactorial.
Strong predicted binding to CAG-repeat nucleic acid structures may not routinely imply favorable
pharmacokinetic behavior. Hence, candidate prioritization may need to integrate docking affinity,



molecular interaction patterns, DFT-derived electronic descriptors, hydration, and ADME
suitability. Within this framework, compounds with favorable binding and ADME profiles may
represent promising scaffolds rather than compounds that show superior performance in one
specific category.

The physicochemical and solubility properties, and bioavailability score of the flavonoids and
reference ligand NA was computed to evaluate predicted oral bioavailability. Table S4 of
Supplementary Information lists the computed properties using SwissADME. Molecular
flexibility was estimated using the number of rotatable bonds and is central in determining the oral
bioavailability of small molecules. Molecules with 0—9 rotatable bonds have been proposed as
favorable for oral bioavailability!®. Except for EGCG, hesperetin, and nobiletin with 4, 2, and 7
rotatable bonds, respectively, all the other flavonoids have 1 rotatable bond. The reference
molecule NA has 11 rotatable bonds (see Table S4). Log S (ESOL) estimates the solubility of the
compounds and values in the range of —6.0 to 0.0 are considered to have favorable oral
bioavailability'®. All compounds had Log S (ESOL) within the —2.22 to —4.19 range, suggesting
favorable oral bioavailability. SwissADME predicted a bioavailability score of 0.55 for the studied
compounds except EGCG, indicating comparable and moderate predicted oral bioavailability.
EGCG showed a lower bioavailability score of 0.17, consistent with its higher polarity, extensive
hydrogen bonding capacity, and reduced predicted permeability. The bioavailability score alone
did not strongly differentiate most ligands, and additional ADME parameters such as TPSA, Caco-
2 permeability, HIA, BBB permeability, solubility, and CYP-related behavior were needed for
compound prioritization.

SwissADME bioavailability radar plots shown in Figure S4 of Supplementary Information
supported the ADME analysis by showing that most ligands occupied broadly acceptable
physicochemical drug-like space. NA showed a relatively balanced profile, although deviations in
polarity and flexibility suggest that its predicted oral drug-likeness is not ideal. Nobiletin displayed
one of the most balanced profiles among the flavonoids, consistent with its favorable
physicochemical and drug-likeness behavior in the ADME analysis. Several flavonols, including
myricetin, quercetin, kaempferol, fisetin, and morin, showed comparable profiles, with acceptable
size and lipophilicity but deviations associated with polarity and saturation. Flavones such as
luteolin, baicalein, chrysin, 7,8-DHF, and nobiletin occupied a more compact physicochemical
space, although individual differences were observed depending on hydroxylation and
methoxylation patterns. The flavanones, hesperetin and naringenin, showed profiles reflecting
greater saturation relative to flavones and flavonols, while catechin showed deviations consistent
with its saturated, hydroxyl-rich scaffold. EGCG exhibited the strongest deviation from the
optimal region, mainly due to excessive polarity and hydrogen-bonding capacity, consistent with
its lower predicted gastrointestinal absorption and reduced bioavailability score. Additional
ProTox 3.0 toxicity predictions were used as supportive in silico toxicity indicators, including
predicted LDS50, toxicity class, organ-toxicity alerts, carcinogenicity, mutagenicity, and CYP-
related metabolism risk. Tables S5a and S5b of Supplementary Information summarize the ProTox
3.0-predicted toxicity profiles of the selected flavonoids and NA molecule, including predicted



LD50 values, toxicity classes, hepatotoxicity, carcinogenicity, neurotoxicity, mutagenicity, and
CYP-related metabolism risks.

Molecular docking of flavonoids and NA with representative CAG-repeat structures

To complement the quantum mechanical descriptor analysis, molecular docking studies were
performed to investigate the predicted binding affinities and binding modes of the flavonoids and
the reference ligand NA with representative CAG-repeat nucleic acid structures of varying repeat
lengths. Available structurally resolved CAG-repeat-containing nucleic-acid structures were
obtained from the PDB, including both solution NMR and X-ray diffraction models, as
summarized in Table 2. One representative structure was selected for each CAG-repeat length to
enable comparison of ligand recognition across different repeat-containing nucleic acid motifs.
Because CAG-repeat nucleic acid motifs can adopt multiple conformations, the selected PDB
structures should be considered as representative receptor models rather than exhaustive
descriptions of the full conformational ensemble. The docking analysis was interpreted at two
levels: first, by comparing AutoDock Vina-predicted binding affinities across the receptors, and
second, by examining whether the top-ranked poses were positioned near the noncanonical A-A
mismatch motifs and supported by hydrogen-bonding, aromatic stacking, electrostatic, or other
close-contact interactions.

The docking heatmap shown in Figure 8 revealed ligand- and receptor-dependent variations in
predicted binding affinity across the selected CAG-repeat RNA and DNA structures. EGCG
exhibited the most favorable docking scores among the studied flavonoids, with consistently
favorable predicted affinities across representative CAG-repeat structures. NA showed favorable
predicted binding within the CAG-repeat structures, supporting its incorporation as a reference
compound for comparison (Figures 8 and 9a). Representative docking poses indicated that both
NA and EGCG were positioned within groove regions near the noncanonical A-A mismatch motifs
and formed intermolecular hydrogen bonds with the surrounding nucleobases and phosphate
backbone (Figure 9a and b). Several flavonols, including myricetin, quercetin, fisetin, and morin,
showed consistently favorable binding across the receptors, suggesting that hydroxylated, n-
conjugated flavonoid scaffolds may facilitate the recognition of noncanonical A-A mismatch
motifs within CAG-repeat nucleic acid structures. Receptor dependent differences were also
observed, with PDB IDs 4YN6 and 9KAD generally producing more favorable predicted affinities
than PDB IDs 3NJ7 and 8WUS. This suggests that inherent differences in nucleic acid
conformation and local structural variations influence binding with the flavonoids and the
reference ligand NA.
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Figure 8. Heatmap of predicted binding affinities for NA and selected flavonoids docked against
representative CAG-repeat RNA and DNA structures. Binding affinities are reported in kcal/mol,
with more negative values indicating stronger binding. Ligands are grouped according to flavonoid
subclass, and NA is the reference ligand. Grouping the ligands by subclass further highlighted
trends in binding affinity across the flavonoid dataset.

Representative docking poses were then studied to evaluate whether favorable docking scores
corresponded to plausible binding orientations near the A-A mismatch regions. Although EGCG
was not among the most favorable candidate based on DFT-derived electronic descriptors or
ADME predictions, docking results showed a more favorable predicted binding than the other
flavonoids and NA (Figures 8 and 9b). EGCG binding may be driven by hydroxyl group content,
hydrogen bonding, and conformational flexibility rather than by electronic softness alone, which
allows EGCG to form multiple intermolecular contacts within CAG-repeat structures (Figure 9b).
Flavonols such as myricetin, quercetin, and morin showed favorable docking with a model CAG-
repeat structure (PDB ID: 4YNG6) as shown in Figure 9c-e, likely reflecting the combined effects
of m-conjugation, hydroxyl group substitution, and hydrogen-bonding. Representative docking
poses suggested that myricetin, quercetin, and morin adopted intercalation-like binding
orientations between adjacent nucleobase pairs rather than occupying the groove-associated
regions. Nobiletin was the least favorable docking candidate (Figures 8 and 9f), with consistently



lower binding affinity values, which may be attributed to the lack of hydrogen bond donor sites in
the molecule.

(a) NAbound to 7VFT (b) EGCG bound to 9KAD (c) Myricetin bound to 4YN6

(-9.1 kcal/mol) (-10.2 kcal/mol) (-9.0 kcal/mol)

(d) Quercetin bound to 4YN6 (e) Morin bound to 4YN6 (f) Nobiletin bound to 3NJ7

(-8.6 kcal/mol) (-8.9 kcal/mol) (-5.5 kcal/mol)

Figure 9. Representative docking poses of selected ligands bound to CAG-repeat nucleic-acid
structures. NA and selected flavonoids were chosen based on their predicted docking scores and
electronic descriptor profiles. Ligands and the A-A noncanonical pairs are shown in stick
representation, and the intermolecular distances are labeled. Predicted hydrogen bonding, stacking,
and electrostatic interactions highlight the molecular features contributing to ligand recognition of
CAG-repeat motifs.

Docking and DFT descriptor analyses showed complementary trends, supporting the
utilization of molecular descriptors to rationalize, but not independently predict, the observed
docking behavior. Comparison of the ADME heatmap with the electronic descriptor and docking
analyses indicates that ligand performance is not governed by a single property. Compounds with
extensive hydroxylation and favorable solvation or binding preference, such as EGCG and selected
flavonols, showed preferential predicted target-recognition behavior but less favorable ADME
profiles due to increased polarity and permeability-related limitations. Nobiletin showed
comparatively favorable ADME properties but weaker predicted binding, suggesting that
improved pharmacokinetic balance may occur at the expense of hydrogen bonding and the extent
of nucleic acid interaction. These findings highlight the need to balance electronic reactivity,
hydration behavior, docking performance, and ADME predictions when prioritizing flavonoids.

Correlation analysis of molecular descriptors and docking predicted binding affinity

To further evaluate whether the calculated molecular descriptors were associated with docking
predicted binding affinity, correlation analyses were performed between selected descriptors and
the mean predicted binding strength as shown in Figure 10. Binding strength was calculated as the
negative of the mean predicted binding affinity across the representative CAG-repeat RNA/DNA



structures, such that higher values indicate stronger predicted binding. A moderate positive
correlation was observed between u and predicted binding strength (R =0.62, p=0.011) as shown
in Figure 10a. Because i values are negative, the correlation plot indicates that ligands with less
negative u values generally exhibited stronger predicted binding across the CAG-repeat structures.
In conceptual DFT, less negative u values are associated with a greater tendency to release electron
density and relatively higher electronic reactivity. EGCG and NA showed high predicted binding
strength and relatively less negative ¢ values, whereas several weaker binding flavones, such as
nobiletin and chrysin, showed more negative u values. However, the relationship was not absolute;
catechin showed a less negative u value but only moderate binding strength, indicating that
electronic reactivity alone does not entirely determine the docking behavior.
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Figure 10. Correlation analysis between selected molecular descriptors and mean predicted
binding strength. Binding strength was calculated as the negative of the mean predicted binding
affinity across representative CAG-repeat RNA/DNA structures. A higher value indicates stronger
predicted binding. Panels show correlations between binding strength and (a) chemical potential
(1) and (b) hydration free energy (4Gnyd). The dashed lines represent linear regression fits, and
Pearson correlation coefficients (R) and p-values are shown in each panel.

A better correlation was observed between 4Ghnyq and predicted binding strength (R =-0.82, p
= 0.0001) as shown in Figure 10b. The negative correlation indicates that ligands with more
negative AGnya generally exhibited stronger predicted binding. Thus, favorable aqueous
stabilization and polar interaction capacity facilitate recognition of CAG-repeat nucleic-acid
structures. Strongly hydrated ligands, including NA and EGCG, followed by myricetin, morin,
fisetin, and catechin, showed higher predicted binding strength than weakly hydrated ligands such
as nobiletin, chrysin, baicalein, and 7,8-DHF. The correlation results suggest that predicted binding
strength is influenced by both electronic and solvation-related properties. The chemical potential
correlation suggests a contribution from electron donating tendency, whereas the 4Gnyq correlation
highlights the importance of aqueous stabilization and polar interaction capacity. Nevertheless, the



presence of outliers and the incomplete descriptor—binding relationships indicate that ligand
recognition of CAG-repeat RNA/DNA motifs is multifactorial.

Integrated candidate prioritization and future experimental validation

The results reported in this study indicate that flavonoid prioritization should not be based on
docking affinity alone, because predicted CAG-repeat recognition and pharmacokinetic suitability
are not always aligned. EGCG showed the strongest docking-predicted binding strength relative
to NA, but its less favorable ADME profile suggests that it may be more useful as a mechanistic
probe of hydroxyl-rich CAG-repeat recognition than as an immediately optimized drug-like
candidate. Similarly, quercetin and myricetin showed favorable docking (binding affinity) and
lower global hardness values similar to the reference ligand NA, supporting their relevance as
electronically favorable flavonol scaffolds. However, their relatively high polarity and hydrogen
bonding may limit permeability-related ADME behavior. In contrast, 7,8-DHF, catechin, and
naringenin showed more balanced predicted ADME profiles, although they were less prominent
in docking or electronic descriptor analyses.

The findings suggest that future studies should evaluate two complementary directions:
binding-prioritized flavonoids, such as EGCG, quercetin, myricetin, morin, and fisetin, for direct
CAG-repeat binding assays, and ADME-balanced flavonoids, such as 7,8-DHF, catechin, and
naringenin, as scaffolds for optimization. Nobiletin may serve as a useful low-recognition
flavonoid candidate, because despite its relatively favorable predicted ADME behavior, it showed
the weakest docking and less favorable electronic descriptors among the studied flavonoids.
Experimental validation using biophysical binding assays, structure-based measurements like
smFRET, and cellular models will be necessary to determine whether the predicted trends in
molecular recognition translate into measurable CAG-repeat targeting activity and help distinguish
compounds with favorable pharmacokinetic properties from those with stronger predicted CAG-
repeat-recognition potential.

Conclusion

In this study, we applied an integrated computational approach to evaluate how flavonoid
electronic structure, hydration behavior, docking, and predicted ADME properties relate to
recognition of noncanonical CAG-repeat nucleic-acid motifs. The results showed that flavonoid
recognition is not governed by a single molecular descriptor. Quercetin and myricetin displayed
low energy gaps and global hardness values comparable to NA, indicating higher reactivity,
whereas EGCG showed favorable predicted docking despite having high global hardness. The
docking analysis identified EGCG and several flavonols, including myricetin, quercetin, fisetin,
and morin, as ligands with favorable predicted interactions across representative CAG-repeat
structures. Correlation analysis further suggested that hydration free energy was more strongly
associated with predicted binding strength than chemical potential, underlining the importance of
polarity, aqueous stabilization, and hydrogen-bonding capacity in CAG-repeat recognition. ADME
analysis revealed that favorable predicted binding does not necessarily translate into favorable
pharmacokinetic behavior, as illustrated by EGCG. Comparison with NA showed that selected
flavonoids can reproduce different aspects of the reference ligand’s predicted CAG-repeat-



recognition profile. EGCG exceeded NA in docking-predicted binding strength, whereas quercetin
and myricetin showed electronic softness that was comparable to the reference ligand NA. Morin
and fisetin also showed favorable docking behavior among the flavonols. On the other hand, 7,8-
DHEF, catechin, and naringenin were less prominent in docking or electronic descriptor analyses
but showed more balanced predicted ADME behavior. These results suggest that no single
flavonoid fully matches NA across all evaluated criteria; instead, different flavonoids capture
different recognition- or pharmacokinetic-relevant features.

Our findings support a multifactorial model in which electronic reactivity, hydration, molecular
geometry, binding-site complementarity, and ADME suitability must be considered when
prioritizing flavonoid molecules. The radar plots support the consensus ADME heatmap by
showing that predicted pharmacokinetic suitability depends on a balance of physicochemical
properties rather than on a single descriptor. The computational results highlight that CAG-repeat
recognition depends on a balance of molecular structure, electronic reactivity, hydration, and
pharmacokinetic properties, providing molecular-level insight into flavonoid scaffolds relevant to
trinucleotide repeat-related disorders. To our knowledge, this work represents one of the few
integrated computational studies to explore naturally occurring flavonoids as small-molecule
scaffolds for targeting CAG-repeat mismatch motifs associated with trinucleotide repeat expansion
disorders.

Data availability
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