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Abstract

Diabetes is one of the most significant global health challenges. With synthetic
drugs causing side effects, researchers are turning to natural alternatives for
prevention and treatment. This study used molecular docking to predict the
interaction of flavonoids from Verbascum spp. and their affinity for binding to
a-glucosidase (3WY1) and DPP-IV (5J3)) enzymes. Binding energies, hydrogen
bond interactions, and hydrophobic contacts at the active sites were analyzed.
Kaempferide stood out against a-glucosidase with the lowest binding energy
(-5.03 kcal/mol), forming strong hydrogen bonds to GLU231 (1.70 A), LEU300
(1.95 A), and ASN301 (2.00 A). Luteolin 7-O-B-D-glucopyranoside showed weaker
binding (-3.37 kcal/mol) with bonds to GLU383 (1.88, 2.29 A) and TRP394 (2.45 A).
For DPP-1V, luteolin had the best affinity (-6.01 kcal/mol), creating five hydrogen
bonds with GLY335 (1.92, 2.11 A), SER277 (2.08 A), TRP337 (2.82 A), and SER275
(2.99 A). These results position kaempferide and luteolin as promising candidates

Enzymes

for developing natural antidiabetic agents from Verbascum species.

1. Introduction

Diabetes mellitus is a prevalent and complex met-
abolic disorder characterized by persistent hyper-
glycemia due to impaired insulin secretion, insulin
action, or a combination of both [1, 2]. Its global in-
cidence continues to escalate, with recent estimates
indicating that approximately 589 million adults are
affected worldwide [3]. The condition is associated
with serious complications, including cardiovascular
disease, neuropathy, nephropathy, and retinopathy,
which significantly contribute to morbidity and mor-
tality [4]. Management strategies primarily aim to
control blood glucose levels, especially postprandial
glucose spikes, which are critical in reducing long-
term diabetic complications [5].
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Among various therapeutic approaches, inhibi-
tion of key enzymes involved in carbohydrate diges-
tion and incretin hormone regulation (namely a-glu-
cosidase and dipeptidyl peptidase-IV (DPP-1V)) has
proven effective in lowering post-meal blood glu-
cose levels. a-Glucosidase inhibitors delay carbo-
hydrate breakdown in the gut, decreasing glucose
absorption, while DPP-IV inhibitors prolong the ac-
tivity of incretins, thus enhancing insulin secretion.
Despite their clinical benefits, current synthetic in-
hibitors often induce adverse effects such as gastro-
intestinal discomfort, highlighting the need for dis-
covering safer, plant-based alternatives [6, 7].

Verbascum L. is a genus belonging to the family
Scrophulariaceae, consisting of approximately 360
species distributed primarily throughout temperate
regions of the Northern Hemisphere. The genus has
its greatest species diversity centered in Tirkiye and
Iran, part of the Irano-Turanian phytogeographic
region, but is also widespread across Europe, North
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Africa, and parts of Asia. Verbascum species are typi-
cally herbaceous plants characterized by rosulate, bi-
ennial, or perennial growth forms, with yellow flow-
ers arranged in thyrse or raceme inflorescences. The
genus exhibits a high rate of endemism, particularly
in Turkiye, which houses around 235 species, many
of which are endemic. Verbascum species have also
been naturalized in other parts of the world, includ-
ing North America, where some species such as V.
thapsus are common. The diverse habitats and wide
geographical distribution emphasize the genus's
adaptability and ecological importance [8—10].

Recent studies highlight that flavonoids from
various medicinal plants exhibit strong antidiabetic
effects in both in vitro and in vivo models by regu-
lating glucose levels [11-13]. Verbascum spp., has
been historically employed in traditional medicine
systems worldwide. Its widespread use spans treat-
ment of respiratory ailments, wounds, inflamma-
tory conditions, and metabolic disorders, including
diabetes [14]. Notably, Verbascum species are rich
in bioactive phytochemicals, particularly flavonoids,
and iridoids, which have been associated with an-
timicrobial, antioxidative, anti-inflammatory, and
antidiabetic effects [15—-20].

This study employs molecular docking to in-
vestigate how flavonoids from Verbascum bind to
a-glucosidase and DPP-IV enzymes. The simulations
reveal the compounds' inhibitory potential through
binding affinities, hydrogen bonds, and hydrophobic
contacts at the active sites. Previous work shows
flavonoids like luteolin and apigenin with strong
docking scores against these targets, backing their
promise as natural antidiabetic options [11]. Overall,
the research links traditional ethnobotanical insights
with computational methods to pinpoint effective
inhibitors from Verbascum species. The results lay
groundwork for developing plant-derived therapies
as safer, more effective alternatives to synthetic di-
abetes drugs.

2. Methodology
2.1. Protein preparation

The crystal structures of human intestinal a-glu-
cosidase (PDB ID: 3WY1) and human Dipeptidyl Pep-
tidase-IV (PDB ID: 5J3J) enzymes were download-
ed from the RCSB Protein Data Bank. Both protein
structures were preprocessed using UCSF ChimeraX
(v1.7) software prior to preparation for molecular
docking studies. During this process, all non-stan-
dard residues, such as cofactors, crystallization
fluids, anions/cations, and water molecules, were

removed from the structure. The 5J3J structure con-
sists of two chains, A and B; in our study, only chain
A, which contains the catalytic domain, was used,
and chain B was removed from the structure. Sub-
sequently, polar hydrogen bonds were added to the
protein structures, and Kollman charges were as-
signed. The final prepared protein structures were
converted to PDBQT format using the AutoDock 4.2
toolkit (MGLTools) (Fig. 1).

Fig. 1. Crystal structures of the target proteins used in
the study: (a) — a-Glucosidase (3WY1); (b) — DPP-IV (5J3)).

2.2. Ligand preparation

The three-dimensional structures of flavonoid
compounds (e.g., kaempferide, luteolin 7-O-B-D-glu-
copyranoside, quercetin 3-0-B-D-glucopyranoside,
guercetin, luteolin) belonging to the Verbascum spe-
cies evaluated in the study were downloaded from
the NCBI PubChem database. The compound struc-
tures, initially in SDF (Structure-Data File) format,
were subjected to energy minimization (MMFF94
force field) using Avogadro (v1.2.0) software and
converted to Mol2 format. Rotatable bonds were
defined using MGLTools. Finally, PDBQT input files
were created for each ligand (Fig. 2).

2.3. Molecular docking

AutoDock 4.2 software was used to predict li-
gand-protein interactions. For the docking process,
a grid box was defined to cover the catalytic region
of each protein. For a-Glucosidase (3WY1), the grid
box center was placed at coordinates x = —=12.492,
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Fig. 2. 2D Chemical structures of the flavonoid compounds from Verbascum spp. retrieved from Pubchem database.

y = —=35.602, z = -18.229. The grid center and di-
mensions were specifically chosen to encompass
the deep catalytic pocket of 3WY1, ensuring the in-
clusion of critical catalytic residues such as Asp518,
Asp616, and His674. This site was further validated
by the location of the co-crystallized ligand in the
PDB structure, which served as the reference for
determining the optimal docking space. The box di-
mensions were set to 60x60x60 grid points, and the
grid spacing was set to 0.375 A. For DPP-IV (5J3)),
the grid box center was positioned at coordinates
x =-10.962, y = —-6.936, z = -12.753, based on the
residues in the catalytic triad (Ser630, Asp708,
His740). The box dimensions were set to 60x60x60
grid points and the grid spacing to 0.375 A. To vali-
date the docking protocol, the co-crystallized ligands
were re-docked into the active sites of a-glucosidase
(3WY1) and DPP-IV (5J3]). The Root Mean Square
Deviation (RMSD) values were calculated to be 1.24
A and 1.42 A, respectively. These values, well below
the 2.0 A threshold, confirm the reliability and accu-
racy of the docking parameters used in this study.

After defining the grid parameters, the AutoGrid
4 program was run to generate mapping files for
each protein. The binding conformations of the li-
gands to the proteins were calculated using the La-
marckian Genetic Algorithm (LGA). One hundred dif-
ferent runs were performed for each ligand-protein
pair, and other parameters were left at their default
values. The docking outputs were evaluated based
on parameters such as binding energy (kcal/mol)
and inhibition constant (Ki). In this study, hydrogen
bond interactions were defined based on a distance
threshold of up to 3.5 A, which accounts for both
strong (below 3.0 A) and moderate-to-weak interac-
tions that contribute to the overall stability of the
ligand-protein complex [21].

2.4. Visualization and analysis of docking results

Conformations with the lowest binding energy
were analyzed and visualized using ChimeraX and
Discovery Studio Visualizer (v2021) software. These
tools were used to examine ligand-protein interac-
tions (hydrogen bonds, hydrophobic interactions,
n-it stacking, etc.) in detail and to generate figures
of publishable quality.

3. Results and Discussion

3.1. Molecular docking analysis of 3WY1 enzyme
with Verbascum spp. compounds

In molecular docking studies, binding energy is
used as a fundamental parameter to evaluate the
stability and affinity of protein-ligand interactions.
In our study, the binding energies obtained from the
molecular docking analysis of compounds derived
from Verbascum species with a-glucosidase (3WY1)
are presented in Table 1. Negative binding energy
indicates that the ligand-protein complex is stable
[22]. The fact that all compounds have negative
binding energy shows that they form stable com-
plexes with 3WY1.

Table 1. The binding energy of 3WY1 enzyme with plant
compounds.

Compounds Binding energy
kcal/mol
Kaempferide -5.03
Luteolin 7-O-B-D-glucopyranoside -3.37
Quercetin 3-0-B-D-glucopyranoside -3.69
Quercetin -4.81
Luteolin -4.95
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When examining the binding energies, kaemp-
feride (—5.03 kcal/mol) exhibited the lowest and
therefore the most favorable value. This result sug-
gests that kaempferide has the strongest interaction
with the enzyme and may represent a promising in-
hibitor candidate. It was followed by luteolin (-4.95
kcal/mol), quercetin (—4.81 kcal/mol), quercetin
3-0-B-D-glucopyranoside (—3.69 kcal/mol), and lute-
olin 7-O-B-D-glucopyranoside (-3.37 kcal/mol) [20,
21]. The relatively higher (less negative) binding en-
ergy of luteolin 7-O-B-D-glucopyranoside indicates
that this compound has a lower binding affinity for
the enzyme compared with the other compounds.

To further support these results, the molec-
ular interactions established between the com-
pounds and the 3WY1 active site were visualized
and analyzed using Discovery Studio and ChimeraX

“““““

Interactions

|:] van der Waals

- Conventional Hydrogen Bond

- Pi-Sigma

[] Akt

|:| Pi-Alkyl

software (Table 2). Kaempferide formed hydro-
gen bonds with the amino acid residues GLU231,
LEU300, and ASN301, with bond lengths of 1.70,
1.95, and 2.00 A, respectively (Fig. 3a). Visualization
using ChimeraX also revealed hydrogen bond inter-
actions with LYS225, GLU231, and LEU300 (Fig. 3b).
Luteolin 7-0-B-D-glucopyranoside formed hydro-
gen bonds with residues GLU383 and TRP394 (Fig.
4). Quercetin 3-0-B-D-glucopyranoside formed six
different hydrogen bonds with multiple residues
such as GLY374, ARG429, ALA343, and GLU432, ex-
hibiting a remarkable interaction network (Fig. 5).
Quercetin interacts with five hydrogen bonds and
is located in regions of catalytic importance, such
as GLY399, GLU377, and ARG429 (Fig. 6). Luteolin
formed four hydrogen bonds with LEU277, GLU396,
and GLY399 (Fig. 7).

Fig. 3. Molecular interaction between the kaempferide and the active site of the a-glucosidase (3WY1) enzyme.
(a) Two-dimensional interaction diagram: Green dashed lines indicate critical hydrogen bonds between kaempferide
and the enzyme; pink circles indicate hydrophobic interactions. (b) Three-dimensional structural model: Shows how
kaempferide (stick model) binds to the enzyme's active site (ribbon diagram).
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Fig. 4. Interaction of the luteolin 7-O-B-D-glucopyranoside with the active site of a-glucosidase (3WY1). (a) Two-
dimensional interaction diagram showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink
circles). (b) Three-dimensional structural model showing the binding position of the compound (stick model) to the
enzyme's active site (ribbon model).
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Table 2. Hydrogen bond formation and interacting residues of enzyme 3WY1 with the prepared compound that were
analyzed by AutoDock 4.2 and Discover studio.

Compounds Interacting residues H-bond Distance (A)
H-bond
Kaempferide GLUp31, LEUp300, and ASNa301 (HB), PRO,.30 (Pi-Sigma),
ALA, ., and LYSxs (AIkyl), LYSxa0s (Pi-Alkyl) 3 170,1.95,2.00
Luteolin 7-0-B-D- GLUp383, GLU 355 and TRP .36, (HB), PHE 35, (Pi-Pi Stacked),
glucopyranoside TRP4a.364 (Pi-Pi T-shaped) 1.88,2.29,2.45
Quercetin 3-0-B-D-  GLY 374, GLY 374, ARG 26, ALAL 343, GLU a3, and GLU 43, (HB), 1.77, 2.46, 2.07,
glucopyranoside PRO,.347 (Pi-Alkyl) 6 2.12,1.87,2.07
Quercetin GLYa399, GLY p:359, GLY Aa02, GLUA:377, ARGa.429 (HB), 1.81, 1.96, 2.06,
LYS .30 (Pi-Alkyl), ASP.376 (pi-Anion) > 2.26,2.86
Luteolin LEUa:27, LEU 227, GLU 306 and GLY p.306(HB), PHE 397 @and PHE 347 1.88, 1.98, 2.28,
(Pi-Pi T-shaped), VAL, LYSa308, PROsso and, VALysss (Pi-Alkyl) 3 2.09

(HB) = Hydrogen Bond interaction.

)

Interactions

D van der Waals :] Pi-Alkyl

Fig. 5. Interaction of the Quercetin 3-O-B-D-glucopyranoside with the active site of a-glucosidase (3WY1).
(a) Two-dimensional interaction diagram showing hydrogen bonds (green dashed lines) and hydrophobic interac-
tions (pink circles). (b) Three-dimensional structural model showing the binding position of the compound (stick
model) to the enzyme's active site (ribbon model).
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Fig. 6. Interaction of the Quercetin with the active site of a-glucosidase (3WY1). (a) Two-dimensional interaction
diagram showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles). (b) Three-
dimensional structural model showing the binding position of the compound (stick model) to the enzyme's active

site (ribbon model).
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Interactions
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Fig. 7. Interaction of the Luteolin with the active site of a-glucosidase (3WY1). (a) Two-dimensional interaction
diagram showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles). (b) Three-
dimensional structural model showing the binding position of the compound (stick model) to the enzyme's active

site (ribbon model).

The hydrogen bond lengths were found to be
within the range of 1.5-2.6 A, which is considered
ideal in the literature [21]. In particular, the short
and strong 1.70 A hydrogen bond formed by kae-
mpferidin with GLU231 is considered to contribute
significantly to the high stability and low binding
energy of this complex. Considering that bonds lon-
ger than 3.0 A are generally considered weak inter-
actions [23], it was concluded that all studied com-
pounds formed meaningful and strong bonds with
the 3WY1 enzyme. In light of all these findings, it
was concluded that kaempferide is a promising nat-
ural compound as an a-glucosidase inhibitor.

3.2. Hydrophobic interaction

Hydrophobic interactions play a critical role in
the stabilization of ligand-protein complexes, as do
hydrogen bonds [24]. It has been determined that
the binding between our compounds and the 3WY1
(a-glucosidase) enzyme is also supported by such
interactions. Analysis revealed a total of four hydro-
phobic interactions between kaempferide and the
3WY1 enzyme: PRO230 (Pi-Sigma), ALA224 (Alkyl),
and LYS225 (Alkyl and Pi-Alkyl) (Fig. 3a). In particu-
lar, the participation of the PRO230 and LYS225 res-
idues in hydrogen bonds has created a very strong
and versatile binding network for this compound,
significantly increasing the stability of the complex.

In contrast, fewer hydrophobic interactions were
observed between luteolin 7-0-B-D-glucopyranoside
and the enzyme. This compound has established hy-
drophobic interaction only with the PHE382 (Pi-Pi
Stacking) and TRP394 (Pi-Pi T-Shaped) residues (Fig.
4a). The number and variety of hydrophobic interac-
tions are consistent with the previously mentioned

binding energy results. Kaempferide’'s lower (more
negative) binding energy and its more extensive in-
teraction network with the enzyme's active site via
both hydrogen and hydrophobic interactions make
it a more stable and potent binder compared to
Luteolin 7-0-B-D-glucopyranoside. The molecule's
relatively larger structure may also have facilitated
this extensive interaction. All these findings further
support kaempferide as a promising a-glucosidase
inhibitor candidate for the treatment of Type 2 Di-
abetes Mellitus.

3.3. Molecular docking analysis of 513J enzyme with
Verbascum spp. compounds

Molecular interactions between compounds
obtained from Verbascum spp. and the DPP-IV en-
zyme (5J3]) were analyzed using the AutoDock 4.2
program, and binding energies, a key indicator of
complex stability, were calculated. Upon examining
the calculated binding energies, luteolin was found
to have the lowest (most favorable) binding energy
with a value of —6.01 kcal/mol (Table 3).

Table 3. The binding energy of 5J3J enzyme with extract
compounds.

Compounds Binding energy
kcal/mol
Kaempferide -5.75
Luteolin 7-0-B-D-glucopyranoside -3.05
Quercetin 3-0-B-D-glucopyranoside -4.56
Quercetin -5.84
Luteolin -6.01

Eurasian Chemico-Technological Journal 28 (2026) 93-103
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Consistent with the literature, a lower binding
energy indicates that the protein-ligand complex
binds with higher affinity and therefore stronger in-
teraction [25]. This suggests that luteolin is the most
promising binding compound and a potential inhib-
itor candidate for the 5J3J enzyme. Luteolin formed
a hydrogen bond with SER275 at a distance of
2.99 A, representing a stabilizing interaction within
the binding pocket. In contrast, Luteolin 7-O-B-D-glu-
copyranoside exhibited a higher (less negative) bind-
ing energy of —3.05 kcal/mol, indicating weaker af-
finity toward the enzyme.

To contextualize these results, our findings were
compared with published docking data for standard
inhibitors. For a-glucosidase (3WY1), the reference
inhibitor acarbose has been reported to exhibit bind-
ing energies ranging from —4.5 to 5.8 kcal/mol in
similar docking studies [20, 21]. Our lead compound,
kaempferide (-5.03 kcal/mol), showed a compara-
ble affinity. For DPP-IV (5J3)), standard inhibitors like
sitagliptin generally show higher binding affinities
(approximately —8.0 kcal/mol) [11]. This suggests
that while the investigated flavonoids demonstrate
promising inhibitory potential, particularly against
a-glucosidase, they serve as moderate inhibitors for
DPP-IV compared to synthetic drugs.

3.4. Hydrogen bond interactions
A detailed analysis of hydrogen bond interac-

tions between the compounds and the 5J3J (DPP-
IV) enzyme is summarized in Table 4. Visualization

of these interactions revealed minor differences be-
tween the results of different software algorithms
(Discovery Studio and ChimeraX).

Kaempferide formed hydrogen bonds with
GLU91, GLY99, and LYS71 according to Discovery
Studio, and with GLY99 and ILE102 according to Chi-
meraX (Fig. 8). Luteolin 7-O-B-D-glucopyranoside
was the compound that formed the highest number
of hydrogen bonds; the Discovery Studio analysis
detected six hydrogen bonds with ILE513, ASP515,
GLN612, and LYS615, while ChimeraX detected
five (Fig. 9). Quercetin 3-O-B-D-glucopyranoside
interacts with multiple residues such as VAL459,
GLU408, LEU410, LYS463, and TRP62, forming eight
(Discovery Studio) and four (ChimeraX) hydrogen
bonds (Fig. 10). Quercetin formed four hydrogen
bonds with VAL270, SER277, TRP337, and TYR330,
and both software programs showed consistent re-
sults (Fig. 11). Luteolin formed five hydrogen bonds
each with the residues GLY335, SER277, TRP337,
and SER275, and again, consistency was observed
between the two software programs (Fig. 12).

When evaluating hydrogen bond lengths, the
short 1.62 A bond formed by luteolin 7-0-B-D-glu-
copyranoside with ILE513 indicates a strong inter-
action. In contrast, the 2.99 A bond observed for
luteolin approaches the weak interaction threshold
of 3.0 A reported in the literature [23]. Overall, the
hydrogen bond lengths of all compounds fall with-
in the ideal range of 1.5-2.6 A [21], contributing to
the stability of the complexes.

Table 4. Hydrogen bond formation and interacting residues of enzyme 5J3) with the prepared compound that were

analyzed by AutoDock 4.2 and Discover studio.

Compounds Interacting residues H-bond Distance(A)
H-bond
Kaempferide GLUA‘“’PEg:’g(sirfoges;;ilrfTFE);LLZE(A;;’;I(:;)S lgma), 3 2.02,2.18,2.26
Luteolin 7-0-B-D- ILEA:s13, ASPas15, ASPasis, GLNag12, LYSag15 and LYSa15 (HB), 1.62, 2.05, 2.12, 2.29,
glucopyranoside PHEAs16(Pi-Pi T-shaped), ILE4.5;,(Pi-Alkyl) > 2.02, 2.25
Quercetin 3-O-B-D-  VALauss, GLUp.08, LEUa.410, LEUp408, LYSa 463, LYSaa63, LYSaa63 8 2.01, 2.84, 2.16, 2.32,

glucopyranoside

and TRPa, (HB), PHE .41 and TRP,, (Carbon HB)

1.87,2.10, 2.62, 2.25

VALa270, SERA277, TRPa337 @and TYR 330 (HB), THR 583

Quercetin (Pi-Donar HB), PHE.,,(Pi-Pi T-shaped), ALA4.,s, (Pi-Alkyl), 4 1.97,2.19, 2.51, 2.95
ILEA.s5 (Unfavorable Donor-Donor
. GLYA:3351 GLYA:33SI SERA2277I TRPA:337 and SERA:275 (HB)I 1921 2111 2081
Luteolin

THR4.,s3 (Pi-Donar (HB), ILEa-gs and ALA,.,g, (Pi-Alkyl)

2.82,2.99

(HB) = Hydrogen Bond interaction.
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- Conventional Hydrogen Bond D Pi-Alkyl
- Pi-Sigma
Fig. 8. Interaction of Kaempferide with the active site of DPP-IV (5J3J). (a) Two-dimensional interaction diagram
showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles). (b) Three-dimensional
structural model showing the binding position of the compound (stick model) to the enzyme's active site (ribbon
model).
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Interactions
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- Conventional Hydrogen Bond :I Pi-Alkyl

Fig. 9. Interaction of Luteolin 7-O-B-D-glucopyranoside with the active site of DPP-IV (5J3J). (a) Two-dimensional
interaction diagram showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles).
(b) Three-dimensional structural model showing the binding position of the compound (stick model) to the enzyme's
active site (ribbon model).

o e
Interactions
|:] van der Waals :l Carbon Hydrogen Bond

- Conventional Hydrogen Bond D Pi-Alkyl

Fig. 10. Interaction of Quercetin 3-O-B-D-glucopyranoside with the active site of DPP-IV (5J3)). (a) Two-dimensional
interaction diagram showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles).
(b) Three-dimensional structural model showing the binding position of the compound (stick model) to the enzyme's
active site (ribbon model).
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Fig. 11. Interaction of Quercetin with the active site of DPP-IV (5J3J). (a) Two-dimensional interaction diagram
showing hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles). (b) Three-dimensional
structural model showing the binding position of the compound (stick model) to the enzyme's active site (ribbon

model).
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Fig. 12. Interaction of Luteolin with the active site of DPP-IV (5J3J). (a) Two-dimensional interaction diagram showing
hydrogen bonds (green dashed lines) and hydrophobic interactions (pink circles). (b) Three-dimensional structural
model showing the binding position of the compound (stick model) to the enzyme's active site (ribbon model).

3.5. Hydrophobic interactions

It has been determined that hydrophobic interac-
tions also play an important role in the stabilization
of molecular interactions between compounds and
the 5J3J (DPP-IV) enzyme. Kaempferide established
three different hydrophobic interactions (Pi-Sigma,
Alkyl, and Pi-Alkyl) with the enzyme's ILE102 and
PHE95 residues (Fig. 8a). The fact that the ILE102
residue also forms a hydrogen bond created a ver-
satile and robust binding network for kaempferide.
Luteolin 7-O-B-D-glucopyranoside, on the other
hand, formed two hydrophobic interactions with
ILE517 (Pi-Alkyl) and PHE516 (Pi-Pi T-shaped) (Fig.
9a). Luteolin exhibits three hydrophobic interactions
with THR283 (Pi-Donor Hydrogen Bond), ILE282, and
ILE285 (Alkyl) (Fig. 12a).

When these findings are evaluated together
with the binding energy results, it is thought that
the hydrophobic interactions in luteolin, which has
the lowest binding energy, contribute significantly
to the overall stability of the complex. The fewer
hydrophobic interactions established with Luteolin
7-0-B-D-glucopyranoside are consistent with the
relatively higher binding energy of this compound.
In conclusion, considering both the strong binding
energy and the multifaceted hydrophobic interac-
tions, luteolin is considered the most promising in-
hibitor candidate for the 5J3J enzyme. Future stud-
ies should benchmark these binding affinities against
established inhibitors like acarbose (a-glucosidase)
or sitagliptin (DPP-IV) through in vitro assays to as-
sess relative efficacy.
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4. Conclusion

The molecular docking results demonstrated
that flavonoids from Verbascum spp. effectively
bind to both a-glucosidase and DPP-IV enzymes.
All investigated compounds formed stable com-
plexes characterized by negative binding energies,
hydrogen bonding, and hydrophobic interactions.
Kaempferide exhibited the strongest affinity to-
ward a-glucosidase (-5.03 kcal/mol), driven by
strong interactions within the active site, whereas
luteolin showed the highest binding affinity toward
DPP-IV (-6.01 kcal/mol). Other flavonoids, such as
quercetin (—4.81 and =5.5 kcal/mol), as well as gly-
cosylated derivatives, also demonstrated notable
but comparatively weaker interactions, highlight-
ing the overall antidiabetic potential of this group
of compounds. These in silico findings suggest that
kaempferide and luteolin may represent promising
candidates for type 2 diabetes management, with
additional contributions from other flavonoids. Fur-
ther studies, including in vitro enzyme inhibition as-
says, molecular dynamics simulations, and detailed
mechanistic investigations, are required to validate
and further elucidate these results.
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