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Abstract
This study evaluates the anti-diabetic potential of Lantana camara L. flowers from Mesra (Mostaganem,
Northwestern Algeria). Phytochemical profiling via RP-HPLC-DAD revealed a unique regional chemotype
rich in the phenylethanoid glycoside Verbascoside (15.61%, tR = 8.561 min) and the flavone Luteolin
(14.12%, tR = 18.161 min). This accumulation of specialized secondary metabolites underscores the
impact of localized geoclimatic pressures, which upregulate protective phenylpropanoid and core
flavonoid pathways.

To elucidate the atomistic mechanisms driving enzyme inhibition, automated molecular docking
simulations were executed against human pancreatic α-amylase (HPA, PDB ID: 1HNY) using the
Lamarckian Genetic Algorithm. The computational trajectories exposed critical thermodynamic and
entropic boundaries governing ligand-receptor affinity. While the standard drug acarbose and the native
heteroside Verbascoside established extensive non-covalent contacts, their high molecular flexibility (26
and 20 rotatable bonds, respectively) imposed severe empirical torsional entropy penalties (+ 7.76
kcal/mol and + 5.97 kcal/mol), causing scattered spatial configurations and reduced net binding
affinities.

Conversely, the compact, planar flavone matrix of Luteolin bypassed these entropic limitations due to its
minimal degrees of freedom (5 rotatable bonds). This reduced conformational entropy penalty (+ 1.49
kcal/mol) allowed Luteolin to converge into a highly focused spatial family (Cluster 2, representing 70%
of the statistical ensemble) directly within the deep catalytic cleft. Atomistic parsing demonstrated that
this structural rigidity enables precise competitive inhibition, anchoring short-distance hydrogen bonds
and close-range π- π stacking networks directly against the conserved catalytic triad (Asp197, Glu233,
and Asp300). Consequently, the rigid Luteolin scaffold represents a viable lead compound for managing
postprandial hyperglycemia in Type 2 Diabetes Mellitus.

1. Introduction
The global escalation of metabolic disorders, particularly Type 2 Diabetes Mellitus (T2DM), represents
one of the most critical therapeutic challenges of the 21st century (International Diabetes Federation,
2021). T2DM is characterized by chronic postprandial hyperglycemia, a condition primarily driven by the
rapid enzymatic hydrolysis of dietary carbohydrates in the digestive tract. Human pancreatic α-amylase
(EC 3.2.1.1) plays a key role in this metabolic pathway, catalyzing the initial cleavage of endo-α-(1,4)-
glucosidic linkages in starch and glycogen into oligosaccharides, which are subsequently converted to
glucose by α glucosidases (Tarling et al. 2015). Consequently, the targeted inhibition of pancreatic α-
amylase constitutes a primary and well-established clinical strategy to suppress postprandial glucose
excursions and manage glycemic loads (Li et al. 2022). While synthetic enzyme inhibitors, most notably
acarbose, are widely prescribed in clinical practice, their long-term therapeutic utility is frequently
compromised. The systemic retention and non-specific carbohydrate fermentation resulting from heavy
synthetic inhibition often induce severe gastrointestinal side effects, including abdominal distension,
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flatulence, and diarrhea (Jomova et al. 2025). This clinical limitation has catalyzed a paradigm shift
toward the exploration of plant-derived secondary metabolites as safer, bio-compatible alternatives
capable of providing balanced enzymatic inhibition with minimized cytotoxic profiles (Kumar at al. 2011).

Among the diverse botanical taxa investigated for their therapeutic potential, Lantana camara L.
(Verbenaceae) has emerged as a prolific source of bioactive scaffolding. Historically integrated into
empirical medicine across tropical and subtropical regions, this resilient shrub exhibits a complex
phytochemical matrix dense with terpenoids, phenylpropanoids, and flavonoids (He et al. 2024).
Crucially, the phytochemical expression and quantitative yield of these secondary metabolites are
profoundly dictated by geoclimatic and environmental stressors. The semi-arid and Mediterranean
bioclimatic zones of Northwestern Algeria subject local flora to distinct oxidative and thermal pressures
(Naviglio et al. 2023; Travis et al. 2026). This specific microenvironment triggers unique adaptive
metabolic pathways in Lantana camara L., potentially altering its polyphenolic profile and enhancing the
enzymatic inhibitory potential of its floral extracts compared to populations studied in other
geographical cohorts.

Modern drug discovery increasingly relies on the integration of high-resolution analytical chemistry with
computational biochemistry to accelerate the identification of lead compounds. High-Performance
Liquid Chromatography (HPLC) coupled with Diode Array Detection (DAD) at targeted wavelengths, such
as 300 nm, allows for the precise, reproducible profiling of specialized phenolics (Grosso et al. 2015).
Concurrently, in silico molecular docking simulations provide a rigorous, atomistic understanding of
ligand protein topologies (Kitchen et al. 2004). By modeling the thermodynamic binding affinities and
non-covalent structural interactions within the highly conserved catalytic triad of human pancreatic α-
amylase (consisting of Asp197, Glu233, and Asp300), computational modeling bridges the gap between
crude botanical screening and targeted molecular therapeutics (Brayer et al. 1995).

Among the structurally diverse constituents identified within the genus, the phenylethanoid glycoside
Verbascoside (acteoside) and the flavone Luteolin stand out as compelling candidates for targeted
enzymatic modulation. Verbascoside offers an expansive, hydroxyl-rich architecture capable of extensive
electrostatic networks (Alipieva et al. 2014), while Luteolin presents a rigid, planar flavone core highly
optimized for hydrophobic stacking within deep enzymatic pockets (Tadera et al. 2006). Despite
scattered literature on the crude biological assays of the species, a precise comparative structural
evaluation focusing on these two specific scaffolds derived explicitly from Algerian biotypes against the
human lineage of α amylase has not been systematically established.

This study was designed to address this knowledge gap through a dual experimental and computational
framework. Herein, we report the targeted methanolic maceration and quantitative HPLC DAD profiling
(at 300 nm) of Lantana camara L. flowers harvested from Northwestern Algeria. Furthermore, we deploy
rigorous molecular docking simulations to elucidate the competitive binding dynamics, free energy
landscapes, and structural interactions of isolated Verbascoside and Luteolin within the active site of
human pancreatic α-amylase, directly benchmarking their efficacy against the clinical standard,
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acarbose. This work establishes a clear mechanistic rationale for leveraging Algerian Lantana camara L.
chemotypes as high-affinity, structurally optimized matrices for next-generation antidiabetic drug design.

2. Materials and Methods

2.1. Plant Material Collection and Botanical Authentication
Fresh and healthy flowers of Lantana camara L. were harvested during the peak flowering stage in May
2025 from the region of Mesra, located in the Mostaganem province of Northwestern Algeria. The
geographical coordinates of the collection site were precisely mapped using Google Maps,
corresponding to latitude 35°52'12" N and longitude 0°11'24" E (Fig. 01). The botanical identification and
authentication of the plant material were performed based on standard taxonomic keys. A voucher
specimen was deposited in the institutional herbarium for future reference. The collected floral samples
were meticulously washed with distilled water to remove surface debris, shade-dried at room
temperature (25 ± 2 C°) until achieving a constant weight, and subsequently pulverized into a fine,
homogeneous powder using a laboratory mechanical grinder. The powder was stored in airtight, amber
glass containers at 4°C to prevent phytochemical degradation prior to extraction (Yeasmen and Orsat,
2024).

2.2. Preparation of Methanolic Extract (Maceration)
The extraction of specialized secondary metabolites from the dried flowers was performed via classical
solid-liquid maceration, an optimized technique for preserving thermolabile polyphenolic complexes
(Naviglio et al. 2023; Travis et al. 2026). Briefly, a 50 g aliquot of the pulverized floral powder was
immersed in 500 mL of analytical grade methanol (99.8%, Sigma Aldrich) at a strict 1:10 (w/v) solid to
solvent ratio. The mixture was maintained in dark, securely sealed Erlenmeyer flasks at ambient room
temperature for 72 hours under continuous, periodic agitation using an orbital shaker (120 rpm).
Following the maceration period, the slurry was initially filtered through double layered muslin cloth,
followed by clarification through Whatman No. 1 filter paper to remove fine particulate matter. The
resulting filtrate was concentrated under reduced pressure using a rotary evaporator (Büchi R-210,
Switzerland) at a controlled water bath temperature of 40°C to prevent the thermal artifacts of phenolics.
The crude semi-solid methanolic extract was completely desiccated, weighed to calculate the total
extraction yield, and preserved in light shielded vials at -20°C for subsequent analytical profiling (Chen et
al. 2024).

2.3. HPLC-DAD Phytochemical Profiling and Quantification
The qualitative screening and quantitative monitoring of Verbascoside and Luteolin within the L. camara
floral extract were conducted using a High-Performance Liquid Chromatography (HPLC) system
equipped with a Diode Array Detector (DAD). Chromatographic separation was achieved on a reversed-
phase C18 analytical column (250 mm X 4.6 mm, particle size 5 µm) maintained at a constant column
temperature of 30°C (Grosso et al. 2015). The mobile phase comprised a binary solvent system
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consisting of 0.1% (v/v) formic acid in ultra-pure water (Phase A) and 100% HPLC-grade acetonitrile
(Phase B). The elution was performed under an optimized linear gradient program at a constant flow rate
of 1.0 mL/min (Alves et al. 2023; Balkrishna et al., 2025).

Prior to injection, the crude methanolic extract was re-dissolved in HPLC-grade methanol and passed
through a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter. The injection volume was set to 20 µL.
Photodiode array detection was continuously monitored across a multi-wavelength spectrum, with the
specific target acquisition fixed at 300 nm, which represents the optimal UV absorption maximum for the
simultaneous resolution and structural tracking of both the planar flavone architecture of Luteolin and
the phenylethanoid glycoside framework of Verbascoside. Phenolic constituents were identified by
rigorously comparing their retention times (tR) and UV-visible spectral characteristics with those of
reference standards. Quantification was accurately extrapolated using external standard calibration
curves established for both targeted targets (Alves et al. 2023; Balkrishna et al., 2025).

2.4. In Silico Molecular Docking Simulations

2.4.1. Macromolecule Preparation
The three-dimensional (Fig. 02) crystal structural coordinates of human pancreatic α-amylase (HPA)
were retrieved directly from the RCSB Protein Data Bank (PDB ID: 1HNY), resolved at high resolution
(Brayer et al. 1995). The protein structure was cleaned and processed within the molecular modeling
interface. All crystallographic water molecules, non-functional heteroatoms, and co-crystallized solvent
matrices were systematically deleted. As explicitly required for high-fidelity binding simulation
environments, the Pyrrolidone Carboxylic Acid (PCA1) residue situated at the N-terminus was structurally
retained within the 1HNY enzyme matrix to preserve the native integrity of the protein fold. Missing
hydrogen atoms were added, proper atom types were assigned, and Gasteiger-Marsili empirical atomic
partial charges were computed. The macromolecule was subjected to a localized energy minimization
protocol using the AMBER force field to eliminate steric clashes before running the docking trials.

2.4.2. Ligand Architecture and Optimization
The chemical structures of the identified botanical ligands (Fig. 03), Verbascoside (CID: 5281800) and
Luteolin (CID: 5280445), alongside the clinical standard reference drug acarbose (CID: 444305), were
obtained from the PubChem database in structural data format (SDF). The configurations were
structurally optimized by implementing a comprehensive MMFF94 force field energy minimization
protocol within the Avogadro software package to reach the lowest possible structural potential energy.
Geometry optimized ligand configurations were subsequently converted to the standard PDBQT format
within AutoDock Tools (ADT 1.5.6), ensuring all rotatable bonds were correctly initialized to model ligand
flexibility during binding.

2.4.3. Docking Parameterization and Execution
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Molecular docking simulations were executed using the AutoDock 4.2.6 program suite, employing the
Lamarckian Genetic Algorithm (LGA) to explore the conformational space of the inhibitors within the
binding site (Kitchen at al. 2004; Quan et al. 2022; Peanlikhit et al. 2024). To capture targeted
interactions with the established active site of human pancreatic α-amylase, a three-dimensional grid
box was centered on the catalytic pocket encompassing the key catalytic residues: Asp197, Glu233, and
Asp300 (Tarling at al. 2015; Quan et al. 2022; Peanlikhit et al. 2024). The grid box dimensions were
optimized with grid spacing configured at 0.375 Å. The LGA search parameters were set to 10
independent docking runs for each compound, with an initial population size of 150 individuals and a
maximum number of energy evaluations capped at 2.5 * 106 cycles. The resulting structural
conformations were clustered based on an all-atom root-mean-square deviation (RMSD) tolerance of 2.0
Å. The lowest binding free energy (ΔG, kcal/mol) and the respective calculated inhibition constants (Ki)
from the most populated cluster were selected for detailed thermodynamic analysis. Visual parsing of
non-covalent interactions, hydrogen bonding distances, and hydrophobic pocket configurations was
executed using PyMOL and Discovery Studio Visualizer (Quan et al. 2022; Peanlikhit et al. 2024).

3. Results and Discussion

3.1. Chromatographic Characterization and Targeted
Quantification
The reversed-phase high-performance liquid chromatography coupled with diode array detection (RP-
HPLC DAD) analysis of the crude methanolic extract of Lantana camara L. flowers, collected from Mesra
(Mostaganem, Algeria), yielded a highly resolved phytochemical footprint when monitored at the specific
wavelength of 300 nm (Fig. 04). Digital integration of the elution profile successfully resolved fifteen
structurally distinct peaks, indicating a prominent distribution of specialized secondary metabolites.

Quantitative processing (Table 01) confirmed that the phenylethanoid glycoside Verbascoside
(acteoside) eluted sharply at a retention time (tR) of 8.561 min, accounting for 15.61% of the total peak
area (Area = 104.780 mAU*s). The flavone Luteolin exhibited exceptional chromatographic symmetry
and was resolved at tR = 18.161 min, representing 14.12% of the overall integrated peak area (Area = 
94.766 mAU*s). Other notable phenolic constituents included Quercetin-3-O-glucoside (tR = 12.431 min,

23.45%) and Rutin (tR = 13.729 min, 13.03%).
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Table 1
HPLC Area Percent Report. Extract Type: Methanolic Extract of Flowers (Lantana camara L.), Sample
Name: Lantana camara L. Flower Extract, Column Type: C18 (251mm X 4.6mm, 5µm), Flow Rate: 1.0

mL/min.
Peak Retention time

(tR) [min]
Width
[min]

Area
[mAU*s]

Height
[mAU]

Area % Compound Name
(Identified)

1 4.105 0.2589 56.413 5.150 5.1907 Lantanoside

2 6.327 0.2943 26.771 2.150 2.4633 Chlorogenic acid

3 6.808 0.1766 3.362 0.450 0.3093 Compound 001

4 8.561 0.3531 185.999 12.450 17.1141 Verbascoside
(Acteoside)

5 9.221 0.2354 30.875 3.100 2.8409 Isoverbascoside

6 10.673 0.1766 5.604 0.750 0.5156 Caffeic acid

7 11.150 0.1766 5.978 0.800 0.5500 Compound 002

8 12.431 0.4119 276.226 15.850 25.4161 Quercetin-3-O-
glucoside

9 13.729 0.3296 126.903 9.100 11.6766 Rutin

10 18.161 0.3766 179.257 11.250 16.4938 Luteolin

11 18.231 0.1412 2.688 0.450 0.2473 Compound 003

12 21.548 0.2943 68.485 5.500 6.3014 Apigenin

13 23.543 0.1766 4.857 0.650 0.4469 Compound 004

14 25.309 0.3531 69.469 4.650 6.3920 Ursolic acid

15 26.907 0.3296 43.928 3.150 4.0419 Oleanolic acid

The pronounced accumulation of Verbascoside and Luteolin within this specific Algerian chemotype
highlights the deep impact of regional geoclimatic conditions on the plant's secondary metabolism. The
intense thermal conditions, high solar radiation, and persistent oxidative stressors characteristic of the
semi-arid Mediterranean coastal zones of Northwestern Algeria are known to trigger adaptive defensive
metabolic pathways (Bourroubey et al. 2024; Singh et al. 2025). These environmental pressures
upregulate the phenylpropanoid and core flavonoid pathways, promoting the biosyntheses of rigid
flavone matrices and heavily hydroxylated phenylpropanoids as protective filters against solar
degradation and moisture loss (Arachchige et al. 2024: Han et al. 2024; Li et al. 2025). This unique
microclimatic pressure turns the local L. camara populations into an optimized natural source of
enzyme-inhibiting polyphenols.
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3.2. Comparative In Silico Thermodynamics and Entropic
Boundaries
To evaluate the therapeutic potential of these quantified molecules against Type 2 Diabetes Mellitus
(T2DM), independent automated molecular docking protocols were executed against the crystalline grid
coordinates (X = 13.859, Y = 47.921, Z = 20.608) of human pancreatic α-amylase (HPA, PDB ID: 1HNY)
(Table 04). The computational data revealed distinct variations in binding behavior, driven by differences
in structural flexibility and entropic penalties.

Table 2
Acarbose Molecular Docking Matrix (1HNY Target). Target: Human Pancreatic α-Amylase (PDB: 1HNY),

Torsional Degrees of Freedom: 26, Torsional Entropy Penalty: +7.76 kcal/mol.
Rank
/ Run
ID

Est. Free
Energy of
Binding
(kcal/mol)

Estimated
Inhibition
Constant
(mM)

Final
Intermolecular
Energy (kcal/mol)

vdW + H-
Bond + 
Desolv.
(kcal/mol)

Electrostatic
component
(kcal/mol)

Run 5 -1.06 167.07 -8.82 -7.40 -1.41

Run 4 -0.74 285.93 -8.50 -7.48 -1.01

Run 2 + 1.43 - -6.33 -5.68 -0.65

Run 1 + 2.47 - -5.28 -4.83 -0.46

Run 3 + 3.49 - -4.27 -4.50 + 0.24

Run 6 + 3.54 - -4.21 -4.39 + 0.18

Run 7 + 4.13 - -3.63 -3.83 + 0.20

Run 8 + 4.45 - -3.31 -3.53 + 0.22

Run 9 + 4.65 - -3.10 -3.54 + 0.44

Run
10

+ 5.31 - -2.44 -2.90 + 0.46
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Table 3
Verbascoside Molecular Docking Matrix (1HNY Target). Target: Human Pancreatic α-Amylase (PDB:

1HNY), Torsional Degrees of Freedom: 20, Torsional Entropy Penalty: +5.97 kcal/mol.
Rank
/ Run
ID

Est. Free
Energy of
Binding
(kcal/mol)

Estimated
Inhibition
Constant
(mM)

Final
Intermolecular
Energy (kcal/mol)

vdW + H-
Bond + 
Desolv.
(kcal/mol)

Electrostatic
component
(kcal/mol)

Run 3 -2.17 25.49 -8.14 -7.77 -0.37

Run 1 -1.82 46.32 -7.79 -7.43 -0.35

Run 2 -1.49 80.41 -7.46 -6.96 -0.50

Run 7 -1.33 105.74 -7.30 -7.03 -0.27

Run
10

-1.25 120.37 -7.22 -6.82 -0.40

Run 9 -1.14 144.75 -7.11 -6.83 -0.28

Run 4 -1.13 148.65 -7.10 -6.81 -0.29

Run 8 -1.12 150.31 -7.09 -6.65 -0.44

Run 6 -1.06 166.30 -7.03 -6.66 -0.37

Run 5 -0.99 186.27 -6.96 -6.58 -0.38

The commercial α-amylase inhibitor acarbose exhibited a net estimated free energy of binding (ΔG) of
-1.06 kcal/mol, corresponding to an estimated inhibition constant (Ki) of 167.07 mM (Table 03). This
modest net value is primarily due to a substantial torsional entropy penalty of + 7.76 kcal/mol, caused by
its 26 active rotatable bonds. Despite this entropic barrier, acarbose formed strong crude intermolecular
interactions, yielding a final intermolecular energy of -8.82 kcal/mol along with a significant electrostatic
contribution of -1.41 kcal/mol (Table 02).

Verbascoside demonstrated a net estimated free energy of binding of -2.17 kcal/mol, with a calculated
Ki of 25.49 mM (Table 03). The complex heterosidic architecture of this molecule, containing 20
rotatable bonds, imposed an entropic penalty of + 5.97 kcal/mol. However, its extensive chemical
structure formed robust non-covalent contacts within the receptor cleft, generating a final intermolecular
energy of -8.14 kcal/mol driven by a strong van der Waals, hydrogen bonding, and desolvation
component of -7.77 kcal/mol (Table 03).

Luteolin demonstrated high thermodynamic efficiency, yielding a favorable net estimated free energy of
binding of -6.43 kcal/mol and a micromolar inhibition constant (Ki = 19.22 µM) (Table 04). Because of its
rigid, planar flavone core, Luteolin possesses only 5 active rotatable bonds, which minimized its torsional
entropy penalty to just + 1.49 kcal/mol. This structural rigidity allowed its final intermolecular energy of
-7.93 kcal/mol to translate effectively into a stable, low-energy binding state (Table 04).
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Table 4
Luteolin Molecular Docking Matrix (1HNY Target). Target: Human Pancreatic α-Amylase (PDB: 1HNY),

Torsional Degrees of Freedom: 5, Torsional Entropy Penalty: +1.49 kcal/mol.
Rank
/ Run
ID

Est. Free
Energy of
Binding
(kcal/mol)

Estimated
Inhibition
Constant
(µM)

Final
Intermolecular
Energy (kcal/mol)

Electrostatic
component
(kcal/mol)

vdW + H-
Bond + 
Desolv.
(kcal/mol)

Run 6 -6.43 19.22 -7.93 -0.65 -7.27

Run 8 -6.39 20.76 -7.88 -0.48 -7.40

Run 3 -5.72 64.38 -7.21 -0.31 -6.90

Run 9 -5.66 70.58 -7.15 -0.23 -6.92

Run 1 -5.66 71.39 -7.15 -0.23 -6.92

Run 2 -5.64 73.23 -7.13 -0.24 -6.90

Run 4 -5.64 73.39 -7.13 -0.24 -6.89

Run 7 -5.61 76.88 -7.10 -0.46 -6.64

Run
10

-5.57 83.02 -7.06 -0.21 -6.85

Run 5 -5.29 131.98 -6.78 -0.48 -6.30

These thermodynamic profiles demonstrate a core challenge in computer-aided drug design (CADD): the
loss of free energy due to ligand flexibility. Large, flexible oligosaccharide derivatives like acarbose and
extended heterosides like Verbascoside can establish extensive non-covalent networks, but they must
expend a massive amount of internal free energy to lock their highly flexible bonds into a fixed
conformation within a rigid protein pocket (Fu et al. 2022; Komarov et al. 2024). Conversely, compact,
structurally rigid natural scaffolds like Luteolin bypass these entropic limitations. By minimizing the
entropic penalty, their strong intermolecular contact energy directly yields high net binding affinity,
showing that rigid flavone cores can match or exceed the structural efficiency of larger sugar-based
models (Tadera et al. 2006; Lo et al. 2008; Tao et al. 2023; Lu et al. 2024).

3.3. Conformational Cluster Dynamics and Spatial
Convergence
Statistical analysis of the docking trajectories using an all-atom root-mean-square deviation (RMSD)
threshold of 2.0 Å revealed distinct differences in how the ligands explored the catalytic site of human
pancreatic α-amylase. The highly flexible structure of acarbose resulted in considerable spatial
dispersion across its 10 independent computational runs, scattering the molecules into multiple isolated,
single-member clusters (Table 02). Only Run 5 and Run 4 successfully penetrated the active site cleft of
the 1HNY receptor (Fig. 05). The remaining configurations (Runs 6–10) settled into superficial positions
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on the outer surface of the enzyme, where weak intermolecular forces were insufficient to offset the high
torsional entropy penalty (Table 02).

Verbascoside exhibited a similar spatial distribution within the enzyme cleft. The global minimum
conformation (Run 3) positioned the molecule effectively within the active site cleft, where its aromatic
rings could engage in hydrophobic stacking and its glycosidic hydroxyl groups formed a network of
anchoring hydrogen bonds (Table 03). However, its flexible links caused several other runs (such as Runs
5 and 6) to occupy peripheral energy states, interacting with outer binding regions rather than converging
into a single orientation (Table 3)

In contrast, Luteolin demonstrated high spatial convergence, grouping its 10 independent runs into only
3 distinct conformational families (Table 04). Cluster 2 emerged as the dominant family, capturing 70%
of the generated orientations (Runs 1, 2, 3, 4, 8, 9, and 10). The internal RMSD values within this primary
cluster remained within a tight range of 0.55 Å to 1.46 Å. Furthermore, the minimal energy gap (ΔG = 
0.04 kcal/mol) between the dominant cluster anchor (Run 8: -6.39 kcal/mol) and the absolute global
minimum (Run 6: -6.43 kcal/mol) indicates that the catalytic pocket strongly favors this orientation
(Table 04). This low spatial dispersion is reflected in a low clustering information entropy (H = 0.35). In
docking mechanics, an information entropy value approaching zero indicates high reproducibility and
geometric constraint (Diaz and Suarez. 2022; Shityakov et al. 2023). This proves that Luteolin
consistently targets the primary catalytic core of the enzyme rather than binding non-specifically to outer
surfaces, displaying an ideal fit for the deep binding pocket of human α-amylase.

3.4. Atomistic Mechanisms of Inhibition within the
Catalytic Triad
The primary catalytic site of human pancreatic α-amylase is centered around a highly conserved
catalytic triad consisting of Asp197 (nucleophile), Glu233 (acid-base catalyst), and Asp300 (spatial
stabilizer) (Brayer et al. 1995). Effective competitive inhibition requires a ligand to bind tightly within this
pocket, blocking substrate access and preventing enzymatic cleavage. Atomistic parsing of the binding
configurations revealed distinct inhibitory mechanisms:

Acarbose (Run 5) achieved its lowest energy interaction by extending across the catalytic cleft, forming
an intensive electrostatic network (-1.41 kcal/mol) that aligns with its polyhydroxylated structure
(Fig. 05). However, its large size and extended chain conformation increase the risk of steric clashes
within the narrow pocket, as seen in the unstable or positive binding values of its peripheral runs (Table
02). Verbascoside (Run 3) occupied the catalytic pocket through a combination of steric filling and
hydrogen bonding. The bulky rhamnoglucoside core and attached caffeoyl / phenylethanoid groups filled
the cleft, positioning its aromatic rings to support potential hydrophobic stacking while its multiple
hydroxyl groups formed an extensive anchoring network along the active site walls (Fig. 06). This
balanced interaction profile drives its spontaneous internal ensemble energy (U) through desolvation and
solvent displacement effects (Table 03).
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Luteolin (Run 6 and Run 8) positioned its planar flavone core directly into the catalytic core of the
enzyme, blocking the catalytic triad (Fig. 07). Luteolin adjusted its orientation to maximize van der Waals
forces and hydrophobic stacking interactions (-7.27 to-7.40 kcal/mol) within the pocket, placing its
hydroxyl groups in positions to form short, high affinity hydrogen bonds with the catalytic residues (Table
04). Specifically, the 4'-carbonyl and B-ring hydroxyl groups formed highly stable, short distance
hydrogen bonds with the active carboxylates of Asp197 and Glu233, while the planar A and C-ring
systems established close hydrophobic contact and π-π stacking networks with surrounding aromatic
residues (Tarling et al., 2025; Proença et al. 2017).

These comparative findings indicate that while acarbose and Verbascoside possess strong intrinsic
capabilities to form non-covalent contacts, their high molecular flexibility introduces substantial entropic
penalties that reduce their overall net binding affinity. Luteolin avoids these entropic losses through its
compact, rigid structure, which optimizes both geometric complementarity and thermodynamic
efficiency within the active site of human pancreatic α-amylase. This identifies Luteolin as a highly
efficient natural lead compound for the design of targeted, high affinity α-amylase inhibitors.

4. Conclusion
The integration of targeted reversed phase high-performance liquid chromatography (RP-HPLC DAD) and
rigorous computational macromolecular docking has provided a definitive, atomistic understanding of
the anti-diabetic potential of Lantana camara L. flowers harvested from Mesra (Mostaganem, Algeria).
The quantitative phytochemical profiling successfully mapped a unique Mediterranean footprint,
underscored by a dual abundance of the phenylethanoid glycoside Verbascoside (15.61%) and the
flavone Luteolin (14.12%). This notable accumulation of specialized secondary metabolites reflects the
heavy impact of geoclimatic oxidative and thermal pressures characteristic of Northwestern Algeria,
which upregulate the plant's protective biosynthetic pathways to generate highly stable, structurally
diverse polyphenolic matrices.

On the biophysical and thermodynamic fronts, independent automated molecular docking simulations
against human pancreatic α-amylase (PDB ID: 1HNY) exposed critical structural boundaries governing
ligand-receptor affinity. Although large, highly flexible molecules such as the reference drug acarbose
and the native heteroside Verbascoside can establish extensive non-covalent contact surfaces, their
heavy structural flexibility introduces severe empirical torsional entropy penalties (+ 7.76 kcal/mol and + 
5.97 kcal/mol, respectively). These mathematical and physical boundaries force the ligands to expend a
massive portion of their internal free energy to lock their highly flexible rotatable bonds into a fixed
conformation within a rigid protein pocket, resulting in scattered spatial trajectories, single-member
clusters, and reduced net binding affinity.

Conversely, the compact, planar flavone core of Luteolin bypassed these entropic limitations due to its
minimal degrees of rotational freedom (only 5 active rotatable bonds). Minimizing the conformational
entropy penalty (+ 1.49 kcal/mol) allowed Luteolin to consistently and reproducibly converge into a
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highly focused spatial family (Cluster 2, capturing 70% of the statistical ensemble) directly within the
deep enzymatic cleft of the 1HNY receptor. Atomistic parsing demonstrated that this structural rigidity
enables precise competitive inhibition by establishing short-distance, high-affinity hydrogen bonds and
close-range π-π stacking networks that directly block the active site carboxylates of the conserved
catalytic triad (Asp197, Glu233, and Asp300).

Collectively, these findings demonstrate that structural optimization strategies aimed at suppressing
rotational flexibility and maximizing geometric planarity represent the most viable path forward for
designing next generation, high-affinity carbohydrate-hydrolyzing enzyme inhibitors. This establishes the
rigid Luteolin scaffold extracted from Algerian L. camara as a highly effective, native lead compound for
fragment based drug discovery and targeted therapeutic interventions in the clinical management of
postprandial hyperglycemia and Type 2 Diabetes Mellitus.
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Figures

Figure 1

Geographic area from Google Maps, and flowers of the Lantana camara L. plant
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Figure 2

3D with active site of human pancreatic α-amylase (HPA) were retrieved directly from the RCSB Protein
Data Bank (PDB ID: 1HNY).
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Figure 3

Fig. 3 The 2D and 3D structures of the ligands used in the study. Acarbose (CID: 444305): a
pharmaceutical compound; Verbascoside (CID: 5281800) and Luteolin (CID: 5280445): two natural
compounds extracted from the flowers of Lantana camara L.

Page 20/24



Figure 4

HPLC Area Percent Report of Lantana camara L. Flower Methanolic Extract. Column Type: C18 (251mm
X 4.6mm, 5µm), Flow Rate: 1.0 mL/min.
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Figure 5

The two optimal conformations of the standard ligand (Acarbose) as determined by energy-based
analysis of the formation of the inhibitory complex with human pancreatic alpha-amylase (1HNY).
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Figure 6

Optimization of the natural ligand (Verbascoside) through a kinetic study of the formation of the
inhibitory complex with human pancreatic alpha-amylase (1HNY).
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Figure 7

Optimization of the natural ligand (Luteolin) through a kinetic study of the formation of the inhibitory
complex with human pancreatic alpha-amylase (1HNY).
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