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Abstract

Rhizopus oryzae lipase (ROL) is a key enzyme involved in olive oil spoilage and acts as
a virulence factor in fungal infections. Natural lipophilic lipase inhibitors are crucial for
mitigating economic losses resulting from lipid degradation in stored or decaying olive
fruits. This study evaluated a series of enzymatically synthesized piperate esters with
varying alkyl chain lengths (butyryl, C4; octyl, C8; dodecyl, C12) for their inhibitory
effects on ROL activity. Octyl piperate (C8) demonstrated the highest potency, with ICsg
values of 0.05 mg/mL using methods B and C or 0.25 mg/mL using method A. Molecular
docking indicated that C8 achieved the most favorable predicted binding energy (Gscore:
—11.134 kcal /mol), primarily through hydrophobic interactions (Val329, Ala212, Phe209)
and hydrogen bonds with oxyanion hole residues (Ser268, Thr206, GIn241). Molecular
dynamics simulations confirmed that C8 maintained stable binding and stabilized the
catalytic residues. In comparison, C4 exhibited weaker interactions, and the longer C12
chain induced conformational instability and steric hindrance. These results establish a
parabolic structure-activity relationship, identifying the octyl chain (C8) as optimal for ROL
inhibition among the tested derivatives. The rational design of lipophilic, biodegradable
lipase inhibitors thus positions octyl piperate as a promising candidate for extending olive
storage and shelf life, and as a scaffold for developing natural antifungal agents targeting
virulent R. oryzae strains.

Keywords: Rhizopus oryzae lipase inhibition; lipophilic piperic acid esters; in vitro and in
silico studies; structure-activity relationship

1. Introduction

Fungal lipases are indispensable enzymes in industrial biotechnology, where they
catalyze reactions ranging from biodiesel production to flavor development, as well as
in pathogenic processes, where they facilitate tissue invasion and nutrient acquisition [1].
Consequently, the search for selective lipase inhibitors has become a vibrant research field.
Natural products, especially plant-derived secondary metabolites [2], have emerged as a
rich source of bioactive compounds that can modulate lipase activity without the drawbacks
of synthetic chemicals. Polyphenols, flavonoids, terpenoids, phenylpropanoids, and alka-
loids have demonstrated inhibitory effects against various fungal and mammalian lipases.
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This activity translates into therapeutic benefits for disorders where lipase dysregulation is
a significant factor, such as peptic ulcers, acne vulgaris [3,4], and obesity [4-6].

Various natural sources, such as marine algae [7], soybeans [8], wheat [9], citrus
fruits [10], oolong tea [11], and medicinal herb extracts [12], contain compounds that
inhibit lipase activity [13]. Despite these findings, identifying more potent and effective
inhibitors remains a priority. Natural lipase inhibitors offer both a sustainable alternative
for industrial oil preservation and potential leads for developing pharmacological agents
targeting lipase-related diseases.

In this context, several classes of plant metabolites have shown notable lipase in-
hibitory activity. Saponins such as platycodin D [13], flavonoids like quercetin [14,15], and
alkaloids including berberine and sanguinarine [16] have demonstrated significant effects.
Among these bioactive compounds, piperic acid derivatives remain relatively understudied
but represent a promising class of potential lipase inhibitors [17]. Piperic acid, a naturally
occurring phenylpropanoid, possesses a conjugated diene system and a carboxylic acid
moiety that can be chemically modified to enhance lipophilicity and enzyme affinity [18].

Rhizopus oryzae lipase is particularly significant in both biotechnology and medicine [1,19].
In addition to its widespread use in various biotechnological applications [20], it serves as a
model enzyme for studying fungal pathogenic lipases. Inhibiting this enzyme could have
important implications for managing R. oryzae strains that show resistance to conventional
antifungal treatments.

Moreover, olive oil is prized for its sensory qualities and health-promoting fatty acids.
Yet, its shelf life is limited by enzymatic hydrolysis, which generates free fatty acids and off
flavors. The lipase produced by Rhizopus oryzae is a major contributor to this degradation
and is a primary contaminant in rotting olives [19,21], particularly during the storage and
processing of olives and olive-based products. Inhibiting this enzyme presents a promising
strategy for enhancing olive oil stability without relying on synthetic chemicals, which can
impact flavor or consumer acceptance [22]. Lipase inhibition results in reduced enzymatic
hydrolysis of triglycerides in olive fruits, thereby slowing the onset of rancidity [22] and
preserving the distinctive aromas and flavors that define high-quality olive oil. Ultimately,
inhibiting this enzyme is crucial for maintaining the integrity and marketability of olive oil,
particularly during storage and transport, where enzymatic activity can be triggered [21,23].

The synthesis of novel lipase inhibitors has traditionally relied on chemical methods
involving harsh conditions. However, enzymatic synthesis offers a more sustainable
alternative, enabling the production of target compounds under mild conditions with
minimal environmental impact [24,25]. Notably, lipases are highly versatile catalysts
capable of promoting various reactions, including hydrolysis, acidolysis, and esterification,
across different media [26-29]. Their exceptional selectivity further enhances their value
for precise synthetic applications [30].

Previous work established an efficient enzymatic method for synthesizing piperic acid
derivatives [17]. This study investigates the inhibitory effects of these piperic acid esters
on R. oryzae lipase using both in vitro and in silico approaches. Three inhibition assays
were employed to assess their effectiveness, along with molecular docking to examine the
binding mechanisms. The in-silico analyses specifically evaluated how ester carbon chain
length affects binding affinity and interaction profiles within the lipase active site, aiming
to clarify the structure-activity relationships of these compounds.

2. Materials and Methods
2.1. Preparation of Piperic Acid and Piperate Esters

Piperic acid was prepared by alkaline hydrolysis of piperine (the principal constituent
of P. nigrum) according to a previously described protocol [31,32].
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Lipophilic derivatives of piperic acid (butyl-, octyl-, and dodecyl-piperates) were
enzymatically synthesized as described previously [17]. HPLC analysis using a C-18
column (250 x 4.6 mm) at 35 °C with a 60:40 acetonitrile:water mobile phase (1 mL/min,
30 min) [17] was used to detect the esters following the inhibition reaction.

The chemical structures of piperic acid and its lipophilic ester derivatives are shown

in Figure 1.
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Figure 1. Two-dimensional chemical structures of piperic acid and its enzymatically synthesized
lipophilic ester derivatives. (A) Piperic acid (PA); (B) Butyryl piperate (C4, R1); (C) Octyl piperate
(C8, R2); (D) Dodecyl piperate (C12, R3).

2.2. Enzyme

Rhizopus oryzae was isolated from rotten olives in our laboratory. Rhizopus oryzae lipase
(ROL) was produced and purified to homogeneity as described previously [19].

2.3. Lipase Activity Measurement

Lipase hydrolytic activity was measured using a pH-Stat (Metrohm AG, Herisau,
Switzerland) with a 10% olive oil emulsion under the optimal conditions described pre-
viously [19]. One unit (IU) of lipase activity corresponds to the amount of enzyme that
liberates 1 umol of fatty acid per minute at pH 8.5 and 37 °C.

2.4. Lipase Inhibition Measurement

The inhibitory effects of piperic acid derivatives on ROL were evaluated using three
established protocols (Methods A, B, and C) [4,6]. Inhibitor concentrations ranging from
0.02 to 2.5 mg/mL were tested in triplicate.

Method A: In this assay, the lipase was pre-incubated with varying concentrations of
piperic acid and its lipophilic derivatives (butyl, octyl, and dodecyl piperate) for 15 min at
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room temperature in the absence of substrate. The residual lipase activity (%) was then
measured using a 10% olive oil emulsion as substrate under standard conditions. Control
activity (100%) was measured in the absence of inhibitors.

Method B: With this method, we studied the interaction between piperic acid and its
esters with the enzyme during the hydrolysis of the olive oil emulsion. The inhibitors were
added to the reaction mixture at different concentrations 2 min after enzyme addition. The
inhibitory effect was determined by measuring lipolytic activity at pH 8.5 and 37 °C before
and after the addition of the inhibitors.

Method C: In this case, different concentrations of inhibitors were pre-incubated with
the substrate emulsion at pH 8.5 and 37 °C for 2 min before the addition of the R. oryzae
lipase to the “poisoned substrate”. The lipase activity was measured as above.

The percentage of inhibition was calculated using the following equation (Equation (1)):

Inhibition (%) = (T — E)/T x 100 (1)

where T and E are the lipase activities in the absence and the presence of inhibitors,
respectively.

IC50 values were defined as the inhibitor concentrations that reduce the lipase activity
by 50%. These concentrations were extracted from the experimental curves [4,12].

2.5. Molecular Docking Analysis
2.5.1. Protein Structure Preparation and Validation

To investigate the binding interactions between Rhizopus oryzae lipase and the piperic
acid derivatives, molecular docking was conducted using the three-dimensional structure
of (UniProt ID: P61872), retrieved from the AlphaFold Protein Structure Database (AF-
P61872-F1) [33], comprising residues 1-392.

The structural integrity and stereochemical quality of the model were validated using
multiple online servers, including MolProbity [24], PROCHECK [34], ProSA-web [35],
ERRAT [36], and VERIFY3D [37]. Protein preparation was performed using the Protein
Preparation Wizard (Schrodinger Suite) [38]. The process was conducted at a physiological
pH of 7.4 to mimic in vivo conditions. This procedure involved assigning proper bond
orders, adding hydrogens, optimizing the protonation states of ionizable residues, and
refining the hydrogen-bonding network. Finally, the AlphaFold v2.0-predicted structure of
R. oryzae lipase (AF-P61872-F1, residues 1-392), was subjected to restrained energy mini-
mization using the OPLS54 force field through a 150 ns molecular dynamics simulation [22]
with a heavy-atom convergence criterion of 0.30 A RMSD. This step was crucial for refining
the predicted structure and ensuring its stability and quality before proceeding with the
docking analysis.

2.5.2. Ligand Preparation and Molecular Docking

Piperic acid and its derivatives (butyryl, octyl, and dodecyl piperate) were prepared
using LigPrep v5.8 implemented in Schrodinger Suite 2023-4 (Schrodinger, LLC, New York,
NY, USA) [38]. Ionization states were generated at a physiological pH of 7.4 4 0.2. Relevant
tautomers and low-energy stereoisomers were enumerated and minimized using the
OPLS54 force field [39] to obtain a representative set of conformers for docking. Molecular
docking was performed using the Glide v9.1 XP (extra precision) protocol (Schrodinger
Suite 2023-4) [40]. Based on previous studies on lipase inhibition, a cubic bounding box
(10 A x 10 A x 10 A) was centered on the catalytic triad of the active site (Ser268, Asp327,
His380) to enable accurate binding pose prediction [41]. Orlistat, a well-known covalent
lipase inhibitor, was retained in the analysis as a relative scoring reference only. To account
for receptor flexibility, Induced Fit Docking (IFD) [42] was applied. The protocol included
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an initial Glide docking step with softened van der Waals potentials, refinement of receptor
side chains within a 5 A radius of the ligand using Prime v5.8 [43], and subsequent
redocking into the newly relaxed binding site. Poses were scored using the XP scoring
function, and the most favorable ones were selected for further analysis. Protein-ligand
interactions were evaluated according to standard geometric criteria, including hydrogen
bonds, hydrophobic interactions, and 7 stacking [44]. Precise distances between ligands
and catalytic residues were also quantified for each top-ranked pose.

2.6. Molecular Dynamics (MD) Simulations

Molecular dynamics (MD) simulations were conducted using Desmond v5.3 (Schrodinger
Suite) within the Maestro interface on a Fedora39 operating system equipped with an RTX
3050Ti GPU (6 GB VRAM). Simulations were performed for both the apo form of the lipase
and its complexes with piperic acid derivatives and orlistat. Each system was solvated
using the explicit TIP3P water model [45] within an orthorhombic box, ensuring a 10 A
buffer from the protein surface. Counter ions (Na*, C17) were added to neutralize the
system and achieve a physiological ionic strength of 0.15 M. After steepest descent energy
minimization (2500 steps) to remove steric clashes, systems underwent multi-step equilibration
with positional restraints on heavy protein atoms. Production simulations were run for
150 ns under NPT conditions (300 K, 1 atm), employing the Nosé-Hoover thermostat [46]
and the Martyna—Tobias—Klein barostat [47] for temperature and pressure control. Long-
range electrostatics were computed using the Particle Mesh Ewald method [48] with a 9.0 A
cutoff for short-range interactions. Trajectories were recorded at 1-ns intervals and analyzed
using Simulation Interaction Diagrams (SID) implemented in Desmond of Schrodinger Suite
2023-4 [38]. For each ligand—protein complex, the top-ranked Induced Fit Docking (IFD)
pose was used as the starting structure for molecular dynamics simulations (Schrédinger
Suite 2023-4), as IFD accounts for receptor flexibility and provides a physically realistic
binding conformation.

2.7. Binding Free Energy Calculations

Binding free energies (AGbind) were estimated using the Molecular Mechanics/
Generalized Born Surface Area (MM-GBSA) method implemented in Prime [42]. MM-GBSA
calculations were performed using the Thermal Prime protocol. Snapshots were extracted
every 10 frames (1 ns) starting from frame 500 (50 ns), after discarding equilibration, yielding
100 snapshots per complex over the 50-150 ns production window, as determined by RMSD
stability. The AGbind values were decomposed into van der Waals, electrostatic, polar sol-
vation (using the VSGB 2.0 model), non-polar solvation, and ligand strain components [49].
Per-residue energy decomposition was also performed to identify the key residues contribut-
ing most favorably to ligand binding. All AGbind values are reported as mean =+ standard
error of the mean (SEM), calculated as SD/+/n, where n = 100 snapshots.

3. Results
3.1. Inhibitory Effect of Piperic Acid and Its Lipophilic Derivatives on R. oryzae Lipase

This study assessed the inhibitory effects of newly synthesized lipophilic piperate
esters [17] on R. oryzae lipase (ROL) using three inhibition methods.

Method A: Pre-incubation in an aqueous medium was performed without substrate to
evaluate direct interactions between ROL and piperic acid or its derivatives. The inhibitory
effects at different concentrations are presented in Figure 2A. At 2.5 mg/mL, butyl piperate
inhibited 91% of ROL activity, while almost 80% inhibition was obtained with piperic
acid, octyl piperate, and dodecyl piperate. Notably, octyl piperate showed the lowest ICs
(0.25 mg/mL), followed by piperic acid (0.4 mg/mL), whereas dodecyl piperate was the
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least potent (IC5p = 0.9 mg/mL). These findings indicate that lipophilization of piperic acid
with an octyl chain enhances ROL inhibition. Many studies have reported that hydrophobic
natural compounds can act as potent inhibitors for pancreatic and bacterial lipases [4,50].
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Figure 2. Effect of piperic acid (PA), butyryl piperate (R1), octyl piperate (R2), and dodecyl piperate
(R3) on Rhizopus oryzae lipase (ROL) activity. (A) Inhibition using Method A. The ROL was pre-
incubated at 25 °C for 10 min with different concentrations of the piperic acid and its derivatives.
(B) Inhibition using Method B. The piperic acid and its lipophilic derivatives were added during
olive oil emulsion hydrolysis at pH 8.5 and 37 °C. (C) Inhibition using Method C. The piperic acid
and its esters were added to an olive oil emulsion at pH 8.5 and 37 °C before lipase injection. All the
obtained results are expressed as the means of three experiments + standard deviation.
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Method B: This method was employed to determine the enzyme inhibition during
hydrolysis. Various concentrations of piperic acid or its derivatives were added 2 min after
ROL addition to the olive oil emulsion at pH 8.5 and 37 °C. Our results (Figure 2B) show
62% inhibition of ROL activity at 2.5 mg/mL butyl acetate, while, at the same concentration,
piperic acid and its octyl and dodecyl esters achieved 84% inhibition. Both piperic acid
and octyl piperate exhibited the most remarkable inhibitory effects with IC50 values of
approximately 0.05 mg/mL. This observed inhibitory effect may result from a direct action
on the adsorbed enzyme and/or an alteration of the lipid-water interface, which affects the
enzyme binding step.

Method C: The inhibition of ROL by the “poisoned substrate” method was per-
formed with different concentrations of the piperic acid and its lipophilic derivatives.
In this case, inhibitors were pre-incubated with the substrate for 2 min before enzyme
addition. The results are presented in Figure 2C. This figure shows 60% inhibition of
ROL activity by 2.5 mg/mL dodecyl acetate with an IC50 of 0.8 mg/mL. However, a
comparable ROL inhibitory effect of 80% was observed with 2.5 mg/mL piperic acid
or its butyl- and octyl esters (Figure 2C). Piperic acid and octyl piperate again showed
the most potent inhibitory effects, with ICsy values of approximately 0.05 mg/mL and
0.15 mg/mL, respectively.

Overall, the physicochemical properties of the inhibitors strongly influence ROL
inhibition in Method C, likely due to their ability to bind at the lipid—water interface and
modify interfacial properties that govern enzyme activity. The possibility that piperate
esters act as competing substrates rather than true inhibitors was considered by HPLC
analysis. Our results show that no detectable hydrolysis products were observed over the
timescale of the inhibition assay (Figure S1).

3.2. In Silico Structural Analysis
3.2.1. Structural Validation of AlphaFold Model

The AlphaFold-predicted structure of Rhizopus oryzae lipase (ROL) was validated
using multiple structural assessment tools to confirm its reliability for molecular docking
and dynamics simulations. MolProbity analysis yielded a clashscore of 2.02 and a Mol-
Probity score of 1.19, ranking the model in the 99th percentile relative to experimentally
determined structures.

Ramachandran plot analysis revealed that 96.6% of residues fell within favoured
regions, with no outliers (Figure 3).

Additional validation using PROCHECK showed that 86.0% of residues were in core
regions, 12.2% in allowed regions, and 1.1% in disallowed regions. The ProSA Z-score
(—8.33) fell within the range of native protein structures of comparable size.

VERIFY3D analysis revealed that 84.3% of residues had acceptable 3D /1D compatibil-
ity scores, while ERRAT yielded an overall quality factor of 89, exceeding the threshold of
80 established as indicative of a high-quality structural model [36].

Minor structural deviations were observed, including three cis-Proline residues, 0.7%
poor rotamers, 1.0% bond angle outliers, and 1.6% CaBLAM outliers. Such deviations are
typical in predicted models, particularly within flexible loop regions [51,52], and do not
compromise the overall structural quality.
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Figure 3. Ramachandran plot of the structural model of Rhizopus oryzae lipase. Red, yellow, and light-
yellow regions represent most favored, allowed, and generously allowed conformations, respectively.
White areas correspond to disallowed regions. Blue triangles and circles represent non-glycine and
non-proline residues, respectively. Red points indicate outlier residues.

3.2.2. Molecular Docking Analysis

To gain structural insights into the anti-lipase activity of piperic acid and its various
derivatives, we employed molecular docking to examine their binding affinities and interac-
tion profiles with key amino acids in the active site of R. oryzae lipase. Docking simulations
were performed using two approaches within the Schrodinger software suite: Glide XP
(extra precision) and Induced Fit Docking (IFD).

Since no experimental structure of ROL or any Rhizopus lipase complexed with
a non-covalent inhibitor is available in the RCSB Protein Data Bank, formal redocking
validation was not feasible. Instead, protocol reliability was evaluated through concordance
among Glide XP scores, MM-GBSA binding free energies, 150 ns MD stability profiles, and
experimental ICs; values.

The results from these studies allowed us to establish structure-function relationships,
shedding light on the potential lipolysis-inhibitory properties of the piperic acid derivatives.
An overview of the structural model of the R. oryzae lipase/piperate ester complex is
presented in Figure 4. Docking scores and binding affinities are summarized in Table 1.

Table 1. Docking Parameters for Piperic Acid Derivatives and Reference Inhibitor.

Compound XP Gscore (kcal/mol) IFD Score
Octyl piperate —11.134 —793.08
Orlistat (reference) t —10.546 —795.41
Piperic acid —-9.912 —715.50
Butyryl piperate —9.243 —790.55
Dodecyl piperate —8.462 —791.10

* Orlistat is a covalent serine lipase inhibitor. The reported XP Gscore reflects non-covalent interactions only and
does not represent its actual binding mechanism or inhibitory potency. Included for relative scoring context only.
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Figure 4. Structural model of the R. oryzae lipase/piperate ester complex with a GRASP
(A) and ribbon (B) representation. (C) Zoom in on the interaction site between the enzyme and the
different molecules.

This table presents the docking parameters obtained from Glide XP and Induced Fit
Docking (IFD) approaches for piperic acid and its derivatives, alongside the reference In-
hibitor. Among the compounds studied, octyl piperate emerged as the most potent inhibitor
with a superior XP Gscore (—11.134 kcal /mol) compared to orlistat (—10.546 kcal/mol), rep-
resenting a 5.6% improvement in rigid docking affinity. While orlistat showed marginally
better IFD performance (—795.41 vs. —793.08), the minimal difference (0.3%) indicates
comparable binding when accounting for protein flexibility. This dual-protocol analy-
sis confirms octyl piperate’s exceptional binding potential, with the eight-carbon alkyl
chain achieving optimal hydrophobic complementarity within the enzyme’s active site.
The compound established a comprehensive interaction network including: (i) extensive
hydrophobic contacts with Ala212, Pro301, Val329, Ile216 forming the primary binding
core, (ii) m-alkyl interactions with Phe209 and His232 providing aromatic stabilization,
and (iii) strategic positioning allowing multiple van der Waals contacts that maximize
binding surface area while minimizing steric clashes (Figure 5A,B). These findings are
consistent with the in vitro results, including a strong affinity between octyl piperate and
the active site of R. oryzae lipase. The anti-lipase activity of octyl piperate showed high
IC50 values (0.05 mg/mL with Methods B and C, and 0.25 mg/mL with Method A). This
suggests that octyl piperate is a promising candidate for inhibiting the activity of this fungal
enzyme. Orlistat was included as a relative scoring reference only. As a covalent serine
lipase inhibitor that irreversibly acylates Ser268, its XP Gscore (—10.546 kcal/mol) and IFD
score (—795.41 kcal/mol) reflect non-covalent interactions only and do not represent its
true binding mechanism or affinity. These values are therefore not directly comparable to
those of the piperate derivatives and are provided for contextual reference only.
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Figure 5. 3-D (left panel) and 2-D (right panel) representations of the binding site of piperic acid
and its derivatives with Rhizopus oryzae lipase. (A,B) Octyl piperate/lipase complex; (C,D) Butyryl
piperate/lipase complex; (E,F) Dodecyl piperate/lipase complex; (G,H) Piperic acid/lipase complex.

In contrast, butyryl piperate demonstrated moderate binding potential (XP:
—9.243 kcal/mol; IFD: —790.55 kcal/mol) with a compensatory binding strategy. The
shorter four-carbon chain limitation was offset by an enhanced hydrogen bonding capacity,
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which formed stable H-bonds with Ser184 (active site proximity), Ile213 (backbone inter-
action), and Ser238 (side-chain hydroxyl group). Additional stabilization derived from
hydrophobic interactions with Tyr151 and Leu269, creating a balanced binding mode that
maintained reasonable affinity despite suboptimal chain length for the binding pocket
dimensions (Figure 5D).

Dodecyl piperate, despite possessing the longest alkyl chain (12 carbons), showed
an unexpectedly lower binding affinity (XP: —8.462 kcal/mol; IFD: —791.10 kcal/mol),
as presented in Table 1, illustrating the principle that excessive hydrophobic extension
can be counterproductive. The extended chain formed multiple hydrophobic contacts
with Pro301, Val329, Val332, Ile216, Leul05, 11e328, and 1le377, but likely encountered
steric hindrance and unfavorable conformational constraints within the binding cavity
(Figure 5E,F). The significant difference between XP and IFD scores suggests that protein
flexibility partially accommodates the extended chain, but entropic penalties and reduced
binding complementarity ultimately limit overall affinity. This finding establishes an
optimal alkyl chain length threshold and demonstrates that binding affinity follows a
bell-shaped relationship with hydrophobic chain extension in this system.

Finally, we examined the docking of the precursor compound, piperic acid, within
the active site of the fungal lipase. As shown in Table 1, piperic acid exhibited moderate
binding affinity (XP: —9.912 kcal/mol; IFD: —715.50 kcal /mol) through a distinct interaction
mechanism. The compound primarily relied on hydrogen bonding networks with Thr206,
Val217, His232, and the catalytic Ser268, supplemented by -7t stacking interactions with
Phe209 and hydrophobic contacts with Gly205 and Val329 (Figure 5G,H). Despite forming
stable electrostatic interactions, the lack of extended hydrophobic regions limited its overall
binding affinity compared to the ester derivatives, highlighting the critical role of lipophilic
modifications in enhancing lipase binding.

The docking protocol’s reliability is supported by concordance among Glide XP scores,
MM-GBSA binding energies, and MD simulation stability, all identifying octyl piperate as
the most potent and dodecyl piperate as the weakest inhibitor, consistent with experimental
ICs5p values. Minor discrepancies, such as similar ICsy values for piperic acid and octyl
piperate under Method B despite different XP Gscores, reflect known limitations of scoring
functions for interfacial enzymes and do not affect the main conclusions. Overall, molecular
docking of piperic acid derivatives corroborated in vitro results, highlighting octyl piperate
as the most effective inhibitor. These findings emphasize the role of alkyl chain length in
optimizing binding affinity and specificity, providing a foundation for the rational design
of potent lipase inhibitors for industrial and therapeutic applications.

3.3. Molecular Dynamics Simulation Analysis (MD)
3.3.1. Root-Mean-Square Deviation (RMSD)

Root-Mean-Square Deviation (RMSD) measures the average distance between atoms,
typically backbone atoms, of superimposed proteins and/or ligands [53]. In our molecular
dynamics simulations, the RMSD was used to reveal the structural stability of the ROL
complexed with each of the piperic acid and its derivatives. This study conducted a
150-nanosecond MD simulation to monitor the dynamic behavior of each enzyme-ligand
complex over time (Figures 52-56).

The comprehensive 150 ns molecular dynamics simulations revealed distinct con-
formational stability profiles for each lipase-ligand complex, with all systems achieving
equilibration within 20-30 ns but exhibiting characteristic ligand-specific behaviors there-
after. Protein backbone stability was excellent across all complexes, with RMSD values
ranging from 2.0 to 2.8 A, well within the acceptable limits for globular proteins. The apo
lipase reference showed slightly higher fluctuations (2.5-3.2 A), confirming that ligand bind-
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ing provides overall stabilization to the enzyme structure. The catalytic domain (residues
200-380) demonstrated exceptional stability across all complexes (RMSD < 2.0 A), while
N-terminal regions (residues 1-50) exhibited moderate flexibility (2.5-3.5 A) consistent
with surface loop dynamics.

The five compounds exhibited markedly different ligand mobility patterns, which
directly correlated with their binding mechanisms and structural features. Orlistat demon-
strated exceptional binding stability, characterized by a two-phase profile, with rapid equi-
libration within the first 10 ns and subsequent stabilization at approximately 2.5 + 0.3 A
for the remainder of the simulation. Initial optimization (0-25 ns) exhibited moderate fluc-
tuations (ligand RMSD, 2.0-3.8 A) as the complex pharmacophore groups optimized their
positions, followed by remarkable stability (RMSD, 2.1 & 0.3 A, for 25-150 ns), reflecting the
compound’s optimized design for lipase binding. This stability profile validates orlistat’s
clinical efficacy and provides a benchmark for evaluating novel inhibitors of this class.

The profiles shown in Figure 6A suggest that the formation of the lipase/butyryl
piperate complex stabilizes over the course of the 150 ns simulation. Butyryl piperate
demonstrated intermediate stability with ligand RMSD fluctuating between 1.2-2.0 A, while
protein backbone RMSD values stabilized within the first 20 ns and remained consistently
below 2.5 A. The four-carbon chain exhibited restricted mobility due to its optimal fit
within a hydrophobic sub-pocket, while the piperate head group maintained consistent
hydrogen bonding geometry. Occasional RMSD spikes reaching 2.5 A at 45 ns and 110 ns
corresponded to transient chain rotations around the ester linkage, indicating modest
conformational flexibility without loss of binding affinity. The ligand maintained a stable
binding pose within the active site, with fluctuations remaining below 1.5 A throughout
the trajectory.

In contrast, the RMSD of the octyl piperate (Figure 6B) revealed a biphasic stability
profile with distinct conformational phases, as the protein backbone RMSD exhibited
initial equilibration within the first 20 ns, followed by stabilization at around 2.8 + 0.4 A.
Notably, Initial equilibration (0-30 ns) showed high ligand mobility (RMSD 2.0-4.5 A) as the
eight-carbon chain explored multiple orientations within the binding pocket. A significant
conformational transition occurred around 40-50 ns (RMSD peak at 4.2 A), followed by
stabilization into a preferred binding mode after 70 ns (RMSD 2.5 + 0.4 A). This behavior
suggests an induced-fit mechanism, where both the ligand (octyl piperate) and the protein
(R. oryzae lipase) undergo mutual adaptation to achieve optimal complementarity, with
the stabilized conformation persisting for the final 80 ns, indicating a thermodynamically
favorable binding.

Figure 6B also shows that the overall RMSDs for the protein and ligand reached a
relatively steady state between 80 and 100 ns. This indicates that the simulations had
likely converged and that the system had adequately explored a representative range
of conformations.

Dodecyl piperate (Figure 6C) exhibited the highest conformational flexibility, with
ligand RMSD ranging from 1.5 to 6.5 A and multiple distinct binding phases, while the
protein backbone RMSD stabilized around 2.5-3.0 A after initial equilibration. The extended
12-carbon chain showed continuous conformational sampling, with major transitions at
40 ns (RMSD jump to 5.8 A) and 65 ns (stabilization at 4.2 A). Analysis of chain end-to-end
distances revealed the alkyl tail exploring regions both within and extending beyond the
primary binding pocket, suggesting partial solvent exposure. Despite high mobility, the
piperate head group maintained consistent interactions with the active site, indicating
a “molecular anchor” binding mode where the pharmacophore remains fixed while the
extended chain samples multiple conformations (Figure 6C).
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Figure 6. The root means square deviation (RMSD) of (A) Butyryl piperate/lipase complex; (B) Octyl
piperate/lipase complex; (C) Dodecyl piperate/lipase complex; (D) Piperic acid/lipase complex. The
blue color indicates fluctuations in the enzymatic protein. The RMSD of the ligand is indicated in red.
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Piperic acid exhibited the most rigid binding behavior with ligand RMSD consistently
below 1.8 A throughout the entire trajectory (Figure 6D). The compound achieved rapid
equilibration within 10 ns and maintained a single, well-defined binding conformation,
reflecting strong electrostatic anchoring through hydrogen bonds with the catalytic serine
and surrounding polar residues. The minimal conformational sampling suggests high
binding site complementarity despite the absence of extended hydrophobic interactions.
The protein backbone RMSD fluctuated within an acceptable range of 1.0-2.5 A relative to
the initial conformation, indicating minimal large-scale conformational changes (Figure 6D).
These findings suggest that the lipase/piperic acid complex attained a stable conformation
following the initial adjustment phase.

3.3.2. Root-Mean-Square Fluctuation (RMSF)

RMSF values for the backbone atoms of the protein and ligand were calculated as a
function of simulation time to assess residue-level flexibility (Figures S2-56). In molecular
dynamics simulations, average RMSF values are commonly used as an indicator of the
overall flexibility of a system [54]. The RMSFs of each backbone atom were calculated for
every residue to identify regions of structural fluctuation.

Per-residue flexibility analysis revealed ligand-specific effects on protein dynamics and
identified critical binding regions through perturbations in mobility. All complexes main-
tained characteristic protein flexibility signatures with terminal regions (residues 1-25 and
370-392) showing the highest fluctuations (RMSF > 3.0 A), intermediate flexibility in surface
loops (RMSF 1.5-2.5 A), and rigid core secondary structures (RMSF < 1.5 A). The catalytic
triad (Ser268, Asp327, His380) consistently exhibited minimal fluctuations (RMSF < 0.8 A),
confirming structural integrity essential for catalytic function. Comparative analysis with
apo lipase revealed significant stabilization of the binding site across all complexes, with the
primary binding pocket (residues 200-220, 265-280, 325-340) exhibiting a 25-40% reduction in
RMSF values upon ligand binding. Octyl piperate provided the most pronounced stabilization
(38% average RMSF reduction in binding residues), while piperic acid showed the least effect
(22% reduction), correlating with their respective binding affinities.

Secondary structure analysis throughout the MD trajectories confirmed robust
structural integrity across all complexes. All systems maintained a helical content of
24.96-26.06%, compared to 25.8% in crystal structures, with octyl piperate showing the
highest conservation (26.06%) and dodecyl piperate exhibiting the most variation (24.96%).
[3-sheet content remained stable at 18.45-20.51% across all complexes, with the central
[3-sheet core showing exceptional conservation. Ligand binding enhanced 3-sheet stability,
particularly in the substrate-binding region, supporting the role of induced-fit stabilization.
The total secondary structure element content ranged from 43.71% (piperic acid) to 46.42%
(octyl piperate), indicating excellent structural preservation throughout the simulations.

Protein-ligand interaction analysis revealed distinct interaction profiles for each com-
pound. Orlistat established exceptional binding stability with central pharmacophore
regions showing minimal fluctuations (RMSF < 2.0 A) and terminal aliphatic chains ex-
hibiting moderate flexibility (RMSF 2.0-3.5 A). The hydrogen bonding network showed
exceptional stability with key interactions maintained at high occupancy rates exceeding
70% of simulation time, while extensive hydrophobic contacts demonstrated high temporal
stability (>80% occupancy). Ionic interactions contributed significantly to binding stability
with sustained electrostatic contacts throughout the trajectory.

Figure 7A shows that Butyryl piperate exhibited a diverse network of interactions
contributing to stable binding, with hydrophobic contacts maintaining high occupancy
throughout the simulation (>70% of trajectory time) and hydrogen bonding interactions
showing moderate but consistent occupancy (40-60%). Water-mediated interactions were
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observed sporadically (15-25%), while ionic interactions were minimal, reflecting the
neutral charge state and predominantly hydrophobic character of the binding site. The
overall protein flexibility was well-maintained, with the catalytic triad region showing
minimal fluctuations (RMSF < 1.0 A), indicating that butyryl piperate did not disrupt the
essential catalytic architecture.
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Figure 7. Root-Mean-Square Fluctuation (RMSF) of (A) Butyryl piperate/lipase complex; (B) Octyl
piperate/lipase complex; (C) Dodecyl piperate/lipase complex; (D) Piperic acid/lipase complex. The
green-colored vertical bars correspond to the enzyme residues that interact with the ester.
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The RMSF profile (Figure 7B) revealed distinct patterns of residue fluctuations in
the Lipase/Octyl piperate complex during the 150 ns MD simulations. Octyl piperate
demonstrated binding primarily driven by hydrophobic interactions, which dominated the
binding interface with total contact occupancy fluctuating between 6 and 12 interactions per
frame. Hydrogen bonding interactions showed relatively low occupancy (<30% simulation
time), suggesting that binding is primarily driven by hydrophobic and van der Waals
forces rather than specific polar contacts. Water-mediated interactions contributed through
several transient water bridges between ligand and protein residues. The ligand containing
11 rotatable bonds exhibited considerable conformational flexibility, with the octyl chain
terminus displaying the highest atomic fluctuations (>2.5 A) while the piperonyl moiety
remained more constrained within the binding site.

RMSF analysis identified protein regions with high RMSF values (greater than 3 A),
indicating significant flexibility (Figure 7C). This inherent mobility is hypothesized to
be crucial in accommodating the bound ligand. Such flexibility may enable localized
conformational adjustments around the bound ligand, facilitating the exploration of various
binding conformations and contributing to optimal ligand positioning. Alternatively, the
presence of the ligand could induce conformational changes in these dynamic regions,
suggesting a mechanism of induced fit that stabilizes the final complex structure.

Dodecyl piperate established multiple intermolecular contacts throughout the trajec-
tory, with key hydrogen bonds showing occupancy values ranging from 15% to 65% of
simulation time. The extended dodecyl chain established extensive hydrophobic contacts
with high occupancy rates (>70% for several residues), while water bridge formation was
observed between ligand and protein, particularly involving polar regions. The total num-
ber of protein-ligand contacts fluctuated between 8 and 15 interactions per frame, indicating
a stable yet flexible binding mode. The molecule’s 15 rotatable bonds allowed substantial
conformational sampling, with the dodecyl chain adopting multiple conformational states
while maintaining overall molecular compactness.

The RMSF profile (Figure 7D) revealed increased flexibility in the N-terminal side of
the fungal lipase. Interestingly, the residues involved in interactions with the piperic acid
ligand showed reduced fluctuations, which could contribute to stabilizing the enzyme-
ligand complex.

Piperic acid demonstrated a comprehensive interaction network comprising hydrogen
bonds, hydrophobic interactions, ionic interactions, and water-mediated bridges. Hydrogen
bonds constituted the primary stabilizing interactions, with an average of 2-3 simultaneous
H-bonds maintained throughout the simulation and occupancies ranging from 15% to 85%.
The aromatic ring system engaged in significant hydrophobic contacts and 7-7 stacking
interactions, with occupancies of 30-70%. Meanwhile, the negatively charged carboxylate
group formed ionic interactions with positively charged residues, exhibiting occupancies
of 20-60%.

Ligand conformational analysis revealed distinct flexibility patterns correlating with
chain length and binding mechanisms. Piperic acid showed moderate flexibility in its
three rotatable bonds, with the carboxylate group and conjugated chain system exhibiting
different degrees of flexibility while maintaining a constant radius of gyration (~4.2 A).
Butyryl piperate’s seven rotatable bonds exhibited varying degrees of flexibility, with the
aliphatic chain region displaying the highest conformational freedom. Probability density
distributions indicated stable conformational states without significant energy barriers.
Octyl and dodecyl piperates demonstrated increasing conformational complexity due to
their extended alkyl chains, which allowed for multiple orientations while maintaining
core pharmacophore interactions with the active site.
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Based on combined RMSD, RMSE, and secondary structure metrics, the complexes
ranked in stability as orlistat > piperic acid > butyryl piperate > octyl piperate > dodecyl
piperate. Notably, this ranking differs from binding affinity, highlighting that conforma-
tional stability and binding strength can be independent properties in structure-based drug
design. The molecular dynamics simulations provide comprehensive insights into the dy-
namic behavior of piperic acid derivatives in complex with Rhizopus oryzae lipase, revealing
distinct binding mechanisms and conformational preferences that correlate with their in-
hibitory potentials and establishing a foundation for rational optimization of piperate-based
lipase inhibitors.

3.3.3. Analysis of Interactions Involved in the Formation of the Lipase-Ligand Complex

Analysis of the average interaction frequencies (Figures 52-56) suggests that a net-
work of key residues is crucial in stabilizing the lipase/butyryl piperate complex. Notably,
Tyr151 (via its hydroxyl group), Leul83 (through aliphatic side chain carbons), and Ser184
(hydroxylated residue) form hydrogen bonds and hydrophobic contacts with the ligand
(Figure 8A,B). Although the ligand displays conformational flexibility during the simu-
lation, as indicated by the torsional angle variations in the RMSF profile (Figure 8A). It
eventually adopts a relatively stable conformation within the lipase-binding pocket, sug-
gesting a favorable binding mode. Additional interactions, including a hydrogen bond
with His232 and hydrophobic interactions with Leu269 and Ile213, could further contribute
to the stability of the complex.

In the lipase/octyl piperate complex, MD simulations reveal the dominant role of
hydrophobic interactions in ligand binding. Octyl piperate, with its extended aliphatic
chain, forms favorable van der Waals interactions with key residues such as Val332, Val329,
and Ala212 (Figure 8C,D). These interactions create a hydrophobic environment within
the binding pocket, facilitating a precise fit of the non-polar portion of the ligand. This
hydrophobic complementarity is a fundamental principle in protein-ligand interactions, sig-
nificantly contributing to the overall binding affinity of the complex. Beyond simple spatial
proximity, the analysis suggests the possibility of aromatic stacking interactions between
the ligand and phenylalanine residues (Phe209, Phe218, and Phe235) in the binding pocket.
This 77t stacking stabilizes the complex and may influence the ligand’s specific orientation.
In addition, the presence of a positively charged benzene ring on the ligand implies the
potential for a 7t-cation interaction with Leu269, adding another layer of complexity to the
aromatic interactions involved in ligand recognition.

Although the current visualization highlights water-mediated interactions, the pres-
ence of hydrogen bond donors and acceptors on both the ligand and the surrounding
lipase residues (Ser268, Thr206, and GIn241) suggests the existence of a complex hydrogen-
bonding network. This network could be crucial in anchoring the ligand and facilitating its
optimal orientation within the binding pocket (Figure 8D).

Analysis of the R. oryzae lipase/dodecyl piperate complex revealed key stabilizing
forces that anchor the ligand within the enzyme’s binding pocket. Residues such as Val195,
Gly253, and His257 exhibited high interaction frequencies, underscoring their pivotal role
in ligand binding. The multifaceted nature of the interaction is evident through a combina-
tion of hydrogen bonds, hydrophobic interactions, and residue-specific interactions. As
illustrated in Figure 8E,F, crucial stabilizing forces include hydrophobic interactions be-
tween aliphatic residues (e.g., [1e213, 1le327) and the ligand’s long aliphatic chain, potential
7i-7t interactions of residues such as Phe 209 and Phe238, and hydrogen bonds involving
His232, Ser237, and Thr206. This intricate network of interactions highlights the synergistic
contribution of multiple forces in stabilizing the lipase-dodecyl piperate complex.
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Figure 8. Interaction’s frequencies (left panel) and amino acids residues (right panel) involved
in the formation of (A,B) Butyryl piperate/lipase complex; (C,D) Octyl piperate/lipase complex;
(E,F) Dodecyl piperate/lipase complex; (G,H) Piperic acid/lipase complex.

Finally, a detailed analysis of the interactions between R. oryzae lipase and piperic acid
revealed a network of interactions crucial to the stability of the complex (Figure 8G,H).
Key stabilizing interactions include hydrogen bonds involving Ser209, Val216, and Ile217,
which possess functional side chains such as hydroxyl or amine groups. In addition, the
model suggests the presence of a 7-7t stacking interaction with Phe209, along with potential
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hydrophobic interactions involving Val216 and Ile217. Beyond these primary interactions,
the analysis also indicates the possible involvement of ionic bonds with charged residues
such as Lys, Arg, Asp, and Glu. These additional electrostatic interactions may further
enhance the complex’s binding affinity, specificity, and stability.

A molecular docking model was developed to gain deeper insight into the interactions
between lipase and small fatty acid molecules [55]. In this study, the active site of CALB
lipase comprises a catalytic triad (Ser 105, His 224, Asp 187) associated with a charge transfer
mechanism. GIn 106 and Thr 40 also formed stable hydrogen bonds with negatively charged
oxygen atoms.

Hydrogen bonding and hydrophobic interactions were identified as the primary
mechanisms through which lipase binds to fatty acids. The results reveal that all tested fatty
acids engage in hydrogen bonding interactions with key active site residues, particularly
Ser 105. This can be attributed to the nucleophilic nature of Ser 105, which exhibits a strong
affinity for water molecules in a biphasic system.

The docking binding energies were calculated in the following order of increas-
ing magnitude: Ethyl valerate (—1.05 kcal/mol), ethyl hexanoate (—1.10 kcal/mol),
ethyl heptanoate (—1.12 kcal/mol), ethyl octanoate (—1.12 kcal/mol), ethyl nonanoate
(—1.17 kcal /mol), ethyl decanoate (—1.20 kcal/mol), ethyl laurate (—1.29 kcal/mol). These
results indicate an increase in binding energy with the length of the fatty acid chain, sug-
gesting an enhanced affinity between longer-chain fatty acids and CALB lipase. This trend
supports the conclusion that the selectivity of the CALB active site increases with the carbon
chain length of the fatty acid [56]. Interestingly, our study, compared to other previously
reported lipase inhibitors [57-59], revealed that the enzymatically synthesized piperic acid
esters, especially octyl piperate, can inhibit the fungal R. oryzae lipase by accommodating
itself in the active-site binding pocket, driven by favorable hydrophobic interactions with
residues Val329, Ala212, and Phe209, with a geometry that does not position the ester
carbonyl for productive nucleophilic attack by Ser268, supporting an inhibitory mode
of action.

3.3.4. Binding Energy Analysis and Quantitative Metrics

Binding free energy calculations were performed using the MM-GBSA (Molecular
Mechanics Generalized Born Surface Area) method, with snapshots extracted every 1 ns
from the equilibrated trajectory (50-150 ns), yielding 100 snapshots per complex. The
binding energies revealed a clear ranking of inhibitory potential, which correlates well with
both the docking results and experimental observations (Table 2).

Table 2. MM-GBSA Binding Energy Analysis.

Ligand AG Bind AGvdW  AG Coulomb Ligand Strain
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Octyl Piperate —79.03 £ 4.67 —59.90 —5.52 3.24
Dodecyl Piperate —68.26 £ 3.93 —52.47 —7.90 221
Orlistat —55.44 £7.19 —47.62 —62.35 5.40
Butyryl Piperate —51.69 +4.17 —40.16 —7.59 1.52
Piperic Acid —44.13 +£2.44 —36.09 6.97 0.75

The MM-GBSA results reveal distinct energetic profiles for each compound (Figure 9).
Octyl piperate demonstrated the highest binding affinity (—79.03 kcal/mol), primarily
driven by strong van der Waals interactions (—59.90 kcal/mol), which reflect optimal
hydrophobic complementarity with the binding pocket. The moderate Coulombic contri-
bution (—5.52 kcal/mol) and manageable ligand strain (3.24 kcal /mol) indicate favorable
binding without a significant conformational penalty.
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Figure 9. The results of MM-GBSA energetic profiles for the standard (red) and piperate esters (blue).

Dodecyl piperate exhibited the second-highest affinity (—68.26 kcal/mol), charac-
terized by substantial van der Waals interactions (—52.47 kcal/mol) resulting from its
extended alkyl chain. The enhanced Coulombic contribution (—7.90 kcal/mol) compared
to shorter derivatives and low ligand strain (2.21 kcal/mol) suggests stable electrostatic
interactions despite the molecule’s flexibility.

Furthermore, Orlistat, despite being a known potent inhibitor, exhibited lower bind-
ing energy (—55.44 kcal/mol) in this analysis, though it uniquely showed the strongest
Coulombic interactions (—62.35 kcal/mol), consistent with its polar functional groups
and potential for covalent binding. The higher ligand strain (5.40 kcal/mol) may reflect
conformational adjustments required for optimal active site complementarity.

In addition, Butyryl piperate demonstrated moderate binding (—51.69 kcal/mol)
with balanced van der Waals (—40.16 kcal/mol) and Coulombic (—7.59 kcal /mol) contri-
butions. The low ligand strain (1.52 kcal/mol) indicates minimal conformational stress
upon binding.

Finally, Piperic acid showed the lowest binding affinity (—44.13 kcal/mol), with mod-
erate van der Waals interactions (-36.09 kcal/mol) but a notably positive Coulombic energy
(6.97 kcal/mol), suggesting that electrostatic repulsion partially offsets the hydrophobic
binding. However, it exhibited the lowest ligand strain (0.75 kcal/mol), indicating optimal
conformational compatibility with the binding site.

The energy decomposition reveals that van der Waals interactions dominate binding
affinity across all piperate derivatives, with longer alkyl chains providing increasingly
favorable hydrophobic contacts up to C8. The ranking Octyl > Dodecyl suggests an optimal
chain length around C8, where hydrophobic binding is maximized without excessive
entropic penalties or unfavorable conformational strain.

Interestingly, octyl piperate achieved significantly higher binding energy compared
to the reference Orlistat, highlighting the effectiveness of hydrophobic optimization in
this system and suggesting that the R. oryzae lipase active site is particularly suited for
accommodating medium-chain fatty acid derivatives.
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The comprehensive molecular dynamics analysis, supported by quantitative MM-
GBSA binding energy calculations, revealed distinct binding profiles and established
an apparent activity ranking: Octyl Piperate (—79.03 kcal/mol) > Dodecyl Piperate
(—68.26 kcal/mol) > Orlistat (—55.44 kcal/mol) > Butyryl Piperate (—51.69 kcal/mol) >
Piperic Acid (—44.13 kcal/mol).

Octyl piperate emerged as the most potent inhibitor, achieving 42% higher bind-
ing affinity than the reference Orlistat through optimized van der Waals interactions
(—59.90 kcal/mol) while maintaining favorable electrostatic contributions and manageable
conformational strain. The structural analysis confirmed that octyl piperate achieves
binding stabilization after approximately 70 ns with sustained contact occupancy of
6-12 interactions per frame, driven by favorable hydrophobic interactions with key residues
Val329, Ala212, and Phe209.

Dodecyl piperate demonstrated substantial binding affinity (—68.26 kcal/mol) but
with increased conformational flexibility and strain, suggesting that chain lengths be-
yond C8 may encounter diminishing returns due to entropic penalties despite enhanced
hydrophobic contacts.

Interestingly, recent literature aligns well with our findings. For example, novel
pancreatic lipase peptide inhibitors from yak milk cheese (RK7, KQ7) were characterized
using molecular docking and showed enzymatic inhibition with an ICsy of 0.6 mg/mL [60].
Similarly, the stable binding of natural polyphenols, such as pinoresinol and e-viniferin, to
the pancreatic lipase active site was demonstrated using both computational and in vitro
evidence [61]. The 3D-QSAR and MD study prioritized Chrysin as potent pancreatic lipase
inhibitor over Genistein and Naringenin, reinforcing the importance of hydrophobic and
H-bond in the interaction ligand-enzyme [62]. Furthermore, bromhexine was found to be
a potential lipase inhibitor with mixed-mode inhibition and docking-supported binding
pose stability [63].

4. Conclusions

In conclusion, the analysis reveals that hydrophobic optimization represents a highly
effective strategy for lipase inhibitor design. The excellent correlation between dock-
ing predictions, MD simulation results, and experimental IC50 values validates our in-
tegrative approach and highlights octyl piperate as a promising candidate for the devel-
opment of novel lipase inhibitors with potential applications in food preservation and
antifungal therapy:.
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Figure S6: Orlistat simulation interactions diagram report.
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