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Abstract

Epigenetic dysfunction which has implicated disease conditions such as diabetes highlights the urgency for the discovery
of novel therapeutic alternatives. The rising global incidences of diabetes and the limitations of existing treatments further
exacerbate the quest for novel antidiabetic agents’ discovery. This study leverages computational approaches to screen
selected bioactive natural product phytoconstituents for their potential anti-diabetic properties. Utilizing pharmaceutical
profiling, ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) predictions, molecular docking, and
molecular dynamics (MD) simulations, the drug-likeness and binding affinity of these natural compounds against human
pancreatic amylase was investigated. Out of the total 24,316 ZINC compounds screened for their binding scores with
amylase, ZINC85593620, ZINC85593668, and ZINC85490447 came top. The compounds had higher binding scores
than the standards (acarbose and ranirestat) with ZINC85593620 having the highest docking score of—12.162 kcal/mol
and interacted with key amino acid residues such as TRP 59, ILE 148, and ASP 197. Further validation through MD
simulations reveals that all the compounds showed minimal fluctuations relative to the standards indicating strong and
stable binding interactions suggesting potential effective inhibition of the enzyme. ZINC85593620 and ZINC85593668
showed promising distribution and availability characteristics for amylase inhibition. Overall, the compounds displayed
potential amylase inhibition which underscores their use as promising natural products in developing new antidiabetic
drugs. Further experimental validations are recommended to offer a potential solution to the pressing need for safer and
more effective antidiabetic therapies.
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Introduction

Diabetes mellitus is a chronic metabolic disorder character-
ized by hyperglycemia resulting from insulin dysfunction.
The prevalence of diabetes is escalating at an alarming rate
globally, imposing a significant burden on healthcare sys-
tems, economies, and societies (Lu et al. 2024; Asogwa
et al. 2023; Hossain et al. 2024). According to the Inter-
national Diabetes Federation (IDF), approximately 463
million adults were living with diabetes in 2019, and this
number is projected to rise to 700 million by 2045. The dis-
ease is associated with a myriad of complications, including
cardiovascular diseases, nephropathy, neuropathy, retinopa-
thy, and increased susceptibility to infections, which collec-
tively contribute to elevated morbidity and mortality (Sun et
al. 2022; Teo et al. 2021).

Despite the availability of various antidiabetic agents,
including insulin and oral hypoglycemic drugs, the man-
agement of diabetes remains suboptimal for many patients.
Current therapies often fail to achieve and maintain glyce-
mic control, and they are frequently associated with adverse
effects such as hypoglycemia, weight gain, gastrointestinal
disturbances, and cardiovascular risks (Edache et al. 2021,
AbdulRasheed-Adeleke et al. 2023). Moreover, the progres-
sive nature of diabetes necessitates combination therapies
which often leads to treatment failures over time. There-
fore, there is a pressing need to explore and develop novel
antidiabetic drugs with improved efficacy, safety profiles,
and mechanisms of action (Yan et al. 2024; Koufakis et al.
2020).

The global burden of diabetes is immense, with sub-
stantial implications for healthcare costs, productivity, and
quality of life. Direct medical costs for diabetes manage-
ment include expenses related to medications, monitoring
devices, healthcare services, and treatment of complica-
tions. Indirect costs arise from lost productivity, absentee-
ism, disability, and premature mortality (Mahapatra et al.
2022).

Current antidiabetic therapies encompass a range of phar-
macological classes, each targeting different aspects of glu-
cose homeostasis. These include insulin, which is essential
for patients with type 1 diabetes and advanced type 2 dia-
betes; sulfonylureas and meglitinides, which stimulate insu-
lin secretion; biguanides such as metformin, which reduce
hepatic glucose production; thiazolidinediones, which
enhance insulin sensitivity; alpha-glucosidase inhibitors,
which delay carbohydrate absorption; and incretin-based
therapies, which enhance incretin hormone activity (Wein-
berg Sibony et al. 2023; Olanrewaju et al. 2023). However,
each of these therapies has limitations that impede optimal
diabetes management.
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Insulin therapy, while effective and life-saving, it requires
cautious and continuous observation to avoid hypoglycemia
and is associated with weight gain and injection site com-
plications (Mansuri et al. 2024). Oral hypoglycemic agents
such as sulfonylureas and meglitinides carry a risk of hypo-
glycemia and can lose efficacy over time. Metformin, the
first-line therapy for type 2 diabetes, is contraindicated in
patients with renal impairment and can cause gastrointes-
tinal side effects (Houglum et al. 2024; Stoica et al. 2019).
Thiazolidinediones are linked to weight gain, fluid reten-
tion, and an increased risk of heart failure. Alpha-glucosi-
dase inhibitors often cause gastrointestinal disturbances,
limiting their use (Arun and Vettath 2024). Incretin-based
therapies, including GLP-1 receptor agonists and DPP-4
inhibitors, offer advantages such as weight loss and low
hypoglycemia risk but have also been associated with pan-
creatitis and other adverse effects in some cases (Zhang et
al. 2017). Existing alpha-amylase and glucosidase inhibitors
have been reported to induce side effects such as hypogly-
cemia, diarrhea, flatulence, and bowel bloating (Khursheed
et al. 2019).

Given these limitations, there is a critical need for new
antidiabetic drugs that can address the unmet needs of dia-
betes management. Such drugs should ideally offer superior
glycemic control, minimal adverse effects, and novel mech-
anisms of action that complement existing therapies. Drug
banks present an attractive avenue for discovering such can-
didates, as they provide access to a vast array of compounds
with known safety profiles and biological activities (Praj-
apati et al. 2024).

One promising approach to addressing this need is using
drug banks, which are repositories of compounds previ-
ously identified and characterized, including approved
drugs, investigational drugs, and bioactive molecules. Drug
banks are comprehensive repositories that store various
compounds, including FDA-approved drugs, investiga-
tional new drugs (INDs), and other bioactive molecules.
These compounds have undergone varying degrees of char-
acterization, including preclinical and clinical evaluations,
making them valuable resources for drug discovery and
repurposing efforts. Drug repurposing involves identifying
new therapeutic targets for existing drugs, which can sig-
nificantly shorten the drug development timeline and reduce
costs compared to traditional drug discovery routes.

Recent advances in computational biology, bioinformat-
ics, and high-throughput screening have further enhanced
the feasibility of drug repurposing. In silico approaches,
such as molecular docking, virtual screening, and network
pharmacology, enable the identification of potential drug-
target interactions and biological pathways relevant to
diabetes. These methods, combined with experimental vali-
dation, can rapidly identify promising candidates from drug
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banks for further development as antidiabetic agents (Her-
nandez et al. 2019; Ahmed et al. 2023; Ibrahim et al. 2024a).
Hence, this study aimed at identifying druggable and viable
amylase inhibitors from natural products' phytochemical
drug banks as potential antidiabetic compounds.

Methods
Ligand selection and preparation

Twenty-four thousand, three hundred and sixteen (24,316)
compounds (SDF format) were retrieved from the natural
compounds repository of Traditional Chinese Medicine
(TCM) database@Taiwan (Lv et al. 2023; Wang et al. 2024)
(https://zinc12.docking.org/browse/catalogs/natural-produc
ts) (Accessed on 13 September 2024). The 3D structure of
the standard reference drugs; ranirestat and acarbose were
obtained from PubChem database (https://pubchem.ncbi.nl
m.nih.gov/). Using LigPrep wizard (LigPrep, Schrodinger,
LCC, New York, NY, 2019) of the Maestro 12.8 suites, the
ligands were prepared by adding proton, energy minimiz-
ing protonation, geometry estimation, and partial atomic
charges using OPLS-3e force field (Ayipo et al. 2021; Jan-
gid et al. 2024). The prepped ligands were then saved in a
LigPrep output folder.

Protein selection and preparation

The PDB format of the human pancreatic amylase (PDB:
4W93) was downloaded from the protein data bank (www.
rscb.org/) (Accessed on 14 September 2024). The human
pancreatic amylase was preprocessed according to the
methods described by Ayipo and his coworkers (Ayipo et al.
2022) by using the protein preparation wizard of the Mae-
stro 12.8 suite to assign bond order, protonation, fill miss-
ing loops, optimize and minimize energy with the OPLS-3e
force field. The best druggable binding site and ready-to-
dock grid box were selected based on the active pocket of
the co-ligand.

Molecular docking

The study used Maestro 12.8 Glide's HTVS, SP, and XP
molecular docking modules to screen receptor grid and
ligand output files. The top three compounds with good
scoring functions, binding interactions affinity, and MMG-
BSA binding energy values were selected for further inves-
tigation. The docking techniques were validated using
standard inhibitors (acarbose and ranirestat) and co-crys-
tallized ligands. The top compounds were then subjected

to molecular dynamics (MD) simulations for their binding
interaction and stability.

Molecular dynamics simulation

The MD simulation of the top docked complexes was car-
ried out using the Desmond package (Desmond 2020-3,
Schrodinger LLC) (Schrodinger Release 2020-3, 2021) in
a solvent-soaked orthorhombic periodic box, with the sys-
tem charges neutralized with Na+and Cl— counter ions. The
solvated system was minimized and relaxed using OPLS-
3e force field parameters. The simulation was carried out
for 100 ns, and trajectory snapshots were recorded at an
interval of 100 ps. The MD trajectories were analyzed using
Desmond's simulation interaction diagram to predict the
binding orientation of the ligand to the enzyme (Khan et
al. 2024; Osmaniye et al. 2022; Schonherr et al. 2024). The
parameters observed from the MD trajectories were protein/
ligand root mean square deviation (RMSD), protein C—o
atoms root mean square fluctuation (RMSF), the radius of
gyration (Rg), and Molecular/Mechanics Generalized Born
Surface Area (MM-GBSA) binding free energy analysis.

Binding free energy calculations

The binding free energies of the selected ligand—protein
complexes were calculated using the MM-GBSA approach
employing the Python script (thermal mmgbsa.py). The
prime MMGBSA binding free energy for assessed from 0
to 1000 frames, having a 10 steps sampling size in the simu-
lation trajectory with the Variable Dielectric Surface Gen-
eralized Born (VSGB) solvation model associated with the
OPLS-3e force field. The overall ligand—protein complexes
MM-GBSA-based binding free energy (AGy;,q) Was calcu-
lated using the equation given below

AG’bind :Ecomplex (minimized)

- (ELigand (minimized) + Eprotein (minimized))

Pharmacokinetics and pharmacodynamics
predictions

The physicochemical and pharmacokinetics properties
which define the absorption, distribution, metabolism,
excretion, and toxicity (ADMET) profiles of the selected
ligands and reference drugs were estimated using the
pkCSM pharmacokinetics predictor https://biosig.lab.uq.ed
u.au/pkesm/ by the input of SMILE files. Similarities and
closeness of the top compounds to reference drug com-
pounds were generally used as benchmarks for the drug-
gability of the ligands.
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Table 1 Docking scores of Top Compound ID Docking scores (kcal/mol)  Interacted Amino acid residue MMGBSA
Three compounds, Co-ligand, Xp HTVS (Agbind)
and Control drugs (Kcal/mol)
ZINC85593620 —12.162 —9.429 -7.797 TRP59,ILE 148, THR 163, ARG 195, -38.14
ASP 197, LYS 200, GLU233, ASP 298
ZINC85593668 —11.629 —-9.874 -8.097 ASP 197, GLU 233, GLU 240, ASP —42.29
300
ZINC85490447 —11.201 -9.525 -7.768 THR 163, HIE 201, GLU 233, ASP -56.62
300, HIP 305, ASP 356
4W93—Co-ligand  —11.536 —8.862 —7.801 TRP 59, GLN 63,LYS 200, GLU 233, —62.04
GLU 240, ASP 300
Acarbose —12.138 —6.402 —-4.394 HIE 201, GLU 233, ILE 235, ASP 300 —59.25
Ranirestat —6.185 —5.489 —4.497 TRP 59, ARG 195, GLU 233, HIP 305 —45.07

RMSD =1.731%

Fig. 1 Superimposed structures of co-crystallized and re-docked reference ligands at the active pocket of residues of human pancreatic amylase.

Red: co-crystallized, Green: redocked
Results

The binding scores of the top three ZINC compounds
(ZINC85593620, ZINC85593668, and ZINC85490447)
with human pancreatic amylase are presented in Table 1.
In XP mode, ZINC85593620 exhibited the highest dock-
ing score of—12.162 kcal/mol and interacted with multiple
key residues such as TRP 59, ILE 148, and ASP 197. The
MMGBSA binding energy of —38.14 kcal/mol further sup-
ports its potential as an effective inhibitor. ZINC85593668
had a docking score of—11.629 kcal/mol in XP mode,
interacted with residues including ASP 197 and GLU 240
residues of the target with a binding energy of —42.29 kcal/
mol (Table 1). In XP mode, ZINC85490447 demonstrates
a docking score of—11.201 kcal/mol interacted with resi-
dues like THR 163 and GLU 233 with binding energy
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0of—56.62 kcal/mol (Table 1). While acarbose had a dock-
ing score of—12.138 kcal/mol, interacted with residues
such as GLU 233 and ASP 300, with a binding energy
0f—59.25 kcal/mol (Table 1), ranirestat presented the high-
est docking score of—6.185 kcal/mol and interacted with
TRP 59 and GLU 233 residues of the target. Ranirestat
complex displayed a binding energy of —45.07 kcal/mol
(Table 1).

The docking was validated by superimposing the struc-
tures of co-crystallized and re-docked reference ligands
within the active site of the target (Fig. 1). Figures 2, 3,4, 5
and 6 presented the ligand interactions with key amino acid
residues within the enzyme's active site. Acarbose interacted
with the active site, maintaining proximity to critical resi-
dues and hydrogen bonds interaction with GLU 233 and ASP
300 and hydrophobic interactions with TRP 59 and ILE 148
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4W93 - minimized - 41774

Fig. 2 2D and 3D Binding poses of the interaction of acarbose with amino acid residues of human pancreatic amylase

(Fig. 2). Ranirestat interacted in hydrogen bonds with GLU
233 and HIP 305 of the enzyme, along with some hydro-
phobic contacts (Fig. 3). The Co-crystallized ligand fits well
within the binding pocket, and displayed crucial hydrogen

4W93 - minimized - 153948

TRP
— o ———— TR

62 it
. 165
THR
LEU 163
162

Fig.3 2D and 3D Binding poses of the interaction of ranirestat with amino acid residues of Human pancreatic amylase

\yga

bonds with residues such as GLU 233 and GLU 240, con-
firming the reliability of the docking protocol (Fig. 4). For
the compounds, ZINC85490447 maintained a stable con-
formation in the enzyme's active site and shows hydrogen

@ Springer
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4W93 - minimized - 4W93

Fig.4 2D and 3D Binding poses of the interaction of Co-crystallized ligand with amino acid residues of human pancreatic amylase
4W93 - minimized - ZINC85490447
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Fig.5 2D and 3D Binding poses of the interaction of ZINC85490447 with amino acid residues of Human pancreatic amylase
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4W93 - minimized - ZINC85593620

Fig.6 2D and 3D Binding poses of the interaction of ZINC85593620 with amino acid residues of human pancreatic amylase

bonds with THR 163, HIE 201, and ASP 300 (Fig. 5). While
ZINC85593620 interacted in hydrogen bonds with TRP 59,
ILE 148, and ASP 197 (Fig. 6), ZINC85593668 made sig-
nificant hydrogen bonds with ASP 197 and GLU 240 and
some hydrophobic interactions (Fig. 7).

The apo-enzyme demonstrated minor fluctuations ini-
tially, stabilizing around 2 A while ranirestat complex
showed consistent stability around 2.5 A throughout the sim-
ulation, with slight fluctuations. A stable RMSD pattern was
observed in the acarbose-enzyme complex at around 2.2 A,
with minimal deviations. However, the co-ligand com-
plex had higher initial fluctuations, settling around 2.8 A.
ZINC85490447 demonstrated moderate fluctuations with
an RMSD stabilizing around 2.5 A, ZINC85593620 RMSD
values remain stable around 2 A, and ZINC85593668 sta-
bilizes around 2.3 A (Fig. 8). Figure 9 shows the RMSF-
Protein Co atoms plots of amino acid residues in human
pancreatic amylase. Ligands such as ZINC85593668 and
ZINC85593620 exhibited low RMSF values throughout the
simulation.

Figures 10, 11, 12, 13, 14 and 15 illustrates the interac-
tive contacts between the ZINC compounds, co-ligand, and
control drugs with human pancreatic amylase enzyme. The
bar charts display the distribution of four types of interac-
tions: hydrogen bonds (H-bonds, green), hydrophobic inter-
actions (purple), ionic interactions (red), and water bridges
(blue). These interactions are critical for the stability and

efficacy of the ligand binding within the enzyme's active
site. ZINC85593620 shows significant hydrogen bonding
and hydrophobic interactions with residues such as TRP
59, ILE 148, and THR 163. Similarly, ZINC85593668,
presented hydrogen bonding and hydrophobic interac-
tions, particularly with residues ASP 197 and GLU 240.
The co-ligand showed a balanced distribution of hydro-
gen bonds, hydrophobic interactions, ionic interactions,
and water bridges with residues such as TRP 59 and GLU
233. ZINC85490447 shows significant hydrogen bonding
and hydrophobic interactions with residues THR 163 and
HIE 201. Acarbose formed hydrogen bonds with GLU 233
and ASP 300 while ranirestat formed hydrogen bonds and
hydrophobic interactions, particularly with residues TRP 59
and GLU 233.

Figure 16 illustrates the radius of gyration for the Human
pancreatic amylase enzyme in complex with different
selected ligands, control drug (Ranirestat and Metformin),
and the co-crystallized ligands over a 100-ns (ns) simula-
tion period. The rGyr of ranirestat and acarbose complex
fluctuated around a consistent average. ZINC85490447
exhibited moderate fluctuations, ZINC85593620 complex
demonstrated stable fluctuations with consistent rGyr val-
ues, and ZINC85593668 complex also maintained stable
fluctuations with minimal fluctuations (Fig. 16).

The ADMET properties of the compounds and stan-
dard reference drugs are presented on Table 2. Compounds

@ Springer
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4W93 - minimized - ZINC95918668

Fig. 7 2D and 3D Binding poses of the interaction of ZINC85593620 with amino acid residues of human pancreatic amylase

14

12

10

RSMD ()

Time (ns)

Ranirestat acarbose

= 4W93 -Enzyme

Fig. 8 Time-dependent RMSD during 100 ns MD simulations of
human pancreatic amylase enzyme backbone with top ZINC com-
pounds and reference drugs (acarbose and ranirestat). The human pan-
creatic amylase enzyme backbone attained and maintained equilibrium
throughout simulation time of 100 ns, indicating good stability with
an average fluctuation of 1.5 A throughout the simulation period. All
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4W93 - Coligand ——ZINC85490447 ——7INC85593620 ——ZINC85593668

the selected ligands including the co-ligand and control drugs showed
good contact with the protein backbone throughout the 100 ns simula-
tion maintaining a good stability with an average fluctuation of <2.0 &
throughout the simulation, indicating better stability as shown in Fig. 3
above
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RMSF-Protein Ca atoms

RMSF (A)

0 100 200 300 400 500 600
Residue No.
— Renirestat acarbose 4W893 - Coligand ZINC85490447 —Z7INC85593620 —Z7INC85593668

Fig.9 RMSF plot of human pancreatic amylase enzyme backbone with top ZINC compounds and reference drugs (acarbose and ranirestat)

Fig. 10 Bar charts indicating the
interactive contacts between ranir-
estat and the amino acid residues of

Protein-Ligand Contacts

human pancreatic amylase =
1.0 4

0.8

0.6 - l

0.4 4 =

Interactions Fraction

0.0 -

&%¢@@@@§&&

SELELEY

H-bonds

ZINC85593620 and ZINC85593668 exhibited lower solu-
bility, negative permeability values relative to acarbose
with high water solubility of—1.482 log mol/L (Table 2).
Ranirestat had positive Caco2 permeability (1.288 log
Papp in 107® cm/s) while the natural compounds demon-
strated negative Caco2 permeability ZINC85593620 but
with substantial absorption (58.339%). However, acar-
bose and the co-ligand possessed low absorption rates
(Table 2). All compounds exhibit low skin permeability

02 il

c?’\"’*"/* ORSAS

- -
SO RN ONROL D D QS H oA
PR NG RNC SRR U LSBT LAt
SELEFPETELIPITE L& PEL

Hydrophobic M lonic B Water bridges |

(log Kp around—2.735). While the natural compounds are
substrates of P-glycoprotein, they are non-inhibitors of
P-glycoprotein 1 inhibitors, however, ZINC85490447 is
the only inhibitor of P-glycoprotein II inhibitor (Table 2).
ZINC85593620 and ZINC85593668 exhibit positive Vol-
ume of Distribution (VDss) values relative to acarbose and
the co-crystallized ligand that have negative VDss values.
In addition, ZINC85593620 and ZINC85593668 exhibited
appreciable unbound fractions, were non-substract for renal

@ Springer
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Fig. 11 Bar charts indicating the Protein_Ligand contacts
interactive contacts between acar-
bose and the amino acid residues of
human pancreatic amylase
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Fig. 12 Bar charts indicating the Protein_Ligand Contacts
interactive contacts between Co—
ligand and the amino acid residues
of human pancreatic amylase
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OCT?2, and demonstrated higher negative BBB permeability
(log BB), unlike the co-crystallized ligand with a log BB
of (—4.265). None of the compounds acted as CYP2D6,
CYP1A2, CYP2C19, or CYP2C9, CYP3A4 substrates or
inhibitors, however, ZINC85490447 was a substrate of
CYP3A4 (Table 2).

ZINC85593668 exhibits the highest total clearance value
(1.015 log ml/min/kg) while the co-crystallized ligands
showed negative clearance value. Only ranirestat showed
potential AMES toxicity (Table 2). While none of the com-
pounds were hERG I inhibitors, they were hERG II inhibi-
tors. ZINC85593620 had the highest LD5,, value (2.798 mol/
kg). Acarbose had the highest maximum tolerated dose
(0.435 log mg/kg/day), the co-crystallized ligands had
(8.099 log mg/kg bw/day), while ranirestat had (1.552 log
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mg/kg bw/day) (Table 2). None of the compounds exhibit
skin sensitization. Acarbose and co-crystallized ligands
show significantly higher minnow toxicity values (16.823
and 20.95 log mM, respectively) while ZINC85593620 and
ranirestat demonstrate lower minnow toxicity values (1.824
and 1.876 log mM, respectively). The natural compounds
present varying toxicity potentials with ZINC85593620 and
ZINC85490447 active for hepatotoxicity (Table 2).

Discussion

Molecular docking studies are pivotal in drug discovery as
they predict the preferred orientation of a ligand when bound
to a protein (Ibrahim et al. 2024b; Ugbe et al. 2023a). The
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Fig. 13 Bar charts indicating
the interactive contacts between
ZINC85490447 and the amino
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docking scores and binding energies provide key insights
into the binding affinity and stability of the ligand-enzyme
interactions (Alruhaimi et al. 2024; Alshammari 1456). The
observed high docking score of ZINC85593620 indicates
a strong binding pose of the compound with the enzyme
and the interacting amino acid residues contributing to its
stability within the binding pocket. The high docking scores
and binding energies observed for compounds relative to
the standards suggest their stronger binding pose and poten-
tial as inhibitors of the human pancreatic amylase enzyme.
These compounds demonstrate robust interactions with
critical residues, enhancing their orientation and binding
affinity. This is in line with the study of Lukman et al. 2024a
who reported that compounds with lower binding energies
have better binding affinities. The comparative analysis

with acarbose and ranirestat reinforces the efficacy of the
ZINC compounds as promising therapeutic agents and bet-
ter inhibitors of the human pancreatic amylase enzyme. This
further provides a solid foundation for further experimental
validation and drug development efforts (Rizk et al. 2024).
Validating the accuracy of molecular docking protocols is
essential to ensure the reliability of predicted binding poses
and interaction strengths (Bender et al. 2021). Superimpos-
ing the co-crystallized and re-docked ligands is a crucial
step in this validation process, offering a direct comparison
of predicted versus experimental conformations (Zhang et
al. 2024; Ayipo et al. 2022). The RMSD value of 1.73 A for
is a crucial metric for assessing the accuracy of the dock-
ing protocol. Typically, an RMSD value of less than 2 A
is considered acceptable for validating docking accuracy
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Fig. 15 Bar charts indicating
the interactive contacts between
ZINC85593668 and the amino
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(Golestanifar and Garkani-Nejad 2024). The low RMSD
value observed here suggests a high level of agreement
between the predicted and experimental conformations, thus
affirming the reliability of the docking protocol. The close
alignment of the docked and re-docked ligands indicates
that the docking protocol accurately predicts the ligand's
binding pose within the active site (Alshammari 1456).
The observed ligand fitness within the active site, main-
taining crucial interactions with key amino acid residues.
This alignment suggests that the docking protocol effec-
tively captures the essential binding interactions required
for ligand efficacy. The validation of the docking protocol
through superimposition and low RMSD values provides
confidence in the subsequent docking studies. This ensures
that the identified ligands are likely to exhibit similar bind-
ing poses and interactions in experimental conditions. The
accurate prediction of ligand binding poses is fundamental
for rationalizing new therapeutic agents and enhances the

@ Springer

efficiency of drug discovery pipelines by reducing the need
for extensive experimental validation at the initial stages
(Saar et al. 2023).

Understanding the binding interactions between ligands
and their target enzymes is crucial for rational drug design.
The detailed analysis of 2D and 3D binding poses provides
valuable insights into the specific interactions between the
selected ligands and the human pancreatic amylase enzyme.
The consistent hydrogen bonds and hydrophobic contacts
observed across different ligands underscore the importance
of these interactions in achieving stable and effective bind-
ing. Hydrogen bonds play a crucial role in stabilizing the
ligand within the enzyme's active site (Wang et al. 2023).
Residues such as GLU 233, ASP 300, and TRP 59 fre-
quently engage in hydrogen bonding, contributing to the
ligand's binding affinity. Hydrophobic contact interactions
further stabilize the ligand—protein complex, ensuring that
the ligand remains securely positioned within the active site.
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Table 2 Predicted ADMET of the top ZINC compounds, co-crystallized ligands, and standards

Properties ZINCS85593620 ZINC85593668 ZINC85490447 4W93 Acarbose Ranir-
Co-ligand estat
Water solubility ((log mol/L)) —2.898 —2.886 —2.892 —2.892 —1.482 -2.91
CaCo2 permeability (log Papp in 10-6 cm/s) -0.529 —0.421 —0.687 -0.975 —0.481 1.288
Intestinal absorption (human)(% Absorbed) 58.339 49.982 25.777 3.305 4.172 72.688
Skin Permeability (log Kp) —2.735 —2.735 —2.735 —2.735 —2.735 —2.801
P-glycoprotein substrate Yes Yes Yes Yes Yes No
P-glycoprotein I inhibitor No No No No No No
P-glycoprotein II inhibitor No No Yes No No No
VDss (human) (log L/kg) 0.217 0.172 0.009 —-0.104 —-0.836 —0.68
Fraction unbound (human) 0.215 0.236 0.414 0.361 0.505 0.12
BBB permeability (log BB) —2.454 —2.452 -1.558 —4.265 -1.717 —0.335
CNS permeability (log PS) —4.389 —-5.05 —3.582 —8.237 —6.438 —2.885
CYP2D6 substrate No No No No No No
CYP3A4 substrate No No Yes No No Yes
CYP1A2 inhibitor No No No No No No
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No No No No No No
CYP2D6 inhibitior No No No No No No
CYP3A4 inhibitior No No No No No No
Total Clearance ((log ml/min/kg)) 0.619 1.015 0.124 -0.533 0.428 -0.123
Renal OCT2 substrate No No No No No No
AMES toxicity No No No No No Yes
Max. tolerated dose (human) (log mg/kg/day) 0.032 0.097 0.388 0.385 0.435 0.285
hERG I inhibitor No No No No No No
hERG II inhibitor Yes Yes Yes Yes Yes No
Oral Rat Acute Toxicity (LD50) (mol/kg) 2.798 2.637 2.483 2.482 2.449 2.125
Oral Rat Chronic Toxicity (LOAEL) (log mg/kg  5.691 5.318 4.332 8.099 5.319 1.552
bw/day)
Hepatotoxicity Yes Yes Yes No No Yes
Skin Sensitization No No No No No No
T. Pyriformis toxicity (log ug/L) 0.285 0.285 0.285 0.285 0.285 0.299
Minnow toxicity (log mM) 1.824 2.27 9.279 20.95 16.823 1.876

Analysis of 2D and 3D binding poses highlights the critical
interactions that contribute to the stability and efficacy of
ligand binding to the target. These findings provide a robust
foundation for the rational design of novel inhibitors, pav-
ing the way for further drug development efforts.

The MD simulation analysis is important to understand
the binding stability of compound-target docked complexes
(Ugbe et al. 2023b). RMSD is a critical metric used in MD
simulations to analyze the stability of protein—ligand com-
plexes. It measures the average deviation of the protein's
backbone atoms from their initial positions over time (Jain
et al. 2023), providing insights into the dynamic behavior
and stability of the enzyme-ligand complexes (Jin and Wei
2024) This analysis focused on the RMSD of amylase back-
bone complexed with selected ligands and reference drugs,
during a 100 ns MD simulation. The recorded slight fluc-
tuation of ranirestat suggests a moderate stable interaction
with the enzyme while acarbose complex indicated a stron-
ger and more stable binding affinity with the enzyme. The
high fluctuations in the co-ligand suggests that while the

binding is generally stable, there are some conformational
adjustments. However, ZINC85490447 demonstrated mod-
erate fluctuations around 2.5 A, suggesting some degree
of flexibility but overall presented a stable binding while
ZINC85593620 had a robust stability and minimal struc-
tural deviations. Similarly, ZINC85593668 formed stable
and effective binding with minimal structural variations.
The low and consistent RMSD values for most complexes,
particularly acarbose and ZINC85593620, indicate strong
and stable binding interactions. These ligands exhibit mini-
mal structural deviations from their initial positions, sug-
gesting effective inhibition of the enzyme. The comparative
analysis of RMSD values among different ligands revealed
that ZINC85593620 and ZINC85593668 demonstrated bet-
ter stability than the standard reference drugs further high-
lighting their potential as robust enzyme inhibitors. The
moderate fluctuations of ZINC85490447 maybe reflective
of conformational flexibility, which can be advantageous
for accommodating different binding pockets or dynamic
environments. Ligands that maintain stable interactions
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over prolonged simulation times are likely to exhibit higher
efficacy and specificity in inhibiting enzymatic activity
(Berselli et al. 2024). The consistent and low RMSD val-
ues of ZINC85593620 suggest strong and stable binding
interactions, reinforcing their potential as effective enzyme
inhibitors. This study underscores the importance of MD
simulations in evaluating the dynamic behavior of protein—
ligand complexes and guiding the rational design of novel
therapeutic agents.

The RMSF measures the flexibility and stability of indi-
vidual amino acid residues in a protein. By analyzing RMSF,
we can gain insights into the dynamic behavior of the pro-
tein—ligand complex and identify regions of the protein that
undergo significant conformational changes upon ligand
binding (Hassan et al. 2023). The slight peaks observed in
the RMSF values of acarbose and co-ligand bound com-
plexes suggest regions of the protein that are more flexible.
These flexible regions may play a role in accommodating
ligand binding and facilitating enzyme activity. The RMSF
values of ZINC85593620 and ZINC85593668 demonstrated
comparable or even superior stability to reference drugs
indicative of better potential as amylase inhibitors. The sta-
bility of the protein—ligand complexes, as indicated by the
low RMSF values, is a key factor in the rational design of
novel inhibitors. Ligands that maintain stable interactions
over extended periods are likely to exhibit higher efficacy
and specificity in inhibiting the enzyme’s activity (Kamel
et al. 2024).

The interactive contacts made by the complexes are criti-
cal for the stability and efficacy of the ligand binding within
the enzyme's active site. The presence of ionic interactions
and water bridges further stabilizes the complex while
hydrophobic interactions and water bridges are prominent
for high binding affinity and stability within the active site.
However, moderate binding stability was observed in the
standard-amylase complexes relative to the strong bind-
ing stability of the compounds. Hydrogen bonds are cru-
cial for the specificity and strength of the ligand binding.
ZINC85593620 and acarbose exhibit extensive hydrogen
bonding, indicating strong and stable interactions within the
active site. Hydrophobic interactions play a significant role
in stabilizing the ligand—protein complex. The consistent
hydrophobic contacts observed across different compounds
highlight their importance in maintaining binding affin-
ity. Tonic interactions and water bridges contribute to the
overall stability of the protein—ligand complex (Chagaleti
et al. 2024). The balanced distribution of these interactions
in compounds suggests robust binding mechanisms in amy-
lase inhibition. These findings provide a deeper understand-
ing of the binding mechanisms and pave the way for the
rational design of novel inhibitors with enhanced efficacy
and stability.
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The rGyr provides insight into the overall compactness
and stability of protein—ligand complexes over time. It is
useful in assessing conformational changes and structural
stability during MD simulations (Swati et al. 2024). The
consistent fluctuations of the standard references indicated
stable compactness throughout the simulation period. The
co-ligand complex shows minor fluctuations but remains
largely stable, suggesting strong binding and minimal con-
formational changes. The observed minimal fluctuations in
the ZINC compounds suggested a strong and stable interac-
tion with the enzyme. The consistent and low fluctuations
observed mostly in the natural compounds indicate strong
binding interactions and minimal conformational changes.
This stability is crucial for the effective inhibition of enzy-
matic activity (Cao et al. 2023). The minimal fluctuations
observed in the rGyr for the co-ligand and the ZINC com-
pounds relative to the standards further corroborate their
potential as better and more effective inhibitors. Stable
complexes are less likely to undergo significant structural
changes that could diminish their binding affinity and inhib-
itory potential. Notably, the slight variations in the rGyr the
natural compounds highlight the inherent flexibility and
dynamic nature of protein—ligand interactions. However,
the overall stability observed across all natural compound
complexes indicates these ligands are promising candidates
for further development as therapeutic agents. This is in line
with the summation of Lukman et al. 2024b in their study.

In silico virtual screening such as ADMET profiling
is crucial significant in evaluating the drug-likeness and
potential pharmacokinetic profiles of compounds (Pradeep-
kiran et al. 2021). The solubility profile of the compounds
is suggestive of their good solubility in physiological con-
ditions. Compounds ZINC85593620 and ZINC85593668
with lower solubility and negative permeability values,
indicating that formulation strategies may be necessary to
improve their bioavailability such as solubilizing agents or
nano-formulations, to improve their bioavailability (Patel
et al. 2024). However, ZINC85593620 possessing better
absorption probability than the other compounds, indicating
good potential as an orally active drug.

The observed low skin permeability corroborates the
potential of the compounds as oral drugs rather than for
transdermal applications; the low absorption rate for acar-
bose and the co-ligand may limit their effectiveness when
administered orally. The interaction of compounds with
P-glycoprotein may impact the distribution and clearance
of such compounds. Since the compounds are not P-glyco-
protein I inhibitors, they might not significantly interfere
with this efflux transporter, however, ZINC85490447, the
only compound that acts as a P-glycoprotein II inhibitor,
might not be significantly affected by absorption and dis-
tribution of drug efflux mechanisms. The recorded positive
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VDss values of ZINC85593620 and ZINC85593668 indi-
cate a relatively higher volume of distribution in the human
body, which can enhance their therapeutic effect relative
to acarbose and the co-ligand. With ZINC85593620 and
ZINC85593668 exhibiting reasonable unbound fractions,
although not up to acarbose suggest adequate availability
for interaction with the target enzyme.

All the compounds are poorly penetrable into the cen-
tral nervous system (CNS) based on the log BB and log
PS wvalues; this might reduce the risk of the compounds
to cause CNS-related side effects. The compounds being
non-inhibitors of the CYP450 enzymes and renal OCT2
substrates suggest a lower potential for drug-drug interac-
tions. The positive VDss values and reasonable fraction
unbound for ZINC85593620 and ZINC85593668 suggest
they can achieve effective therapeutic concentrations in the
body. There is higher probability of compounds especially
ZINC85593668 to be cleared from the body relative to the
standards and co-crystallized ligand. This reduces the poten-
tial of being toxic. While the compounds possess higher
safety margin for human use, they also display a lower risk
of cardiotoxicity relative to the standards and co-crystal-
lized ligand. The high minnow toxicity values for acarbose
and co-crystallized ligand indicate potential environmental
risks, suggesting the need for environmental safety assess-
ments and the exploration of more eco-friendly alternatives.
Altogether, the natural compounds displayed better human
pancreatic amylase inhibition and safety profile than the
standards. However, further pre-clinical study is required to
validate these findings.

Conclusion

In this study, the initial 24,316 ZINC compounds
retrieved were screened to the top three; ZINC85490447,
ZINC85593620, and ZINC85593668. The compounds
demonstrated significant binding interactions and stabili-
ties with amylase relative to the standards depicting their
relevance for further development as antidiabetic drugs.
While presenting remarkable ADMET properties, modi-
fications might be required to enhance their solubility and
hence greater efficiency. Thus, findings could serve as valu-
able guides for further development and optimization of
these compounds as therapeutic agents. Further studies in
vitro and in vivo studies could further validate the inhibi-
tory effect of the compounds for potential development as
antidiabetic drug candidates.
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