Chemical Papers
https://doi.org/10.1007/511696-024-03697-8

ORIGINAL PAPER q

Check for
updates

Clinical informatics and molecular hybridization of established clinical
DPP-4 inhibitors to generate next-level diabetes type 2 drugs

Lotfi Bourougaa' - Mebarka Ouassaf' © - Bader Y. Alhatlani?

Received: 20 June 2024 / Accepted: 12 September 2024
© The Author(s), under exclusive licence to the Institute of Chemistry, Slovak Academy of Sciences 2024

Abstract

Diabetes mellitus, often known as hyperglycemia, is a serious worldwide disease now. In clinical pharmacology, the dipep-
tidyl peptidase IV (DPP-4) enzyme is important for glucose homeostasis. The clinical DPP-4 blockers are essential oral
antidiabetic medications used as alternate treatment following metformin inability as insulinotropic drugs with no inherent
risk of hypoglycemia. The objective of this study is to create novel and potent DPP-4 inhibitors by molecular hybridization of
eight clinically licensed DPP-4 inhibitors. Molecular hybridization process led to the creation of five novel hybridized DPP-4
inhibitors, which preliminary computational studies suggest may exhibit improved selectivity compared to authorized DPP-4
inhibitors. The pharmacokinetic features of the hybridized inhibitors, including their solubility and potential to pass through
biological tissues, were evaluated using Lipinski’s rule of five and other druglikeness filters, indicating favorable properties
for reaching the DPP-4 active site. Furthermore, the possible toxicity of suggested inhibitors was investigated using basic
toxicity filters and PASS, indicating no immediate red flags regarding their potential toxicity and metabolism. In addition,
a mechanism for synthesizing the proposed compounds has been developed via machine learning and artificial intelligence
algorithms. At the biomolecular level, using the Gromacs package, molecular dynamics simulations (100 ns) were performed
for all the studied systems. Following analyzing the molecular dynamics trajectories and evaluating the dynamic shifts of
DPP-4 after its molecular interactions with the designed compounds via dynamic cross-correlation matrix, free energy
landscape and MM-PBSA calculations, all data show that the proposed DPP-4 inhibitors create extremely stable complexes
when compared to the clinical DPP-4 inhibitor (alogliptin). Finally, the findings of this study might greatly contribute to the
development of novel and potent DPP-4 inhibitors and assist in the search for new medications for diabetes type 2.
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Introduction

It is critical to regulate insulin secretion in order to maintain
euglycemia. Hyperglycemia develops in type 2 diabetes due
to a decrease in insulin production and the development of
peripheral insulin resistance. Throughout the fasting state,
insulin is biologically generated to a limited level with the
objective of increasing glucose absorption via peripheral
tissues. Following eating, insulin production is rapidly and
significantly increased in order to keep plasma glucose quan-
tities within a restricted physiological limit (Gerich 2003).
In addition to the rise in glucose quantities, the intestinal
hormones gastric.

inhibitory polypeptide (GIP) and glucagon-like peptide-1
(GLP-1) also contribute to the post-prandial regulation of
glucose. Under hyperglycemic circumstances, both of these
hormones enhance insulin production and account for 70%
of post-prandial insulin generation. They are known as
incretin hormones because of its crucial physiological in
nature role in increasing post-prandial secretion of insulin
(Creutzfeldt 1979; NaucK et al. 1993; Nauck and Meier
2018). Because the GLP-1 reliant increase of insulin pro-
duction occurs only under hyperglycemic circumstances,
the inherent risk of hypoglycemia is minimal. GLP-1 has
additional favorable function in type 2 diabetes that helps to
maintain euglycemia: Glucagon secretion is overly elevated
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in type 2 diabetes, and glucagon boosts hepatic glucose
synthesis (Nauck et al. 1993). GLP-1 suppresses glucagon
secretion in hyperglycemic situations, lowering blood sugar
levels, and also is a peptide hormone with a few minutes'
plasma half-life (Drucker and Nauck 2006). In addition, the
fast enzymatic breakdown of GLP-1 by the enzyme dipep-
tidyl peptidase IV (DPP-4) (Figure 1) is responsible for the
limited pharmacological half-life (Mentlein et al. 1993).
Bioactive small molecules have the ability to inhibit DPP-
4, and when DPP-4 inhibitors are taken orally, endogenous
GLP-1 content rises 2-3 times (Holst and Deacon 1998).

The existing DPP-4 inhibitors have a high effectiveness
in blocking DPP-4, and DPP-4 is suppressed by 80-90% in
clinical circumstances. This suppression results in a twofold
to threefold increase in post-prandial GLP-1 levels in the
blood, which facilitates the glucose-dependent stimulation of
insulin production and a decrease in the release of glucagon
(Deacon 2019; Sesti et al. 2019). The oral administration
of DPP-4 inhibitors is quite potent, and the pharmacologic
and pharmacokinetic properties lead to therapeutically ade-
quate DPP-4 inhibition with once-day treatment (vildaglip-
tin is necessary administered twice daily) (Gallwitz 2016).
In phase III clinical trial activities, DPP-4 inhibitors had
favorable safety as well as tolerability features, with naso-
pharyngitis and skin lesions being the most common side
effects seen (Scheen 2018).
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Fig1 Vital functions of GLP-1,
GIP and mechanism of action of
DPP-4 inhibitors
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One of the modern drug discovery technologies is the
bioinformatics or computer-aided drug design (CADD)
strategy. The breed de novo hybridization strategy ana-
lyzes structural data and uses the precise positions of two
compounds to reconstitute fragments from each one to
make a unique molecule (Pierce et al. 2004). The newly
discovered compound will most likely become a hybrid of
the two scaffolds or just an addition of features from one
scaffold to a different one (Patel et al. 2021). Furthermore,
they are not limited to integrating two separate scaffolds,
numerous molecules produced following only two breed
crossing repetitions, combining scaffold and secondary
chain elements from a maximum of four of the lead mol-
ecules show no resemblance to any of the original ligand
configurations (Schmitt et al. 2002). On other hand, the
methodology for drug development overall is a challeng-
ing task for organic biologists owing to the intricacy of the
pharmacophore characteristic that enhances the property
and activity of a medication (Usha et al. 2017).

Because DPP-4 quickly cuts and blocks the incretin
hormones (GLP-1 and GIP), which are required for glu-
cose control, its inhibition has been studied as a means of
regulating glycemia in diabetes by preserving the dimin-
ished incretin function. Based on this knowledge, we used
the breed de novo hybridization strategy to design and
novel inhibitors of dipeptidyl peptidase IV. Following
this, we assessed the pharmacokinetics of the suggested
compounds and confirmed their potential toxicity. In addi-
tion, we investigate the stability of generated complexes by
molecular dynamics simulation (MDS), MM-PBSA calcu-
lation, dynamic cross-correlation matrix (DCCM) and free
energy landscape (FEL).

Materials and methods
Breed de novo hybridization

For the present study, we employed Maestro software (ver-
sion 11.8, Schrodinger, USA). The chemical structures of
inhibitors against a certain target must be exploited in
breed-based de novo drug development. There are eight
DPP-4 inhibitors available in Europe, the USA, Japan, and
Korea, including vildagliptin, saxagliptin, alogliptin, lina-
gliptin, sitagliptin, gemigliptin, anagliptin, and teneliglip-
tin (Makrilakis 2019; Gallwitz 2019). Figure 2 illustrates
the chemical structures of all the clinical DPP-4 inhibi-
tors mentioned. In the first stage, various fragments have
been produced from these clinical inhibitors through the
Schrodinger power shell command prompt with the run./
fragment_molecule.py script and supplying the folders
(Patel et al. 2021). SP docking was used to dock the cre-
ated fragments within DPP-4 active site, and the fragments
with the best score were subsequently linked permanently
via the breed ligand creation tool (Lotfi et al. 2023a). The
breed panel conducted molecular hybridization by taking
into account three distinct characteristics. Initially, the two
bonds must possess the same level of order (for instance,
a single bond and a double bond cannot be regarded as
a suitable match.) This criterion is essential for preserv-
ing the hybridization and geometry of the atoms that are
bound in the newly formed molecule. Furthermore, the
atoms located at both ends of the bond must be at a dis-
tance of 1 A from one other. In addition, the angle formed
by the bond vectors of the two bonds should not exceed
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Fig.2 The clinical dipeptidyl
peptidase IV inhibitors struc-
tures employed in this study
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15° (Patel et al. 2021; Lotfi et al. 2023a). If we concep-
tualize the original molecules as being divided into two
halves at the bond that matches, then one newly formed
molecule will consist of the first half of molecule one and
the second half of molecule two. The other novel molecule
is composed of the latter portion of molecule one and the
former portion of molecule two. The new molecules con-
sist of atoms that possess the same atom kinds, locations,
and bonds as their equivalent atoms (Pierce et al. 2004;
Lotfi et al. 2023a). Finally, Figure 3 represents the breed
de novo hybridization technique employed in this study.

Docking modeling

Docking modeling was used to investigate the interactions
of breed ligands within DPP-4 active site using the docking
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system GLIDE (Schrodinger Inc., USA, 2018). The atomic
configuration of dipeptidyl peptidase IV (DPP-4) in com-
plex with alogliptin was extracted from Protein Data Bank,
PDB ID: 3GOB at a resolution of 2.25 A and no mutations.
The protein was utilizing the protein preparation wizard
in the Maestro program, and then the receptor was refined
for docking experiments (Venkatesan et al. 2018). In addi-
tion, the water molecules in the protein were eliminated and
hydrogen’s were supplied, and the energy was minimized via
OPLS3e (Optimized potential for liquid simulation) force
field. By centering the co-crystallized ligand, the grid box
was attached to the DDP-4 protein (Schiering et al. 2011).
XP docking was executed to analyze the interactions of the
new breed inhibitors with the active site of dipeptidyl pepti-
dase IV in order to conduct thorough investigation and con-
firm the breed hybridization design outcomes. Subsequently,
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the eight clinical DDP-4 inhibitors were docked in the
DDP-4 receptor as extra reference ligands to assess the
inhibitory power of the breed ligands.

We created a decoy of the vildagliptin molecules using
the DUDE server (https://dude.docking.org/generate) to vali-
date the docking results and de novo hybridization process.

ADMET and pharmacokinetic features

A good medicine requires a precise balance of pharmacolog-
ical function, pharmacokinetics, and tolerability. A desired
absorption, distribution, metabolism, excretion, and toxicity
characteristics, in addition to high effectiveness and selec-
tion, are crucial to the successful development of a medi-
cine candidate (Cumming et al. 2013; Hou and Wang 2008).
ADMETLAB 2.0 was created with the Python web platform
Django and deployed on an Aliyun elastic computing service
operating an Ubuntu Linux server (Xiong et al. 2021). All
designed inhibitors were converted to SMILES form using
Chemdraw Ultra, and the SMILES structures were then
submitted to the ADMET lab 2.0 website. It additionally
allows it to be easy to use the JMSE editor to generate the
appropriate configurations. The submit button was utilized
for providing the information while establishing the SMI
structure, and it provided ADMET characteristics in pdf file
and spreadsheet format, which were able to be retrieved after
some time.

Biomolecular activity prediction through PASS

The breed inhibitors were tested for antidiabetic activity
spectrum employing the free webserver PASS, which can
be found with http://www.pharmaexpert.ru/passonline/
(Lagunin et al. 2000). Based on the structural configura-
tion, this website is able to forecast the therapeutic benefits
of a chemical, and its forecast may be examined using the
proportion of likelihood to be active (Pa) to probability to
be inactive (Pi) (Borkotoky et al. 2021). With possibilities,
the Pa and Pi values vary from zero to one, and are generally
Pa + Pi # 1, as these possible outcomes are widely foreseen.
As a result, biological activities with Pa > Pi are only con-
sidered plausible for a specific pharmacological compound.

Molecular dynamic simulation

In this stage, Gromacs-2023 package was used to execute
molecular dynamics simulations of protein-ligand com-
plexes for 100 ns. According to the results of molecular
docking and pharmacokinetic features, the best complexes
were selected for this investigation. In addition, the refer-
ence complex (DDP-4_Alogliptin) was then simulated in
the same conditions to analyze the biomolecular dynamics
of the formed complexes. The SwissParam webserver was

consulted to generate the topology parameters for the breed
ligands (Zoete et al. 2011). Furthermore, the DDP-4 topol-
ogy files have been extracted using the CHARMM?27 all-
atom force field (Lotfi et al. 2023b). After the compilation
of topology data, each complex was solvated in a cubic box
using the TIP3P water model, also the ions (Na* and CI")
have been added to neutralize the charge. For each neutral-
ized-biomolecular system, the energy was minimized using
a gradient descent approach until the maximal force was less
than 10.0 kJ/mol.

The equilibration phase is a vital component of any
molecular dynamics simulation. Before collecting data can
commence, each system must be re-equilibrated to ensure
that it is stable and representative. Equilibration was done
in two phases in the simulation, stressing the need to attain
both temperature (NVT) and pressure (NPT) equilibration
(Ke et al. 2022). The NVT equilibration phase involved
coupling each complex using a v-rescale approach at 300 K
for 100 ps with a coupling coefficient of 0.1 ps. The NPT
was subsequently equilibrated for 100 ps using a Berenson
pressure-coupling system with a coupling constant of 2.0 ps
(Bourougaa et al. 2023a).

Molecular dynamics simulations using Gromacs software
are an important tool for research in a variety of domains
since they provide valuable information on the behavior of
biomolecules and their dynamic changes. The primary met-
rics were computed in order to analyze the biomolecular
stability of the designed inhibitors within the DDP-4 recep-
tor and their impact on its vital and essential functions. Root
mean square deviations (RMSD) were calculated to assess
the conformational stability of systems, and the relative fluc-
tuations of protein amino acids were determined using root
mean square fluctuations (RMSF). In addition, the radius
of gyration (Rg) of any configuration is used to determine
the general compactness. Finally, we calculated the solvent-
accessible surface area (SASA), which is a measurement of
the surface area of a protein that solvent can access.

Dynamic cross-correlation matrix (DCCM)

The dynamic cross-correlation matrix is a crucial tool for
investigating the relationship between the motions of spe-
cific combinations of atoms or residues in a protein struc-
ture. The values in this matrix vary from (-1), indicating
complete anticorrelation and (+1) show optimal correlation
(Hoang et al. 2024). It is worth noting that the numbers
over the diagonal of the matrix remain (+1), owing to the
fact that an atom’s movement is fully associated with itself.
Between two atoms i and j, a covariance matrix character-
izing the correlated features of atomic movements was built.
The cross-correlation may be calculated using the equation
below (Kumari et al. 2022):
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Here, Ari and Arj are molecular motion vectors denoting
atoms, i and j from their average position in terms of period
interval.

DCCM(i,j) =

Free energy landscape (FEL)

An effective sampling strategy was used to assess the free
energy landscape of DDP-4's dynamic features. The RMSD
and Rg of DDP-4 were selected as two reaction coordinates
to generate a two-dimensional energy landscape diagram.
The following formula was used to compute the energy land-
scape across these two reaction coordinates (Al-Khafaji and
Tok 2020; Pathak et al. 2023):

AG(p1,p2) = —K,Tlnp(pl, p2)

where K, denotes the Boltzmann constant, T is the model's
temperature, and p(p1,p2) is the standardized joint distribu-
tion of probabilities.

Binding free energy calculation

Molecular mechanics—Poisson—Boltzmann surface area
provides a complete study of the quantitative evaluation of
the interaction pathway between DDP-4 and the developed
inhibitors. The binding energy components were computed
via the g_mmpbsa package's MM-PBSA method (Kumari
and Kumar 2014). Furthermore, the g_mmpbsa system cal-
culates the binding energy of the receptor-ligand complex
using the following formula (Mohammad et al. 2020):

AGBinding = Gcomplex_ (Gprotein + Gligand)

where G, Symbolizes the binding complex’s total free
energy and G and Gyg,,q are the DDP-4 and breed

protein
inhibitors' total free energies, respectively.

Results and discussion
De novo hybridization and docking modeling

In this research, alogliptin was selected as a reference dipep-
tidyl peptidase IV (DPP-4) inhibitor. Initially, all eight clini-
cal inhibitors were docked via extra precision (XP) Glide
docking to the enzyme active site to estimate their inhibition
power. Sitagliptin and linagliptin have the highest binding
affinities for DDP-4, with —7.994 and —7.919 kcal/mol,
respectively (Table 1). Thus, they form the most stable
complexes. The gemigliptin molecule subsequently binds
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Table 1 Molecular docking results for the eight clinical dipeptidyl
peptidase IV inhibitors

Clinical inhibitors Molecular formula MW (g/mol) XP GScore
(Kcal/mol)
Alogliptin CI8H2IN502 3394 -6.729
Anagliptin C,oH,sN-0, 383.4 —5.004
Gemigliptin CISHI9F8N502  489.4 -6.970
Linagliptin C25H28N802 472.5 -7.919
Saxagliptin C18H25N302 3154 —5.700
Sitagliptin CI16H15F6N50 407.31 —17.994
Teneligliptin C22H30N60S 426.6 —4.324
Vildagliptin C17H25N302 303.4 —5.958

to the enzyme’s active site with a binding affinity of —6.970
kcal/mol. Furthermore, the reference compound alogliptin
has a binding energy of —6.729 kcal/mol to DPP-4 recep-
tor. Finally, the remaining clinical inhibitors interact to the
enzyme with binding affinities ranging from —5.958 to
—4.324 kcal/mol by forming the least stable complexes.

The breed de novo hybridization methodology was used
in the present research to create potent and novel DDP-4
inhibitors. Employing the Schrodinger PowerShell system,
191 distinct fragments were created from the initial clinical
DDP-4 inhibitors. In the first stage, we docked all 191 gener-
ating fragments in the DPP-4 receptor using standard preci-
sion (SP) docking. The top121 fragments (with a standard
precision score greater than -5 kcal/mol) were chosen for the
breed de novo hybridization strategy in the next step. This
hybridization method is currently working to completely
computerize the design approach, which might greatly speed
up its execution and yield superior outcomes. The chemical
formulae (Smiles) of the top 121 fragments with SP docking
scores greater than — 5 kcal/mol can be seen in Table S1.
Additionally, each unique breed molecule was chosen for a
very accurate docking (extra precision) procedure into the
DDP-4 receptor. Consequently, the top five breed inhibitors
have a breeding score ranging from 8.647 to 15.499 (Fig. 4).
The Breed 1 was developed via hybridization of anagliptin
(F23) and sitagliptin (F18), Breed 2 was generated through
hybridization of anagliptin (F27) and sitagliptin (F18),
Breed 3 was obtained via hybridization of gemigliptin (F27)
and anagliptin (F26), Breed 4 was obtained through hybridi-
zation of sitagliptin (F 18) and anagliptin (F 33), and finally,
Breed 5 was obtained via hybridization of gemigliptin (F 9)
and anagliptin (F 26).

Molecular docking is a computer approach for automati-
cally identifying the conformation of protein—ligand interac-
tions (Bourougaa et al. 2023b). Docking modeling provides
data on the binding affinity and binding area of the designed
inhibitors to the DDP-4 protein. The docking scores of the
breed compounds were contrasted to those of the clinical
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Fig.4 Represent the molecular hybridization results of best scoring fragments

inhibitor alogliptin. The docking findings have been verified
by extracting the DDP-4 co-crystallized compound and re-
docking it into the identical location. Using the DockRMSD
website, the docked conformation and co-crystallized ligand
have an RMSD value of 1.476 A (Bell and Zhang 2019).
The first finding from the docking study reveals that the five
hybrid molecules form highly stable complexes with the
DDP-4 receptor with XP scores ranging between —9.139 and
—10.365 kcal/mol, when compared to all clinical inhibitors
including the reference ligand (alogliptin). Table 2 contains
all results obtained via molecular docking investigations.
The binding affinity of Breed 1 for the DDP-4 active
site forms the most stable complex, with an XP score of
—10.365 kcal/mol. It was observed that this hybridized
compound has the capacity block the critical function of

DDP-4 enzyme and form H-bonds with Glu205 and Glu206.
Furthermore, it interacts with Ser30, His470 via halogen
bonds and with Ser630, Tyr662 and Tyr666 via hydrophobic
interactions. We conclude that the interaction with a halogen
bond (similar to Breed 2 and Breed 4) is necessary to inhibit
the biological function of the DDP-4 enzyme by forming
very stable complexes with it, as compared to alogliptin,
which does not react via a halogen bond. Furthermore, the
developed compounds interacted strongly and favorably with
the essential amino acid residues in the DDP-4 receptor in
a way that was similar to alogliptin, but with additional
hydrophobic interactions with Ser630, Tyr662, Tyr666,
Val656, Val711, Phe357, and Tyr547 amino acids. Fig-
ure 5 depicts the molecular binding interactions of the five
hybridized molecules and alogliptin with the active site of

Table 2 Docking modeling outcomes of the hybridized molecules and alogliptin within DDP-4 active site

Halogen Hydrophobic

Molecules  XP score (kcal/mol)  Breed Score  Category
Hydrogen Bond
Breed 1 —10.365 8.647 Glu205, Glu206
Breed 2 —-10.127 10.329 Asn710, Glu205, Glu206
Breed 3 -9.923 15.499 Arg669, Glu205, Glu206,
Tyr662
Breed 4 —-9.461 10.334 Tyr547, Tyr662, Glu206,
Glu205
Breed 5 -9.139 10.200 Glu205, Glu206, His470
Alogliptin —-6.729 - Argl25, Tyr547, Asn710,

Ser209, Glu209, Glu205,

Glu206, His740

Ser30, His470
Ser630, Asnl70, His 740

Tyr631, Ser630, Asn710,
His740

Ser630, Tyr662, Tyr666
Ser630, Tyr662, Tyr666

Val656, Val711, Phe357,
Tyr662, Tyr666

Tyr662, Tyr547, Tyr666

Val656, Tyr662, Tyr666

Tyr662, Tyr666, Phe357,
Tyr547

@ Springer
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Fig. 5 The molecular interactions of the five breed molecules and reference ligand with DDP-4 receptor, A: Breed 1, B: Breed 2, C: Breed 3, D:

Breed 4, E: Breed 5 and Ref: alogliptin

DDP-4. The results of docking modeling show that all of the
created compounds bonded with the binding pocket. They
are expected to be new and potent DPP-4 inhibitors due to
their interact inside the receptor region formerly occupied
by alogliptin. Finally, despite the fact that all of the ligands
occupied an identical binding location, the greater number of
halogen bonds in Breeds 1, 2, and 3 allows them to interact
more effectively than the other compounds.

To enhance the robustness and reliability of our findings,
we conducted a study on a set of decoy compounds to serve
as a control group for our fragment-based and docking anal-
yses. This approach will help to validate the specificity and
accuracy of the identified active compounds, ensuring that
the observed interactions are not merely random but rather
indicative of true biological relevance.

Using the vildagliptin molecule, we produced ten decoy
inhibitors (Table S2) using the DUDE platform to confirm
the de novo procedure and docking process. These decoy
inhibitors produced 508 fragments. In addition, all of these
fragments were docked to the protein receptor via SP-dock-
ing. Table S3 shows the top sixteen generated fragments
with an affinity score of greater than — 5 kcal/mol.

Following the completion of the breeding process across
the best fragments, 23 new decoy inhibitors were developed.

@ Springer

Table S4 represents the docking results of the best-breed
decoy inhibitors. In addition, the binding energies of decoy
inhibitors ranged from — 6.567 to -5.484 kcal/mol. The
binding energies (XP score) of decoy molecules have been
demonstrated to be greater when compared to reference mol-
ecules, demonstrating the reliability of our approach for de
novo hybridization and docking processes.

ADMET and pharmacokinetics analysis

In silico, ADMET and pharmacokinetics analysis helps in
understanding how hybridized molecules interact with the
human body. Lipinski's rule of five was used to analyze the
druglikeness of the hybridized molecules, which comprises
metrics such as H-bond donors, H-bond acceptors, molecu-
lar weight, topological polar surface area (TPSA) and Nb
rotatable bonds.

Firstly, it should be noted that the five discovered inhibi-
tors have molecular weights ranging from 143.110 to
363.130 g/mol, allowing for easier intestine absorption if
administered orally. Furthermore, they exhibit LogP (parti-
tion coefficient) values ranging from —0.972 to 2.043, indi-
cating that all designed compounds may traverse biologi-
cal membranes and are highly soluble in aqueous cellular
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conditions. About absorption characteristics, all of the mol-
ecules had excellent outcomes for Caco-2 permeability and
MDCK permeability (varying between 4.6e-06 and 6.9e-05
cm/s), these findings suggest that the new molecules will
enter the blood circulation with sufficient quantities.

In terms of distribution, the molecules Breeds 2 and 4
have a greater volume distribution (2.605 and 2.189 L/kg)
than the rest of the compounds, implying that these two
will arrive in sufficient quantities for the DDP-4 protein.
The pharmacokinetic and druglikeness profiles of designed
DDP-4 inhibitors are shown in Table 3.

At the liver level, specifically at cytochrome P450
enzymes, the molecules Breeds 1 and breed 2 minimize
the enzymatic activity of CYP2C9 and CYP2D6, but the
remainder of the molecules is not inhibiting the critical
activities of other liver enzymes. As for the excretion pro-
cess, at the nephron level, all molecules will be eliminated
easily and in a short time because of their brief presence in
the human body. The half-lives of the proposed molecules
range from 0.079 to 0.745 hours.

However, the five discovered DDP-4 inhibitors, on the
other hand, are not expected to have any hERG blockers,
ames toxicity, carcinogenicity, drug-induced liver injury or
toxic features. Finally, all five suggested compounds are in
line with Lipinski, Pfizer, and GSK regulations and do not
produce pain in the human body.

Retrosynthesis, a powerful organic chemistry approach,
is utilized to construct effective synthetic routes for mol-
ecule complexes. Synthetic pathway assembler (SPAYA), a
recently developed tool, automates the retrosynthesis opera-
tion via the use of machine learning and artificial intelli-
gence algorithms. In addition, using SPAYA throughout the
synthesis of complex molecules will conserve both money
and time. Likewise, SPAYA aids in the identification of
potential problems in synthesis strategies, including the for-
mation of undesired by-products, enabling method adjust-
ment and optimization. The molecules Breed 1 was selected
for this investigation. Figure 6 shows a complete compilation
of the results collected for the predicted ligand (Breed 1).
The results show that the identified inhibitors are simple
to synthesize in a chemical laboratory, making it easier to
evaluate their inhibitory action for dipeptidyl peptidase IV
in vitro and in vivo.

In the phase 1, a mixture consisting of 0.724 mole of
1-(2,4,5-trifluorophenyl)propan-2-one, 0.724 mole of par-
aformaldehyde, 0.724 mole of N-methyl-1-phenylmeth-
anamine, and 7.5 mL of concentrated HCI in 100 mL of
ethanol had been refluxed for 2 hours. Following the integra-
tion of an additional quantity of paraformaldehyde (0.724
mole), the mixture was refluxed for another 2 hours. 75 ml
of acetone was added, agitated for 1 hour at 0 °C. Finally,
the produced solid was filtered and washed with acetone. In

Table 3 Pharmacokinetic and druglikeness evaluation of the five developed molecules

Categories Parameters Breed 1 Breed 2 Breed 3 Breed 4 Breed 5
Druglikeness MW (g/mol) 232.120 246.130 304.170 363.130 143.110
TPSA (A) 38.050 38.050 78.670 85.310 58.360
No. H-bond donors 3 3 3 3 3
No. H-bond acceptors 2 2 6 6 4
No. Rotatable bonds 5 5 6 6 3
LogP 1.429 2.043 —0.683 1.354 -0.972
Absorption Caco— 2 Permeability —5.165 —-4.976 —5.846 -4.920 —6.037
MDCK Permeab (cm/s) 6.9e—05 9.7e-05 5.1e-06 9.6e—06 4.6e—06
Distribution PPB (%) 24.835 27.371 18.696 71.078 6.252
VD (L/Kg) 2.151 2.605 1.405 2.189 1.292
Metabolism CYP1A2 inhibitor No No No Yes No
CYP2C19 inhibitor No No No No No
CYP2C9 inhibitor Yes Yes No No No
CYP2D6 inhibitor Yes Yes No No No
CYP3A4 inhibitor No No No No No
Excretion Clearance (ML/min/kg) 10.220 12.185 4.056 7.352 1.292
T1/2 (hour) 0.092 0.079 0.204 0.254 0.746
Toxicity hERG Blockers No No No No No
AMES Toxicity No No No No No
Carcinogenicity No No Yes No No
Drug include liver injury No No No No No
Medicinal Chemistry Lipinski Rule Accepted Accepted Accepted Accepted Accepted
Pfizer Rule Accepted Accepted Accepted Accepted Accepted
GSK Rule Accepted Accepted Accepted Accepted Accepted
Golden Triangle Accepted Accepted Accepted Accepted Accepted
Pains 0 alert 0 alert 0 alert 0 alert 0 alert
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Fig.6 Retrosynthesis of predicted designed inhibitor (Breed 1)

the next stage (phase 2), a solution of 42.15 g (0.137 mole)
of 4-(benzyl(methyl)amino)-1-(2,4,5-trifluorophenyl)butan-
2-one dissolved in 221 ml of a MeOH-water (1:1) combi-
nation was added, along with 9.68 g of Pd over 5% carbon
(56.5% water). At atmospheric pressure, the mixture was
hydrogenated for 1 hour. The catalyst was filtered, and the
solvent was completely evaporated. The final product was
recrystallized from acetone to provide 28.6 g (96%) of the
molecule 4-(methylamino)-1-(2,4,5-trifluorophenyl)butan-
2-one as a white crystalline solid. Finally, and at the phase
3, the Breed 1 molecule was synthesized via asymmetric
hydrogenation catalysts.

Computational evaluation of antidiabetic (type 2)
activity

A vast number of studies initiatives appear to possess been
abandoned since serious adverse effects and toxicity are uni-
dentified and these unfavorable consequences are discovered
or appear much too late. In contrast, in contemporary times,

@ Springer

it is feasible to anticipate over 3700 pharmacological con-
sequences and other biological features of substances using
PASS, a simple internet platform. Table 4 displays the PASS
outcomes, which were labeled as Pa and Pi. PASS prediction
for antidiabetic (type 2) activity of compounds Breeds 1-5
was found to be 0,102 < Pa < 0,568. In addition, this indi-
cated that the molecules Breeds 1, 2, and 3 had antidiabetic

Table 4 Predicted antidiabetic

. Molecules Biological
(type 2) activity qf the .ﬁve activity
proposed DDP-4 inhibitors
using PASS platform Antidiabetic
(type 2)
Pa Pi
Breed 1 0,568 0,008
Breed 2 0,470 0,012
Breed 3 0,533 0,009
Breed 4 0,140 0,097
Breed 5 0,102 0,018
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(type 2) features. Based on PASS results and ADMET
properties, all five generated compounds were chosen for
molecular dynamic simulation to assess and analyze their
ability to block the vital function of dipeptidyl peptidase IV
as antidiabetic (type 2) drugs.

Molecular dynamic simulation (MDS)

Molecular dynamics examination is a critical tool for under-
standing the dynamics and molecular interactions of mol-
ecules during typical or pathological environments. Several
criteria, including root-mean-square deviation, root-mean-
square fluctuation, radius of gyration, and solvent-accessi-
ble surface area, are useful to evaluate the results of this
investigation. RMSD is used to calculate the average shift
of molecular configurations throughout simulation, allowing
for evaluation of biomolecular structural stability over dif-
ferent times. RMSF estimates the degree of atom changes,
offering insight on molecular mobility. Lower RMSF values
suggest greater atomic stability. In addition, Rg provides for
the observation of structural modifications over the simula-
tion time and assesses molecular compactness. Finally, sig-
nificant changes in SASA might signal changes in the mol-
ecule's interactions with another system, which may impair
its pharmacological activity.

In this research, the stability of the five hybridized mole-
cules (Breeds 1-5) and alogliptin within the DDP-4 receptor
was analyzed during a 100 ns of simulation. The biomolecu-
lar stability of the five breed molecules was evaluated using
the data from Table 5, which displayed all of the average
values (RMSD, RMSF, Rg and SASA) acquired from this
investigation.

Initially, the average RMSD value across all docked
complexes, including Alogliptin, remained between 0.172
and 0.319 nm. Nevertheless, in the identical simulation,
the DPP4_Breed 5 complex demonstrated substantially
more stable conduct with an average RMSD value of
0.172 nm when compared to other complexes (which
comprise the reference complex having an average RMSD
value of 0.249 nm). The DPP-4_Breed 1 complex had the
maximum RMSD value (> 2 nm) at 26 ns, after that, the
complex remained stable at 0.3 ns until the simulation
ended. In addition, the DPP-4_Breed 2 complex exhibited

an upward dynamic from 10 to 35 ns while remaining
stable throughout the simulation with an average RMSD
of 0.261 ns. In this simulation, the DPP-4_Breed 3 com-
plex displayed fluctuating dynamics. When compared to
other RMSD profiles, the behavior from 30 to 85 ns was
more stable, with an average RMSD value of 0.372 ns.
Finally, the DPP-4_Breed 4 complex exhibited unstable
atomic mobility with an average RMSD of 0.391 nm at the
period between 0 and 30 ns. The RMSD backbone atoms
profiles of the developed inhibitors and alogliptin within
the DPP-4 receptor are displayed in Figure 7.

When determining the flexibility of a protein, the root-
mean-square fluctuation (RMSF) of each amino acid in
a particular frame configuration is compared to the aver-
age conformation. RMSF analyses show that the residues
in the proposed inhibitors are quite stable, with averages
of 0.131, 0.122, 0.127, 0.124, 0.122, and 0.123 nm for
DPP-4_Breed 1-5 and alogliptin, respectively. It is impor-
tant to note that the RMSF profiles of all generated com-
plexes and the reference molecule are very similar. Fur-
thermore, all complexes show significant fluctuations in
the molecular level, up to 0.8 nm (near atom 3400).

Some discernible fluctuations were seen in the RMSF
data around the 2500, 5500, and 9000 atoms, in Breeds 1,
3, and 4 showing the dynamic changes within 0.5 nm. The
RMSF backbone atoms profiles of the designed inhibitors
and Alogliptin are presented in Figure 8.

Radius of gyration (Rg) was used to determine the
geometric compactness of protein complexes. The results
showed that the Rg values of all the docked conforma-
tions showed little variation from 2.5 to 2.75 nm, with
average values of 2.735, 2.731, 2.721, 2.725, and 2.725
nm for DPP-4_Breed 1-5 complexes and 2.732 nm for the
DPP-4_Alogliptin complex. Consequently, the Rg values
indicate that, following interaction with hybridized mol-
ecules, the protein folding compactness remains mostly
unchanged. Nevertheless, there are slight variations in the
protein's levels following binding with Breeds 1 and 3.

This implies that all complexes formed between pro-
tein and hybridized molecules are structurally stable dur-
ing 100 ns of simulation. The Rg profiles of the proposed
inhibitors and alogliptin are depicted in Figure 9.

Table 5 Evaluation of the

- . Complexes AverageRMSPD (hm) AverageRMSF (hm) AverageRe () AverageSASA (nm2)

structural stability of the studied

complexes by MDS over 100ns  ppPp-4_Breed 1 0.319 0.131 2735 330.14

of simulation DDP-4_Breed 2 0.261 0.122 2731 328.12
DDP-4_Breed 3 0.372 0.127 2.721 326.49
DDP-4_Breed 4 0.391 0.124 2.725 326.75
DDP-4_Breed 5 0.172 0.122 2.725 329.48
DDP-4_Alogliptin ~ 0.249 0.123 2.732 331.22
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Fig.7 RMSD graph of the six CHARMM27

docked complexes (DPP-4_
Breed 1-5 and alogliptin) over
100 ns of simulation

0.7 T T T T T T | T | T T T

L —— DPP-4_Breed 1
—— DPP-4_Breed 2
0.6 — —— DPP-4_Breed 3
DPP-4_Breed 4
DPP-4_Breed 5
0.5 DPP-4_Alogliptin

| ‘ «”l',l. '“
\" “ |||'H||" LA TR 1 NM

<o
~

RMSD (nm)

0.3

w M et b

0.1 i

0 Il I 1 I 1 | 1 | 1 | 1 I Il | 1 I 1 | 1
0 10 20 30 40 50 60 70 80 90 100
Time (ns)
Fig.8 RMSF graph of the six CHARMM?27
docked complexes (DPP-4_
Breed 1-5 and alogliptin) dur-
ing 100 ns of simulation ' ' Tttt '

—— DPP-4_Breed 2

—— DPP-4_Breed 3

—— DPP-4_Breed 4
DPP-4_Breed 5
DPP-4_Alogliptin -

; ‘ l‘ ! l‘

lw 'h||

0.8 ' —— DPP-4_Breed 1 —

RMSF (nm)
o o
+ o)}
1 ' [
1

\‘E‘F

ro
—_(

.‘“ 1 \” ,,'

0. \
w T i L l\‘l' ‘ b

0 1 | 1 I 1 | 1 I 1 | 1 I 1 | | I | | 1 | | | 1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
Atom

SASA signifies the protein region that is highly vulner- from 100 ns were 330.14, 328.12, 326.49, 326.75, 329.48,

able to interaction with neighboring solvent molecules.  and 331.22 nm?, respectively. In addition, all of these find-
Thus, the change in solvent-accessible surface area for the  ings indicate that none of the complexes appears to have
six formed complexes is plotted in Figure 10. The DPP-4_  considerable variation. As a result, the data are conclusive

Breed 1-5 and alogliptin complexes average SASA values  evidence of minimal change in the biomolecular structure
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Fig.9 Radius of gyration
profiles of generated com-
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Fig. 10 SASA plot of the six
docked complexes generated via
MD simulation for 100 ns
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of DPP-4. More notably, minor shifts were discovered when
comparing the clinical inhibitor (alogliptin) to all of the
developed compounds.

The findings of molecular dynamics study for the
newly hybridized molecules demonstrate a satisfactory
RMSD when compared to the clinical DPP-4 Inhibitor.

30 40 50 60 70 80 90
Time (ns)

100

Furthermore, with a few exceptions for residues larger than
0.4 nm, the RMSF remained stable and similar to the clini-
cal inhibitor. The Rg and SASA were stable throughout
the trajectory, suggesting that the complexes were stable
and compact. According to these findings, the hybridized
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molecules can block the enzymatic activity of DPP-4 and  molecules and the clinical DPP-4 inhibitor (alogliptin), the

maintaining high biomolecular stability. cross-correlation coefficients were computed employing the
atomic coordinates Ca. Figure 11 shows the cross-corre-
Dynamic cross-correlation matrix (DCCM) lation maps for the six examined complexes. In addition,
positive correlation (PC) movements are represented by
To investigate the modifications in the internal dynam-  blue, whereas anticorrelated (AC) movements are depicted

ics of DPP-4 caused by the interactions with the designed by red, with the color indicating the intensity of correlation.
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Fig. 11 Cross-correlation maps computed via Ca atoms coordinates of DPP-4: A Breed 1, B Breed 2, C Breed 3, D Breed 4, E Breed 5 and F
alogliptin, complexed with DPP-4
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Notably, the off-diagonal zones show the relative shifts of
the various residues, whereas the diagonal regions represent
the dynamics of a specific residue relative to itself (Wang
et al. 2023). Following the biomolecular interactions of
DPP-4 and the clinical inhibitor alogliptin (Figure 11F), the
diagonal zones @), ()%, (Z)?, and the off-diagonal 2)*
zone exhibit strongly positive correlation movements (PC),
whereas (Z)° and (Z)° zones cause significantly anticorre-
lated (AC) movements. As demonstrated in Figure 11A, the
presence of Breed 1 within the DPP-4 active site not sim-
ply intensifies the PC motion in the diagonal zones but also
increases the AC movement in the (Z)° and (Z)° zones.
The binding of Breed 2 to DPP-4 (Figure 11B) increases
the positive correlation motions in the (Z)!, (Z)* and (Z)?,
and it adds anticorrelated motions in the (Z)° and (Z)® com-
pared to breed 1. At the internal dynamic level, when Breeds
3 and 4 interact with the DPP-4 active site (Figure 11C and
D)), the DPP-4 molecular structure stays very comparable
to the effects of the clinical inhibitor on the DPP-4 protein.
This supports the notion that DPP-4_Breed 3 and 4 com-
plexes have high molecular structural stability. The interac-
tion of Breed 5 with DPP-4 (Figure 11E) not just clearly
reduces the correlation motions in the (2)', (Z)%, (Z), and
(Z)* however it also reduces the anticorrelated motions in
the (Z)° and (Z)%. These findings show that the molecular
binding of the discovered compounds to DPP-4 has no effect
on the structure of DPP-4 as opposed to the clinical inhibi-
tor. As a result, it is obvious that the molecular hybridization
process is useful for creating novel antidiabetic drugs.

Free energy landscape (FEL)

Molecular dynamics simulations are useful for modeling the
free energy landscape (FEL) and investigating the molecu-
lar folding behavior of a certain protein at an atomic level
(Singh et al. 2019). The FEL of the six DPP-4 complexes
was constructed for DPP-4 backbone atoms by combining
the root mean square deviation (RMSD) and radius of gyra-
tion (Rg), both expressed in nanometers. The outcomes of
the FEL analysis are shown in Fig. 12. In the DPP-4_Breed
1 configuration, it demonstrated confirmation stability (AG
= 0) with an RMSD and Rg of 0.2 and 2.72 nm, respectively,
whereas the DPP-4_Breed 2 and 3 configurations had the
lowest free energy conformations and were centered around
(RMSD = 0.17 nm, Rg = 2.7 nm). Moreover, Breed 4 within
DPP-4 has shown confirmation stability via an RMSD of
2.7 nm and an Rg of 0.17 nm, respectively. On other hand,
it showed confirmation stability (AG = 0) in the DPP-4_
Breed 5 configuration, with an RMSD and Rg of 0.16 and
2.7 nm. Finally, the DPP-4 clinical inhibitor (Alogliptin)
with DPP-4 illustrated confirmed stability, with RMSD
of 0.17 and Rg of 2.73 nm. These findings imply that the
hybridized molecules can bind to the DPP-4 receptor and

inhibit its biological activities without changing or affecting
its biomolecular structure. They additionally possess a very
similar effect to the clinical inhibitor alogliptin. Notably,
our research showed that the five complexes were stable and
maintained their energy minima, indicating that the amino
acids constituting the active site would interact with inhibi-
tors on a regular basis.

Binding free energy calculations

MM-PBSA is a useful method for assessing covalent
bond stability and identifying the more stable compounds
(Jin et al. 2020). Through the execution of the molecular
mechanics—Poisson—Boltzmann surface area (MM-PBSA)
technique, the energy contributions from the developed sys-
tems were further examined. The total binding free energy
of each formation is calculated as the combination of van
der Waals and electrostatic interactions, NP interactions in
a solvated system, NP contribution of repulsive solute-sol-
vent interactions to the solvation energy, total gas phase MM
energy and total solvation energy. The total binding energies
(Table 6) of the five designed inhibitors were calculated as
—60.43, —60.94, —48.52, —36.38, and —36.38 kcal/mol
for Breeds 1-5, respectively. In addition, the total binding
energy of alogliptin was -37.45 kcal/mol. The results show
that the five hybridized DPP-4 inhibitors have negative bind-
ing energies, indicating a better binding selectivity. Notably,
the contributions of AEg; and AEyy are negative, indicat-
ing positive interactions among the developed inhibitors and
the DPP-4. The MM-PBSA results show that the proposed
inhibitors limit the biological activities of DPP-4 via the
biomolecular interactions, generate relatively stable com-
plexes, and offer therapeutic promise for the treatment of
type 2 diabetes.

Using MM-PBSA technique, the bind-
ing free energy was decomposed into the contributions
from every residue in order to provide a better understand-
ing of the mechanism of binding. In all systems, the amino
acids that contributed the most to the binding free energy
were Asp624, Glul66, and Glul67. Figure 13 depicts their
energy contributions. In addition, it was discovered that
Glul66 contributed the most to the created systems, with
binding energies ranging from —19.65 to —10.58 kcal/
mol. whereas, in the DPP-4_Alogliptin system, Glul66
has a binding energy of —5.85 kcal/mol. In the five devel-
oped systems, Glul67 amino acid provided the most bind-
ing energy, ranging from -18.21 to —8.27 kcal/mol. While
in the DPP-4_Alogliotin system, this amino acid offered
—5.24 kcal/mol for the binding energy. Finally, all of this
data shows that the hybridized inhibitors create very sta-
ble complexes with the DPP-4 receptor when compared to
the clinical complex. This clearly shows that the designed
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Fig. 12 Free energy landscapes (FEL) plotted between RMSD and Rg coordinates for six DDP-4 complexes. A Breed 1, B Breed 2, C Breed 3,

D Breed 4, E Breed 5 and F alogliptin, with DPP-4 stable conformations

Table 6 The estimated binding free energies of bound-designed inhibitors to DPP-4 via the MM-PBSA method

C omplex AEVDchaUmol AEEchallmol AEPBkcal/mol AENPOkcal/mol AGGASkcallmol AGSOchallmol ATOTAchaUmol
DDP-4_Breed 1 —14.16 —703.34 659.74 -2.67 —717.50 657.07 —60.43
DDP-4_Breed 2 -10.17 —1728.92 681.01 —2.87 —1739.09 678.14 —60.94
DDP-4_Breed 3 -10.36 —709.32 674.35 -3.19 —719.68 671.16 —48.52
DDP-4_Breed 4 —28.10 —385.05 380.05 -3.27 —413.16 376.78 —36.38
DDP-4_Breed 5 -7.62 -678.52 645.04 -2.28 —686.14 642.75 —43.38
DDP-4_Alogliptin -27.22 —384.57 377.89 -3.55 —-411.79 374.34 —37.45

inhibitors can help in the development of novel and potent
medications for treating type 2 diabetes.

While the computational studies, including docking
scores and molecular dynamics (MD) simulations, pro-
vide valuable insights into the potential binding affinity
and stability of the newly designed inhibitors, it is impor-
tant to acknowledge that these results are preliminary. The

@ Springer

correlation between calculated and experimental binding
energies is not straightforward, as indicated by studies
such as Rifai et al. (Rifai et al. 2019). Which reported a
correlation coefficient of only 0.64 between MM/PBSA-
generated values and experimental data. Therefore,
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Fig. 13 Binding free energy decomposition plots of DPP-4 complexes
experimental synthesis and testing of these compounds Conclusion

are essential to confirm their actual binding energies, phar-
macokinetic properties, and overall efficacy.

DPP-4 blockers are currently supplanting sulfonylureas as
insulinotropic medications and are also an acceptable ther-
apeutic substitution for alternative therapies such as glita-
zones or glucosidase blockers. In this article, we employed
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a molecular hybridization strategy to develop novel and
potent DPP-4 inhibitors with favorable pharmacokinetic
characteristics by combining the molecular features of
eight clinical DPP-4 inhibitors currently on the market in
Europe and the USA. Our research led to the identification
of five promising hybridized DPP-4 inhibitors.

Preliminary computational studies, including molecu-
lar docking and molecular dynamics simulations (RMSD,
RMSF, Rg, and SASA), suggest that these compounds
form stable complexes with DPP-4 receptors compared to
the clinical inhibitor alogliptin. The DCCM and FEL data
indicate that the suggested compounds maintain the initial
configurations of the DPP-4 structure, unlike alogliptin,
which causes substantial changes upon interaction. MM-
PBSA calculations further indicated that all complexes
formed between DPP-4 and the new compounds exhibit
favorable binding free energies and atomic mobility.

Pharmacokinetic profiles, estimated using Lipinski's rule
of five and similar druglikeness filters, suggest these mol-
ecules have suitable properties for entering the circulatory
system. Basic toxicity filters and PASS predictions indicated
no immediate red flags regarding potential toxicity.

Although these computational findings are promis-
ing, experimental validation is necessary to confirm the
efficacy, safety, and pharmacokinetic properties of these
proposed DPP-4 inhibitors. We believe the findings of this
study provide a foundation for the development of effec-
tive type 2 diabetes drugs.
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tary material available at https://doi.org/10.1007/s11696-024-03697-8.
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