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Severe acute respiratory syndrome coronavirus 2 (SARS-GoV-2) is the virus that caused the last major pandemic and
has led to multiple efforts being carried out around the Er
t

erties were analyzed. First, the physicochemical properties of oral
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is a virus that first appeared in Wuhan at the end
of 2019 and was the cause of the last major pandemic [1]. The
world was paralyzed under conditions of biological protection
that today serve as a lesson for future pandemics [2]. However,
despite the confinements, the human losses due to this virus
were innumerable [3].

SARS-CoV-2 is a highly transmissible coronavirus,
similar to other highly pathogenic coronaviruses such as
severe acute respiratory syndrome coronavirus (SARS-CoV)
and Middle East respiratory syndrome coronavirus (MERS-
CoV) [4]. Individuals who contract SARS-CoV-2 experience
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symptoms of viral pneumonia, including fever, cough, and chest
pain. In more severe cases, they may present with difficulty
breathing and bilateral lung infiltrates. Unlike SARS-CoV, it
has been demonstrated that SARS-CoV-2 can be transmitted by
individuals who may not exhibit symptoms [5].

SARS-CoV-2 belongs to the betacoronavirus 2B
lineage and diverges from SARS-CoV. However, SARS-CoV-2
is a distinct virus with its own unique characteristics and genetic
composition [6]. SARS-CoV-2 enters human cells by binding to
angiotensin-converting enzyme 2 as its receptor.

The Mpro protein, an enzyme utilized by the virus to
process essential proteins for replication, presents a potential
target for inhibiting viral replication. Many researchers are
actively seeking compounds capable of blocking Mpro activity,
viewing it as a promising strategy in the treatment of COVID-19
[7.8].

Currently, several different types of vaccines have
been developed, primarily based on messenger ribonucleic acid
and viral vector technology [9]. However, despite successful
vaccinations in several countries, significant breakthrough
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infections (infections after vaccination) occur due to various
factors, including decreased antibody levels [10], the presence
of new viral variants [11], and comorbidities such as cancer,
immunodeficiencies, or conditions like diabetes, which have
shown increased susceptibility to severe COVID-19 disease [12].
Currently, a Michael acceptor inhibitor known as N3
has been developed using computer-aided drug design. N3
exhibits specific inhibition of Mpro from multiple coronaviruses
by targeting a highly conserved substrate recognition pocket
shared by SARS-CoV, MERS-CoV, and infectious bronchitis
viruses [7,13]. Additionally, substances like Sitagliptin and
Melittin can inhibit Mpro in a manner similar to N3 [14].
Given this, it is critically important to develop effective
and efficient medications that can be beneficial in managing
moderate or severe disease. Worldwide efforts have been
dedicated to inventing such drugs and identifying pre-existing
medications capable of neutralizing the virus [15,16], as well as
the search for antiviral compounds from medicinal plants [17].
Molnupiravir and Paxlovid (Nirmatrelvir/Ritonavir) have been
developed and are utilized as emergency therapies for mild to
moderate COVID-19. Molnupiravir is a ribonucleoside analog
inhibitor of RNA-dependent RNA polymerase, nirmatrelvir
covalently inhibits Mpro, ritonavir inhibits CYP3A to slow the
metabolism of nirmatrelvir (and does not inhibit Mpro because
human immunodeficiency virus and SARS-CoV-2 proteases are
from different clans) [18-20], N3 also covalently inhibits Mpro
[7,13], and sitagliptin does not inhibit Middle East respiratory
syndrome (MERS) entry via Dipeptidyl peptidase 4 [
and is a noncovalent inhibitor of Mpro. However? e 1
the repertoire of small molecules specifically

chemotherapy agents against SARS-CoV-2 r &Xntial.
While it is true that cova itobs” are being
21, molecules that

developed for the treatment of COVIE
bind covalently may be more likely to trigg€fan immune response

or cause toxicity due to the formation of covalent adducts
with the nontarget proteins [23]. Furthermore, noncovalently
linked molecules can be designed to have a wide range of
pharmacokinetic and pharmacodynamic properties, which may
be useful to optimize efficacy and minimize side effects [24].
Since Sitagliptin is a small molecule, our study utilizes
it as a foundation to design new compounds using bioisosteric
replacement techniques, aiming to create novel SARS-CoV-2
Mpro inhibitors that surpass the effectiveness of Sitagliptin.

METHODS

Bioisosteres design

The design of Sitagliptin derivatives was conducted
using bioisosteric replacement techniques, aiming to discover
novel compounds with enhanced activity and low toxicity. To
achieve this were utilized the ZINC20 database [25] and SeeSAR
program [26] to prepare the derivatives, modifying each part of
sitagliptin (Fig. 1) based on the following parameters:

A.The 1,2,4-Triazolo[4,3-a]pyrazine segment and the keto
functionality of the 3-amino-butan-1-one chain were
replaced, while the remainder of the molecule remained
unchanged.

B The A4-Triazolo[4,3-a]pyrazine segment and the

in the para position of 2,4,5-trifluorophenyl were
rved while the remaining portion of the molecule
as replaced.

C.The 1,2,4-Triazolo[4,3-a]pyrazine segment and the
fluorine in the meta position of 2,4,5-trifluorophenyl were
preserved, while the remaining portion of the molecule
was replaced.

D.The trifluoromethyl group and the para fluorine of
2,4,5-trifluorophenyl were preserved, while the remaining
portion of the molecule was replaced.

4
N //N\N N

/1,2,4-Triazo|o[4,3-a]pyrazine

|3—amino—butan—1—oné

12,4,5-trifluorophenyl

Figure 1. Chemical structure and structural moties of sitagliptin.
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The physicochemical properties of the resulting
structures were computed using the SwissADME computer
server [27]. By evaluating the relationship between molecular
weight (MW), lipophilicity (LogP), and topological polar
surface area (TPSA), compounds with the highest potential for
gastrointestinal absorption and a reduced likelihood of crossing
the blood-brain barrier were selected [28,29].

Protein target preparation

The SARS-CoV-2 protease Mpro was retrieved
from the Protein Data Bank with the code 7BB2 [30]. The
structure underwent a purification process, during which
ions, ligands, and water molecules were eliminated using the
PyMOL Molecular Graphics System 2.5 software program
[31]. For molecular docking, the selected protein’s structure
was parameterized using the AutoDock Tools program, polar
hydrogens were added, nonpolar hydrogens were removed, and
Kollman charges were assigned [32].

Molecular docking

Marvin v23.11, 2023, developed by ChemAxon (http://
www.chemaxon.com), was used for drawing and characterizing
chemical structures of bioisosteres and sitagliptin. Molecular
docking was conducted using the Autodock Vina protocol [33],
which employs the VINA genetic algorithm and predefined
procedures for directed and rigid docking. The amino acid residues

Glycine 143, Serine 144, Cysteine 145, Histidine 163, and Histidine
164 were identified as constituents of the potential binding site [34].
Subsequently, a grid box was created at the identified catalytic site
with the following coordinates: center x = -13.714, center y =
17.195, center_z = 69.288, size x = 18.0, size y=19.5, and size z
=21.0. Each of the Sitagliptin derivatives was docked to this specific
site on the S protein, revealing the most probable and energetically
favorable binding conformations. The completeness was assessed
100-fold for each protein-ligand interaction.

The binding docking positions were visually examined
for interactions using the software programs PyMOL [30] and
Discovery Studio [34].

The most potent compounds were those with lower
affinity energy and a greater number of hydrogen bond
interactions and total interactions [35].

Pharmacokinetic properties

The pharmacokinetic properties of Sitagliptin
derivatives were assessed using the pkCSM web server [36].

RESULTS

Based on the design parameters outlined in the
Methods secjon, 10 bioisosteres of Sitagliptin were generated
for. e;%o thg) parameters A, B, and C. Additionally, 20

i01 res,were obtained using parameter D, resulting in a
total Sitagliptin-like molecules, as shown in Figure 2.
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Figure 2. Sitagliptin bioisosteres.
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Figure 3. Physicochemical properties of Sitagliptin bioisosteres.

Table 1. Affinity energy and number of interactions of Sitagliptin bioisosteres with anti-viral activity against SARS-CoV-2.

o o JERITY oo CySman I M
A hydrogen
MO0 C,HFNO 7.0 0.634 33E96 ~0.25 18 5
Mol CH, FNS' ~7.4 0.299 73E-06 -0.22 12 4
MOS C H,FN,0.8" 7.4 . 6 3.73E-06 024 20 7
M09 C H FN,S 6.5 X@ 1.71E-05 ~0.22 15 5
Mi1 C,H,FN,O = 200 3.15E-06 -0.26 16 5
MI2 C,H,FN,08* 0 0.697 6.19E-06 024 10 4
M3 CH FNO, 4 0.030 3.73E-06 ~0.26 19 4
Mi6 C,H,FN,0S* ~7.0 0.672 7.33E-06 ~0.24 10 4
M17 C,JH,FN,O 75 0.759 3.15E-06 027 13 4
M20 CH, FNOS 7.1 0.039 6.19E-06 ~0.25 15 3
M24 CH FNS' 7.6 0.291 2.66E-06 025 13 4
M30 C H N, 7.9 0.164 1.60E-06 028 17 4
M31 C HFNOS, 6.3 2,038 2.39E-05 -0.30 16 8
M32 C,H,FN,0S, 5.0 0.856 2.15E-04 -0.28 15 6
M35 CH,FN,OS 5.0 1.363 2.15E-04 028 1 4
M36 C, HFN,08, 53 1113 1.29E-04 027 14 5
M37 C,HFN,0S, 6.3 1.681 2.39E-05 035 21 5
M38 C,H,FN0S, 5.7 0.864 6.59E-05 -0.29 15 7
M40 C,H,F,N,08, 5.6 0.593 7.80E-05 -0.28 13 4
M41 C, H,F.N,0.8, 5.9 0.817 4.70E-05 030 15 6
M42 C HCIFNS, ) 0.169 2.83E-05 -0.28 13 4
M43 CHFN.OS, ) 0.879 2.83E-05 0.3 16 6
M45 CHFN,0.S, 62 1.647 2.83E-05 027 12 4
M46 C,H,FN,OS, 5.0 0.978 2.15E-04 -0.28 16 7
M47 C,H,FNOS, 5.5 1.521 9.24E-05 031 15 6
M49 C,H,F.N,0S, 5.0 0.961 2.15E-04 -0.28 14 5
M50 C,HFNOS 6.3 0.976 2.39E-05 030 13 5

117 4 3-2
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Figure 4. 2D molecular docking of Sitagliptin bioisosteres with anti-viral activity against SARS-CoV-2. (A) Molecular docking of MO1. (B) Molecular docking of M05.
(C) Molecular docking of M11. (D) Molecular docking of M12. (E) Molecular docking of M13. (F) Molecular docking of M16. (G) Molecular docking of M17. (H)
Molecular docking of M20. (I) Molecular docking of M24. (J) Molecular docking of M30. Source: BIOVIA Discovery Studio Program.

Similarly, the physicochemical properties of the 50
Sitagliptin bioisosteres were evaluated using the SwissADME
web server. Key parameters, including MW, lipophilicity
(CLogP), and TPSA, were three-dimensionally plotted in
Figure 3. This analysis aimed to identify structures with
improved gastrointestinal absorption and reduced likelihood
of crossing the blood-brain barrier. Subsequently, the selected
bioisosteres underwent molecular docking techniques for
further assessment.

The molecular docking analysis was conducted
on 26 bioisosteres of Sitagliptin that exhibited favorable
characteristics related to gastrointestinal absorption and
reduced brain distribution, which were maintained within a
three-dimensional box. The results of the molecular docking
(as shown in Table 1) were based on affinity energy (AG),

ligand efficiency (LE), number of hydrogen bonds, and total
interactions. Bioisosteres with lower energy and a greater
number of interactions were considered suitable. Sitagliptin
(MO00) was also analyzed under the same conditions to serve
as an in silico reference, with bioisosteres M01, M05, M11,
M12, M13, M16, M17, M20, M24, and M30 exhibiting
affinity energy lower than that of Sitagliptin. Their active site
interactions are illustrated in Figure 4.

The pharmacokinetic properties of the 26 Sitagliptin
bioisosteres were also assessed using the pkCSM web server,
and the results are presented in Table 2. Among them, only the
bioisosteres MO1 and M30 tested positive for the Ames test,
while M20 exhibited low renal elimination. Additionally, 17
bioisosteres did not inhibit any cytochrome P450 (CYP) or
P-glycoprotein (P-gp).
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Figure 5. 3D molecular docking of M17 bioisosteres with anti-viral activity
against SARS-CoV-2. (A) Visualization of surface hydrophobicity of Mpro
with M 17 bioisister. (B) 3D representation of M 17 with close residues of Mpro
(less five angstroms). Source: UFC Chimera Program v1.16 (2021).

DISCUSSION L 6
The ZINC20 database [25] and Seem am

[26] were used to generate 50 bioigaste
Among these, 26 molecules (in addition togsi tin) exhibit
favorable gastrointestinal absorption ow distribution in
the brain (as shown in Fig. 3). To assess oral bioavailability,
key physicochemical characteristics were considered: CLogP,
TPSA, and MW, following the guidelines set forth by Lipinski
and Veber.

According to Lipinski [28], the CLogP values of these
molecules should fall within the range of 1 to 5. This ensures
that they are neither excessively lipophilic (which could reduce
aqueous solubility) nor overly hydrophilic (which might hinder
permeability). Additionally, the MW must be less than 500 Da
to maintain the characteristics of small molecules.

Veber [29] further highlights the significance of TPSA.
Molecules with a TPSA exceeding 140 A? possess an excessive
polar area, potentially forming numerous hydrogen bonds (as
per Lipinski’s criteria). Consequently, their ability to traverse
biological membranes decreases. Conversely, if the TPSA is
less than 80 A2, the molecules lack significant polar area and can
readily enter the brain. However, for this study, drug candidates
that primarily act at a peripheral level were sought.

Therefore, the molecules enclosed within the orange
box in Figure 3 exhibit the most favorable physicochemical
properties.

The molecular docking was performed using the
26 molecules exhibiting good oral absorption, in addition to
Sitagliptin, which served as a reference. The concept of affinity

itagliptin.

energy refers to the force governing reversible interactions
between two molecules (ligand and receptor). Lower energy
requirements indicate a higher likelihood of successful
interaction [37]. Although all the molecules displayed
negative energy, implying potential binding to the active site,
only 10 of them exhibited affinity energy less than —7.0—
the same energy level observed for sitagliptin in this study.
Consequently, these specific molecules may offer enhanced
inhibitory activity against the Mpro of SARS-CoV-2.

Molecule MOS5 exhibits the highest number of
hydrogen bonds, as depicted in Figure 4. However, it also
displays unfavorable interactions that might constrain its
effectiveness upon transitioning to in vitro or in vivo models.
Additionally, MOS is the least rigid among the ten molecules,
potentially leading to reduced selectivity [38]. Furthermore, its
intricate and sizable ring structure could pose challenges to its
synthetic viability [27].

The greatest number of highly active bioisosteres was
obtained by retaining the 1,2,4-Triazolo[4,3-a]pyrazine moiety
from the sitagliptin molecule. Therefore, new compounds
should be tested while preserving this specific portion of the
molecule. Among these compounds, M11, M17, M24, and
M30 exhibi%ver affinity energies compared to the remaining

molecule
° %b ion constant (ki) and LE are critical factors to
ox . X lower affinity energy corresponds to a lower ki,
1gnifying not only feasible interactions but also the favorable
tency of these bioisosteres [37]. On the other hand, LE
reflects the ligands’ ability to elicit a biological response
upon binding to the target, quantified in terms of magnitude
[39]. Mathematically, LE is calculated by dividing the affinity
energy by the number of atoms (excluding hydrogen), thereby
determining the energy force required for each atom to
maintain interaction at the active site [40]. Table 1 shows that
molecules M11, M13, M17, and M30 exhibit the lowest LE,
with M17 and M30 having the most favorable values.

LE is considered favorable when values fall below
—0.4. However, these thresholds vary across different drug
discovery phases. For Hits, an LE of —0.41 is deemed suitable,
while leading compounds in Phase II exhibit values between
—0.39 and —0.42 [39]. Notably, molecules M 17 and M30 possess
LE values of —0.27 and —0.28, respectively. These values
are suboptimal due to the ligands’ size. Binding efficiency
correlates with molecular size—larger ligands tend to exhibit
lower binding quality with the receptor [41]. Interestingly,
despite deviating from this principle, the molecules resulting
from our study demonstrate comparable or superior LE values
compared to Sitagliptin. Moreover, these molecules hold
promise for successive Structural Simplification studies, where
structure size is minimized while maintaining or enhancing
critical parameters. This approach allows for the formulation of
substances with a higher likelihood of potency against the Mpro
of SARS-CoV-2.

In addition to molecular docking, which enables
us to infer pharmacodynamic properties in this study,
pharmacokinetic properties were analyzed using the pkCSM
server [36]. While binding energy and potency play crucial
roles in the early stages of drug development, it is the
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pharmacokinetic properties and toxicity that ultimately
determine the success of a studied molecule. Notably, a
significant proportion of study compounds fail precisely
due to unfavorable pharmacokinetic characteristics [42].
These properties aid in better selection, allowing us to
identify molecules with the highest potential for future drug
development. Table 2 presents the predicted pharmacokinetic
properties of the 26 molecules (including Sitagliptin).

Among the molecules studied, namely M11, M13,
M17, M24, and M30, none inhibit P-gp, which reduces the
likelihood of interactions when co-administered with other
drugs [43]. Conversely, their volume of distribution remains
adequate, and they do not readily traverse the blood-brain
barrier due to their logBB value being less than 0.3 [44], as
predicted using the 3D box (Fig. 3). However, it is worth noting
that molecules like M05 and M47 exhibit values above 0.3.

The inhibition of CYP enzymes is highly relevant
in the context of drug—drug interactions. Therefore, caution
must be exercised when inhibiting one or more CYP isoforms,
particularly CYP2D6 and CYP3A4, which play a pivotal role
in metabolizing a wide range of drugs [45]. Among the studied
molecules, M11, M13, M17, M24, and M30 do not inhibit
CYP2D6 or CYP3A4. However, M11 specifically inhibits
CYP1A2, while M30 inhibits both CYP1A2 and CYP2C19.
These findings warrant attention when considering the potential
impact of these molecules.

Renal elimination is substantial for all molecules, with
only M30 serving as a substrate for the organic cation transport;
2 (OCT2). OCT2 plays a crucial role in the initial step o
secretion for organic cations: absorption from the€ploqd, Gcr
the basolateral membrane, and into the renal u
cells. This process assumes signifi %’
potential drug—drug interactions [40 eyunderstanding
the inhibition of this transporter is ¢ al, knowledge of
the substrates is equally relevant. Such understanding aids
in comprehending the renal elimination process, as tubular
secretion is modulated by the presence of OCT?2.

The Ames mutagenicity test serves as a widely
used method for toxicity assessment, employing bacteria to
ascertain whether compounds exhibit potential carcinogenic
properties [47]. Currently, computer algorithms aid in the
in silico prediction of this assay [48]. Consequently, it has been
established that molecules M1 and M30 are likely mutagenic
substances.

Considering this, the M17 molecule (Fig. 5) exhibits
both lower affinity energy and more favorable LE. Furthermore,
its pharmacokinetic properties align well. Consequently,
in vitro and in vivo studies could be conducted using this
compound. Additionally, M17 serves as a promising foundation
for designing new compounds, with careful consideration of the
nuclei it contains.

le
edicting

CONCLUSION

In conclusion, M11 is a good candidate, but caution
must be taken due to a probable inhibition of CYP1A2; M13,
despite having affinity energy not as high as other molecules, has
a higher LE, and its pharmacokinetic properties are adequate;
M17 has better affinity energy and LE than M13, and has good

pharmacokinetic properties. M24 has a higher affinity energy,
but its LE is lower; additionally, its pharmacokinetic properties
are adequate. Finally, M30, despite having the highest affinity
energy and best LE, is probably a mutagenic molecule. Given
this, the M 17 molecule would be the best candidate to continue
in in vitro or in vivo studies.

LIST OF ABBREVIATIONS

CYP: cytochrome P450; Inh: inhibition; ki: inhibition
constant; LE: ligand efficiency; MERS: Middle East respiratory
syndrome; MW: molecular weight; OCT2: organic cation
transporter 2; P-gp: P-glycoprotein; S: substrate; SARS-CoV-2:
severe acute respiratory syndrome coronavirus 2; TPSA:
topological polar surface area.
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