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Abstract

The current outbreak of COVID-19 cases worldwide has been responsible for a significant number of deaths, especially
in hospitalized patients suffering from comorbidities, such as obesity, diabetes, hypertension. The disease not only has
prompted an interest in the pathophysiology, but also it has propelled a massive race to find new anti-SARS-CoV-2 drugs.
In this scenario, known drugs commonly used to treat other diseases have been suggested as alternative or complementary
therapeutics. Herein we propose the use of sitagliptin, an inhibitor of dipeptidyl peptidase-4 (DPP,) used to treat type-II
diabetes, as an agent to block and inhibit the activity of two proteases, 3CLP™ and PLP™, related to the processing of SARS-
CoV-2 structural proteins. Inhibition of these proteases may possibly reduce the viral load and infection on the host by
hampering the synthesis of new viruses, thus promoting a better outcome. In silico assays consisting in the modeling of
the ligand sitagliptin and evaluation of its capacity to interact with 3CLP™ and PLP™ through the prediction of the ligand
bioactivity, molecular docking, overlapping of crystal structures, and molecular dynamic simulations were conducted. The
experiments indicate that sitagliptin can interact and bind to both targets. However, this interaction seems to be stronger
and more stable to 3CLP® (AG =—7.8 kcal mol~"), when compared to PLP® (AG =—7.5 kcal mol~!). This study suggests
that sitagliptin may be suitable to treat COVID-19 patients, beyond its common use as an anti-diabetic medication. In vivo
studies may further support this hypothesis.
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Introduction

The 2019 coronavirus disease (COVID-19) was first reported
in Wuhan, China, and it is caused by a novel f-Coronavirus,
a zoonotic emerging pathogen identified in 2019. Systemic
complications associated with COVID-19 disease, usually
involve gastrointestinal infections, renal injury, heart failure
(Amaral et al. 2022), leading to a relatively high mortality
rate. Since the clinical manifestations of this disease resem-
ble those caused by the classic SARS-CoV virus, the new
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pathogen was named SARS-CoV-2. COVID-19 has been
reported as the most devastating outbreak known to humans
to date being responsible (Singh et al. 2021, 2022), only in
Brazil, for a total of 683,965 deaths (https://covid.saude.gov.
br/), until August 2022.

All CoVs are featured by a positive single-stranded RNA
(Freire et al. 2020), and the increased lethality of this group
is partly related to the presence of a high mutation rate due
to their propensity to errors during the replication. In addi-
tion, it has been shown that during the infection, a mixture
of different CoVs viral strains commonly causes an RNA
homologous recombination of around 20% (Denison et al.
2011), which is assumed to explain the high tropism and
pathogenicity the virus presents to the host (Cui et al. 2019).
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Most CoVs, including SARS-CoV-2, use the C-termi-
nal domain (CTD) of S, subunit of the glycoprotein spike
to bind to the angiotensin-converting enzyme 2 (ACE,).
The high affinity of the CTD to ACE, induces the virus-
cell fusion (Huang et al. 2020) that later may result in
serious organic disorders or death. SARS-CoV-2 is also
capable to bind and interact with the transmembrane pro-
tease DPP,/CD, (dipeptidyl peptidase 4), and this has
been proposed as an alternative pathway the virus may
use to enter the host cell (Li et al. 2020). DPP, functions
as a chemical modulator for several other molecules, such
as cytokines, chemokines and growth factors, and some
studies have reported that a high incidence of mortal-
ity and complications in diabetic patients suffering from
MERS-CoV (a virus similar to SARS-CoV-2) infection
may be related to dysregulated immune responses medi-
ated by the DPP, (Li et al. 2017; Fan et al. 2018).

Gliptins are a class of oral antihyperglycemic agents
with demonstrated efficacy in the treatment of type-II
diabetes (Scheen 2013) acting as DPP, inhibitors (iDPP,).
Sitagliptin is a member of the gliptin family that beyond
its anti-diabetic effects presents low cardiovascular risks
(Green et al. 2015; Yoshikawa et al. 2020). Considering
that DPP, is an additional receptor which SARS-CoV-2
may recognize to enter the host cells, we propose that an
iDPP,, as sitagliptin, may act as an antiviral drug. In fact,
a recent paper has shown that sitagliptin significantly
reduced SARS-CoV-2 titer in cell culture supernatants
from infected cells (Narayanan et al. 2022).

Once inside the cell SARS-CoV-2 uses two key pro-
teases, a chymotrypsin-like protease (3CLP™), and a
papain-like protease (PLP™), to process the precursors
of its 16 non-structural proteins (NSPs) (Yilmaz et al.
2020; Ravi et al. 2022; Yavarian et al. 2022), by a cascade
of cleavage process as schematized in Fig. 1. Thus, the
roles of 3CLP™ and PLP™ are of critical importance to
the successful of the viral infection, making these pro-
teases important targets to antiviral drugs addressing to
SARS-CoV-2.

The discovery and development of drugs against any
disease or a target is a cumbersome and time-demanding
task. On the other hand, as observed in several cases
around the world, many clinical professionals have
reported the use of the repositioning approach (off label
treatment) to treat COVID-19 patients (Abd-Elsalam et al.
2021; Kashour et al. 2021; Amaral et al. 2022); therefore,
the aim of this work was to carried out a detailed in silico
analysis to evaluate the potential of the molecule sitag-
liptin as bifunctional candidate to be used as a new anti-
SARS-CoV-2 drug targeting not only the human DPP,,
but also the 3CLP™ and PLP™ SARS-CoV-2 proteases.
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Methods

Domain analysis and linker prediction of the target
receptors

The structures and amino acid sequences of the papain-
like protease PLP™ from SARS-CoV (Ratia et al. 2006)
and chymotrypsin-like protease - 3CLP™ (Su et al. 2020)
from SARS-CoV-2 (Accession PDB IDs: 2FE8 and 6 M2N,
respectively) were downloaded in.pdb and.fasta formats
from the Protein Data Bank (Burley et al. 2021). In order
to identify possible boundary domains as well as to predict
linker sequences, the amino acids sequences of PLP™ and
3CLP™ were submitted to the following servers: Database
of Protein Domains, Families and Functional Sites - Pros-
ite (Sigrist et al. 2012), Conserved Domains Database and
Resources - CDD (Lu et al. 2020), and Classification of
Protein Families - InterPro (Blum et al. 2021). The algo-
rithms employed by FTSite (Ngan et al. 2012), FTMap
(Kozakov et al. 2015), and CASTp (Tian et al. 2018) serv-
ers were used to identify the interaction regions (hotspots).

Ligand design, bioactivity prediction, and molecular
docking studies

The structure of the ligand (sitagliptin) was designed with
the software MarvinSketch 6.2.2 (ChemAxon - http://
www.Chemaxon.com/products/marvin/marvinsketch/).
The output file was submitted to Molinspiration Virtual
Screening (www.molinspiration.com) and ChEMBL
(Mendez et al. 2019) servers to calculate the molecular
properties and bioactivity score of sitagliptin.

Docking simulations were conducted with the Auto-
Dock Vina software v. 1.1.2 (Trott and Olson 2010). Ini-
tially, in order to validate our molecular docking, site-
directed redocking simulations were carried out under
conditions where all the torsion connections of the ligand
and amino acids present in the catalytic site of the receptor
were free to rotate. All hydrogen polar atoms were previ-
ously added to the receptor and then parameterized with
Gasteiger charges. The ligand was prepared by addition of
Kollman charges. The simulation has been performed in
the following conditions: number of conformations =50,
exhaustiveness =33, and seed = 1000. The dimensions of
the boxes in all cases were: X=58 A, Y=80 A, and Z=62
A. The crystal structure (PDB ID: 6M2N) of 3CLP™ co-
crystallized with the ligand baicalein was used for this
challenge. Afterward, simulations employing the same
strategy were performed using the ligand and the crystal
structures of both the PLP™ and 3CLP™ as targets. Pre-
dictions made by CASTp, FTMap, and FTSite servers
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Fig. 1 Synthesis of non-
structural proteins (NSPs) and
post-translational modification
mechanisms of SARS-CoV-2
virus. Stage 1: after recognition
of the ACE, and/or DPP, cell
receptors, the viral nucleocapsid
is released into the cytoplasm
by endocytosis, or fusion of

the viral envelope, with the

cell membrane. Stage 2: the
translation of the ppla and pp1b
genes results in the synthesis of
ppla or pplab polyproteins, the
latter being generated by a —1
frameshift of ribosomes. These
polyproteins are then cleaved by
viral 3CLP™ and PLP™ proteases
generating 16 virus NSPs,
including the RNA-dependent
RNA polymerase (RdRp or
NSP,,)

Non-structural proteins

SARS-CoV,

Region 3’
Structural proteins

CAP _/\?., 2 ppla

o
= . Eefgw ,HJ\MMMA
[ [ = [ <3

-1 Frameshift

-—

were also used to determine the selected sites in PLP™ and
3CLP™ proteases for the molecular docking simulations.
All torsional bonds of the ligand (sitagliptin) were free
to rotate, whereas the PLP™ protease was held rigid except
for the amino acids Trp'%’, Asp'®, Cys!'2, Tyr!!3, Cys!®?,
G1y164, Tyl'265, Tyl'269, Gln270, Cy5271, Hi5273, Tyr274, and
Asp®®’. Similarly, the amino acids from 3CLP™ protease

Proteolytic cleavage
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(Thr25, Thr?®, Leu?’, Arg40, His*', val*?, Ser*®, Met*’,
Asn'¥?, Gly'®, Ser!**, Cys!®, His!®, His'®, Glu'®, and
GIn'%%) were kept free to rotate. The following coordi-
nates: X=-20.941, Y=50.041, and Z=-2.974 to the
PLP®, and X=115. 371, Y=-17.804, and Z=62.399 to
the 3CLP™ were used based on the predicted hotspots.
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Molecular dynamics simulation and schematic
representations

Sitagliptin-PLP™ and sitagliptin-3CLP™ complexes present-
ing the lowest binding energy according to docking sim-
ulations were submitted to stability tests by MD analysis
using the GROMACS package, version 2019.5 (Abraham
et al. 2015). The electroneutrality of both complexes was
maintained by adding Na™ ions in the required amounts.
System solvation was conducted using SPC/E (extended
simple point charge model) water molecules in a periodic
box (90 %90 x 90 nm? volume) containing buffer to enable
substantial fluctuations of the conformation during MD
simulations. MD simulations were performed using the
GROMOS 54a7 force field, a force field recently developed
from three previous force fields (GROMOS 45A3, 53A6,
and 54A7), and validated to simulate the folding equilibrium
of B-peptides (as in the case of sitagliptin). The energy mini-
mization (2000 steps steepest descent followed by 200-ps-
long MD simulation) was performed before initiating MD
simulations to remove initial steric clashes. MD simulations
were performed under constant pressure using anisotropic
diagonal position scaling with a time step of 0.002 ps. The
electrostatic interactions were assessed based on the princi-
ple of PME (Particle Mesh Ewald) previously defined with
short-range cutoffs of 1.2 nm (Essmann et al. 1995). The
temperature of the system was parameterized to gradually
increase from 100 up to 310 K at 1 bar pressure in 1000 ps.
The Berendsen weak-coupling algorithm (Berendsen et al.
1984) with a constant time of 0.2 ps was used. The LINCS
algorithm (Hess 2008) was used to constrain the equilibrium
distances between all bonds allowing only internal motions
of bending and torsion during MD simulations. Finally, the
25-ns MD simulations were performed under the same con-
ditions as the equilibration procedure.

Two-dimensional representations of the best ligand—pro-
tein complexes based on the theoretical binding energy value
were generated using the ProteinsPlus server (Schoning-Sti-
erand et al. 2020). The software PyMol Molecular Graph-
ics System, version 1.7.4 (Schrodinger, LLC), and the Pro-
tein—Ligand Interaction Profiler server (Adasme et al. 2021)
were used to build the three-dimensional structures.

Results

Domain analysis and linker prediction of the target
receptors

CDD-based annotation data showed that PLP™ belongs
to the conserved protein domain family CoV- NSP;, also
called p-Coronavirus non-structural protein 3, whereas
3CLP™ is a member of the conserved protein domain family
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CoV-NSPs-MP™ also called p-Coronavirus non-structural
protein 5, or Main protease (MP™). The analyses of the CDD-
based annotation to PLP™ and 3CLP™ showed predictions
with confidence indices in accordance with data previously
presented: E-value (2087'77, and 0%°), Bit-Score (492.10,
and 565.11), and interval (4 to 306, and 4 to 300 amino acids
residues), respectively. All data reported above are in agree-
ment with the predictions obtained by Prosite and InterPro
servers. Mapping based of binding hotspots data showed
that PLP™ presents only one organic probe cluster (site'),
whereas for the 3CLP™ the results suggest the existence of
four organic probe clusters (sitel, site?, site?, and site4). The
position of the interaction sites on both receptors identified
here (PLP™ and 3CLP™) did not differ from those previously
reported (Abdizadeh et al. 2022; Zhao et al. 2022).

Ligand bioactivity prediction

In silico predictions of sitagliptin bioactivity using Molinspi-
ration Virtual Screening provided a score of 0.56, suggesting
that this ligand can inhibit a broad range of proteases. In
addition, the analysis returned a score of 0.25 which sug-
gests that sitagliptin can bind to the G protein-coupled recep-
tors (GPCR), while presented a reduced inhibitory activity
against kinases, score of 0.01. The bioactivity of the whole
ligand is predicted as the sum of the bioactivity scores of all
individual fragments (a number typically ranging from -3 to
3). The results obtained from the ChEMBL server, indicated
a significative pharmacological activity against the human
DPP,, as indicated by confidence score values of 70%,
80%, and 90%, with a threshold value of 6. Furthermore,
the analyses also suggested a probable interaction between
sitagliptin and the viral proteins: Human Immunodeficiency
virus - 1 integrase, and the RNA-dependent RNA polymer-
ase from Hepatitis C virus NSsg, as showed by a confidence
score value of 90%, also determined by a threshold value of
6 (Table 1).

Molecular docking studies and Molecular Dynamics

Molecular docking and molecular dynamics study: PLP™
and 3CLP proteases and the ligand sitagliptin

A total of 20 simulations (molecular docking) were
performed for both systems: PLP™-sitagliptin and
3CLP™-sitagliptin. Molecular docking experiments for
PLP™-sitagliptin and 3CLP™-sitagliptin returned best perfor-
mance AG=-7.5 and AG=—7.8 kcal mol™!, respectively.
It is important to note that AG values represent the com-
bined result of the van der Waals dispersive and electrostatic
interaction energy which indicates the approximate binding
energy between ligand and receptor.



3 Biotech (2022) 12:344

Page50f13 344

Table 1 The table shows
ChEMBL targets which are
predicted to interact with
sitagliptin (ChEMBL, ,,)

Target protein Source Conf. 70% Conf. 80% Conf.90% Activity
thresh-
old

Dipeptidyl peptidase IV Homo sapiens Active Active Active 6

Integrase Human immu- Empty Empty Active 6

nodeficiency
virus - 1
RNA-dependent RNA polymerase Hepatitis C virus ~ Empty Empty Active 6

The target prediction returns four classes: ‘active’ or ‘inactive’ depending on whether the ligand is pre-
dicted to interact or not with the target. The value returned can also be 'empty' if the model was not able
to predict the compound or 'both' if it could not conclude. The predictions are given at three different con-
fidence levels. More information on the methodology is available at: https://jcheminf.biomedcentral.com/

articles/10.1186/s13321-018-0325-4

Molecular dynamics (MD) analysis demonstrated that
some amino acids of the active site of PLP and 3CLP™
were capable to interact with sitagliptin, keeping a maxi-
mum distance of ligation of around 4.0 A. After MD has
been finalized, around 53.8% of PLP™ amino acid residues
that were kept flexible during docking simulations (Trp!?’,
Cysm, Tyrm, Gly164, GIn?"%, His?"?, and Asp287) interacted
with sitagliptin. From all the residues that were allowed to
be flexible in 3CLP® (Thr?®, His*!, Gly!*}, Cys!#, His'®?,
Glu'%®, and Gln189), 43% showed some interaction with the
ligand (Figs. 2a, b, 3a, b). The MD results show that both
PLP™-sitagliptin and 3CLP™-sitagliptin complexes encom-
pass a network characterized by the presence of charge and
aromatic ring centers, hydrophobic interactions, hydrogen
bonds, and n-cation (Figs. 2c, d, 3c, d, and Supplementary
materials 1 and 2).

Figure 4 compares the root-mean-square deviation
(RMSD) and the radius of gyration (Rg) of PLP* and 3CLP™
uncompleted or complexed with the ligand. A steady RMSD
of around 0.2 nm during all the simulation time (25 ns)
was observed for 3CLP™ (Fig. 4c), while a slight variation
on the stability of the PLP™-sitagliptin complex has been
observed, especially in the range of 15-25 ns (Fig. 4a). This
result suggests that, as a target, PLP™ appears to have less
affinity to sitagliptin than 3CLP™, despite both proteins had
shown similar ligation energies with AG values of —7.8 and
—7.5 keal mol ™!, for 3CLP™ and PLP™, respectively. The var-
iation on the R, as a function of time of simulation was also
a little different in both systems with the PLP™-sitagliptin
complex displaying a profile that likely indicates a more
compact and rigid folding of the target protein (Fig. 4b).
In contrast, the 3LP™-sitagliptin complex showed a more
relaxed and favorable conformation which is observed by
the tendency of increase in the R, values when compared to
the non-complexed (uncompleted) target, mainly at the final
nanoseconds of the simulation (Fig. 4d). All together these
results suggest that 3CLP™ seemingly behaves as a better
target for sitagliptin than PLP™ which clearly displayed a
less stable interaction.

Discussion

Pockets and cavities in receptors usually coincide with the
active sites responsible for the biological processes; there-
fore, it is fundamental to pay close attention to them. The
precise mapping of binding hotspots for macromolecules
was determined for the catalytic pockets of SARS-CoV-2
PLP™ and 3CLP™ proteases, after the analysis of different
positions with small organic molecules as probes. Canoni-
cally, hotspots are regions on the surface of a protein with
the major contributions to the ligand binding free energy.
The combination of the results obtained in our work revealed
the presence of three “hotspots” in PLP™ (Fig. 2a) and one
“hotspot” in 3CLP™ (Fig. 3a) as regions that can contribute
to the ligand binding free energy (Gibbs free energy).

On the other hand, in silico prediction of sitagliptin
ligand, using the Molinspiration Virtual Screening, indi-
cated a bioactivity score of 0.56, suggesting that interactions
between this ligand can occur with multiple proteases. As
previously reported, sitagliptin appears to be a potent inhibi-
tor of this group of enzymes (Chittepu et al. 2019; Abbas
and Hegazy 2020; Solerte et al. 2020). Furthermore, the
analysis with Molinspiration also suggested that sitagliptin
has the ability (0.25) to bind to G protein-coupled receptors
(GPCR) and poor capacity to inhibit protein kinases (0.01).
Analysis using the ChEMBL server (Mendez et al. 2019)
suggested a possible activity of sitagliptin against proteases
belonging to two human viruses (Table 1). A previous study
reported that the use of gliptins in the treatment of type-
II diabetes attenuated the risk of several kind of infections
including human viral infections (Yang et al. 2016). Based
on the analysis presented by the ChEMBL server the sitag-
liptin was predicted to be able to bind and inhibit two viral
proteins: an integrase from Immunodeficiency virus 1, and
an RNA-dependent RNA polymerase from Hepatitis C virus
NS5, with a confidence score value of 90%, according to a
confidence level greater than 30%. Other reports have dem-
onstrated a correlation among sitagliptin, diabetes, and HIV
infection (Best et al. 2015). Taking together these results
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Fig.2 Three putative hotspots were detected in the PLP® receptor
(PDB ID: 2FES8) using the CASTp 3.0, FTSite, and FTMap serv-
ers. a One cavity, which is the biggest, was called S, (green color). b

are in agreement with our findings. In addition, the server
showed that sitagliptin is also capable to bind and inhibit the
human DPP,, as expected, as demonstrated by a confidence
level greater than 30%.

Here, we show that the catalytic site of PLP™ contains
an active site formed by the classic catalytic triad (Cys'!?,
His?”3, and Asp287) which are well conserved in terms of
positioning and functionality at the interface of the thumb
and palm sub-domains (Supplementary material 1). When
the catalytic site of PLP™ is not occupied by a ligand, the
Cys!!?is positioned at the N-terminal region of an a-helix o
in the thumb domain with the side chain sulfur atom being
stabilized at a 3.7 A distance from the pros(m)-nitrogen
atom of the His*"*. This histidine is located at the foot of
the palm domain, near to the flexible loop BL,, also known
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des Shevis @) Springer

W Protein c
Ligand
Water
Charge Center
Aromatic Ring Center
® Metal lon
*+ Hydrophobic Interactio
= Hydrogen Bond

<= m-Cation Interaction
Halogen Bond

Cys'12

TyI" 13
HN

Trp1°7

| Asp?’ .
OH -_—
W HN _/;Iy164 ol

NHz O

The predicted binding pocket of PLP™. ¢ and d The 3D and 2D visu-
alizations of the complex stablished by the interaction between PLP™
amino acids and the sitagliptin ligand

as Gly*’—Gly?’? loop (Ratia et al. 2006) or pB-turn (Béez-
Santos et al. 2014). In contrast, one of the oxygen atoms of
the side chain of Asp*’ is located at a 2.7 A distance from
the tele(t)-nitrogen of the His?” residue at the foot of the
palm domain, while the side chain of Trp'"’ is buried inside
the oxyanion hole. In addition, the indole-ring nitrogen of
Trp'%” seems to be pivotal for the stabilization of negatively
charged tetrahedral intermediates produced throughout the
reaction. Remarkably, in vitro experiments using PLP™ pro-
tease inhibitors showed that those inhibitors were prone to
interact and bind in a cavity next to the catalytic triad (Baez-
Santos et al. 2014).

Our results suggest that SARS-CoV-2 protease PLP™
can be a potential receptor for the sitagliptin ligand, as
verified by the binding free energy of the interaction
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Fig.3 Three putative hotspots were detected in the 3CLP™ receptor
(PDB id: 6M2Q) using the CASTp 3.0, FTSite, and FTMap servers.
a One cavity, which is the biggest, was called S; (magenta color),
while the other three smaller cavities were called S, (green color), S;

(AG=-17.5 kcal mol™"). The results point to a molecular
mechanism of interaction by which sitagliptin forms a cova-
lent adduct with PLP™ protease through direct interaction
with the Cys!!? residue with high statistic confidence. The
stable binding between the nitrile group of Cys'!? and sit-
agliptin molecule would result in an inhibition of the PLP™
activity (Supplementary material 2), thereby potentially
inhibiting the natural pathway of SARS-CoV-2 replica-
tion. A number of compounds have been identified, using in
silico approaches, as potential inhibitors of the PLP™ cata-
lytic site (Table 2), with Gibbs free energy ranging from
—10.9 to — 6.5 kcal mol™'. Therefore, the Gibbs free energy
obtained in our analysis is in agreement with previous analy-
sis which used the PLP™ protease as a ligand receptor. Dif-
ferent scientific approaches have demonstrated that negative
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(salmon color), and S, (slate color). b The predicted binding pocket
of 3CLP®. ¢ and d The 3D and 2D visualization and interaction
within the amino acids of 3CLP™ and ligand (sitagliptin) complex

functional implications of the innate immune response dur-
ing SARS-CoV-2 infection can occur due to the presence of
the PLP™. In so many cases, PLP™ have been implicated in
functions such as deubiquitinating (DUB) and deISGylating
(deISG) during cellular infection by SARS-CoV-2, removing
the ubiquitin (Ub) using a chemical mechanism similar to
the ubiquitin-like protein ISG,s—interferon-stimulated gene
15 (Clasman et al. 2020). Therefore, increasing pools of
ISG, 5 are capable of modulation by downregulating USP,
(ubiquitin-specific protease 18) levels, resulting, in turn,
in the upregulation of IFN-a/p exacerbated signaling in
COVID-19 patients (Mielech et al. 2014; Speer et al. 2016;
Moustaqil et al. 2021).

In addition, inhibition of the synthesis of cytokines
involved in the activation of the host’s innate immune
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Table 2 In silico studies reporting molecules potentially able to inhibit SARS-CoV-2 PLP™ protease

PubChem Cid AG (kcal mol™") Interacting residues Refs
Darunavir (24941262) -8.7 Lys'%, Trp!'%, Leu!®2, Asp'®, Pro®, Tyr?*, Asn?¥’, Tyr®$, Li et al. (2021)
286 288
Asp~®™, Ala
Cyanidyn-30-glucoside (165558) -94 Lys'7, Leu'®?, Asp'®, Arg'®, Glu'®, Tyr?*, Tyr?®®, Pitsillou et al. (2020)
G1H269, G1y271, Thr301
Hypericin (3663) -6.5 Leu'®?, Gly'®, Asp!'®, Tyr?®, Tyr?®®, GIn®>®, Gly?’!, Tyr?”®  Pitsillou et al. (2020)
Rutin (5280805) —-10.9 Asp'®, Arg!'%® Glu'®, Tyr?®*, Tyr?%8, GIn?®, Gly?’!, Thr*®!  Pitsillou et al. (2020)
(—)-epigallocatechin gallate (65064) —7.9 Lys'7, Gly'®, Asp'®, Arg!®, Glu'®’, Tyr***, Tyr?%8, GIn?®, Pitsillou et al. (2020)
271 301
Gly?"!, Thr
Stock 1Ngg;60 (33201386) -84 Gly'®, Asp', Arg!S, Tyr®®>, Tyr?®, GIn?™ Elekofehinti et al. (2021)
Quercetin 374-triglucoside-44259184 —8.6 Leu?!!, Ser?'2, Tyr?!3, Glu?!, Lys®7, Tyr®!, Glu>?, Lys®*, Adegbola et al. (2021)
G1y256, Thr257, PheZSS’ Thr259’ ser278’ Ly8279, Tyr3°5,
Lys306, G1u307, Asn308’ SBI‘309, Tyr310
Isorhamnetin 4-glucoside (44259381) —8.9 Tyr213, Glu?'s, Lys217, Tyr251, Glu®?, Leu®?, Ly5254, Thr®7, Adegbola et al. (2021)

Ph6258’ Tyr305, LyS306, Glu307, Tyr310

response against the SARS-CoV-2, and chemokines such
as CCLs and CXCL,,, seems to be associated with the pres-
ence of PLP™ (B4ez-Santos et al. 2015). On the other hand,
the increase in C-reactive protein (CRP) and inflammatory
factors in the plasma, like the interleukins IL,, IL,, ILg, IL-,
IL,y, IL,,, IL5, IL,;, TNF-a, GCSF, MCSF, IP,,, MCP,,
MIP,,, and HGF can trigger a cytokine storm in the body
of critical patients affected by SARS-CoV-2 (Guo et al.
2020; Prompetchara et al. 2020; Singhal, 2020; Zu et al.
2020). Therefore, the discovery of new therapeutics and/or
drug repositioning approaches intended to inhibit the PLP™

iglate ¢llo ay .
s st @) Springer

protease (SARS-CoV-2) are of great interest to prevent the
emergence of new cases of COVID-19, since the number of
cases grows up all over the world.

In addition to PLP™, SARS-CoV-2 3CLP™ protease
may also trigger some negative effects to the organism of
infected patients such as the antagonization of IFN-stim-
ulated response elements - ISRE (Wu et al. 2020; McGill
et al. 2021; Moustagqil et al. 2021), cleavage of both the NF-
kappa P essential modulator (NEMO), and the signal trans-
ducer and activator of transcription 2 - STAT, (Fehr et al.
2016; Chen et al. 2019) resulting in the downregulation of
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IGSs, and the interaction with E; ligase of tripartite motif-
containing protein 25 - TRIM,s (Wu et al. 2020), and the
interferon regulatory factor 3 - IRF; (Moustagqil et al. 2021).
Intriguingly, 3CLP™ was also able to induce changes in the
metabolism of the phosphorylation of IFN-mediated STAT
1> resulting in metabolic damage due to a localized increase
in the levels of autophagosomal membrane proteins - LC;B
(Xia et al. 2020).

Furthermore, it was previously documented that 3CLP™
is capable of inducing the cleavage of NLR family pyrin
domain containing 12 (NLRP,,) and TGF-f activated kinase
1 (MAP;K) binding protein 1 (TAB,), as well as to induce
an intense synthesis of cytokines and accentuated inflamma-
tory response in SARS-CoV-2-infected patients (Moustaqil
et al. 2021).

Analysis of the 3CLP™ catalytic site showed a general
topology quasi-ellipsoid due to the presence of three dis-
tinct domains (named domain I, domain II, and domain III),
which are connected with flexible loops, being domains I
and II related to the catalytic activity, and domain III to
dimerization (Shi et al. 2004; Wang et al. 2020). The cata-
lytic dyad His-Cys (His*! and Cys'*®) of 3CLP™, as previ-
ously reported in the literature (Yang et al. 2003; Das et al.
2020; Tahir ul Qamar et al. 2020), is located in a relatively
shallow cavity between domains I and II defining the cata-
lytic site (Supplementary material 3), to an optimum dis-
tance (at 3.6 A) for hydrogen bonding interactions.

When the catalytic site of 3CLP™ is not occupied by a
ligand, the side chain sulfur atom of the Cys'* residue
(Domain II) is located at a 3.6 A distance from the tele(t)-
nitrogen atom of the His*! residue of the a-helix 2 (o) of
the sheet A (Domain I). Alternatively, the Glu'%® residue
also located in the Domain II is positioned at a distance in

which the presence of two water molecules is necessary
for the interaction with potential inhibitors of the 3CLP™
(Table 3) catalytic site.

The binding free energy we encountered in our study
suggests that SARS-CoV-2 3CLP™ protease can be a
potential receptor for sitagliptin (Supplementary mate-
rial 4), with a AG=-7.8 kcal.mol™!. This result was
nearly identical to what we found for PLP™ protease
(AG=-7.5 kcal mol~!). A list of compounds (Tables 2
and 3) has been identified, using in silico approaches,
as potential good inhibitors for 3CLP™ with Gibbs free
energy values ranging from —10.9 to —6.5 (kcal mol™').
The results obtained here agree with these observations
suggesting that, as observed for PLP™, sitagliptin may
potentially be repositioned to be used as a drug directed
to inhibit SARS-CoV-2 3CLP™ and consequently suppress
the spread and evolution of SARS-CoV-2 infection.

Structural analyses of the dipeptidyl peptidase 4 (DPP,)
showed that this molecule is a cell membrane-bound recep-
tor, expressed at high levels. DPP, is formed by two subunits,
each of one is composed by an 8-bladed p-propeller domain
(N-terminal region) and an o/p hydrolase domain (C-termi-
nal region). All known gliptins bind to a large pocket in the
cavity located at the interface of the a/f-hydrolase domain
and the 8-bladed B-propeller domain. The biological func-
tions of DPP, are associated with a variety of substrates,
including incretin hormones, cytokines, chemokines, neu-
ropeptides, and growth factors (Nar et al. 2021). In the con-
text of the infections caused by Coronavirus, new evidences
have shown that the human DPP, is a functional receptor to
SARS-CoV-2, due to the ability of the homotrimer structure
of the spike protein (S; domain) to interact and bind to these
receptors (Vankadari and Wilce 2020).

Table 3 In silico studies reporting molecules potentially able to inhibit SARS-CoV-2 3CLP™ protease

PubChem Cid

AG (kcal mol™) Interacting residues Refs

Baicalin (64982) -8.1

Leul41, ASH142, Glyl43, Metlﬁj, Glulﬁﬁ, Pr0168, Gln189
Thr?, Thr?®, Leu?’, His*!, Cys‘u, Thr®, Ser*®, Met*, Asn'*?,

Islam et al. (2020)
Umesh et al. (2020)

Gly'®3, Cys'*S, His!®, Met!65, Glu'®, Arg'®, Gln'®?

Carnosol (442009) —-8.2
Crocin (5281233) -8.2
Cyanidin 3-glucoside (197081) -84

Asp'7, GIn'®?
Fluvastatin (446155) -7.7 His!®, Glu!%
Glabridin (124052) -8.1

Quercetin 3-vicianoside (44259139) —8.3

Phe3, Arg4, Lyss, Argm, Asn'33, Thr!®, Lysm, Aspm, Thr!®?
Thr?®, Met*, Asn'*?, Gly'“, Cys145, His'%, His'®, Glu'®°,

His*!, Met*, Leu'*!, Met'®, Glu'®®,
Thr?, Thr?®, His*!, Leu''*, Phe!?, Asn'*?, Gly143, Ser'#4,

Aanouz et al. (2021)
Islam et al. (2020)

Reiner et al. (2020)
Islam et al. (2020)
Bhardwaj et al. (2021)

CySl45, HiSl63, Hisl64, Metlﬁs, Glu166, ASp187, Arglgg, G1n189

Thr?, Leu®’, His*!, Met*®, Tyr**, Phe'*’, Leu'*!, Asn'%?,

Joshi et al. (2020)

Gly]43, Ser144, CySl45, HiS]63, Hi5|64, Metlés,, G]ulﬁﬁ, Hisl72,

Thr?, His*!, Met*’, Phe'*®, Leu'*!, Asn'*?, Glym, Ser!#4,

Umesh et al. (2020)

Cysl45 Hi5163 MethS Glu166

Mpyricitrin (5281673) -89

Asp!¥7, Arg!88
Rosmanol (13966122) -79
22-Hydroxyhopan-3-one (21582894) —8.6

M6t49, CySMS, Met165, Arg189

Gyebi et al. (2020)
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Some recent studies have proposed that DPP, inhibitors
(iDDP,) with antiviral action might be useful for control-
ling the infection caused by SARS-CoV-2, especially for
patients with diabetes (Drucker 2020; Eleftheriou et al.
2020; Iacobellis 2020), a group that deserves special
attention due to its elevated risk to developing the severe
acute respiratory syndrome, a very serious complication
of COVID-19 disease. In the context of iDDP4, a series of
indirect findings suggests that these drugs could be use-
ful therapeutic off-target effects (Valencia et al. 2020),
although there are several ongoing clinical discussions.
About the gliptins (iDPP, canonical class), it is important
to emphasize that the use of these drugs is preferred in
the treatment of individuals with diabetes, associated with
chronic kidney disease or cardiovascular disease (Hans-
sen and Jandeleit-Dahm 2019). Therapeutic applications
of sitagliptin in type 2 diabetic patients reduced the levels
of C-reactive protein, interleukin-6 in mononuclear cells
(Hussain et al. 2019; Katsiki and Ferrannini 2020), circu-
lating TNF-a, interleukin-1p, and intracellular adhesion
molecules (Tremblay et al. 2014), while it induced an
increase in flow-mediated vasodilation in diabetic adults
(Barchetta et al. 2019), and cardioprotection in diabetic
patients with chronic kidney disease reducing the angio-
tensin II/angiotensin-(1-7) ratio (Tremblay et al. 2014;
Beraldo et al. 2019; Barchetta et al. 2019).

Conclusion

By a series of in silico assays we demonstrated here that
sitagliptin, a drug commonly used for treatment of type-II
diabetes, exhibited potential dual-target inhibitory activity
compatible with the active sites of two main SARS-CoV-2
proteases, 3CLP™, and PLP™. These findings justify the
implementation of additional in vitro and in vivo studies
aiming to validate the use of this drug as a repositioning
medication in the fight against COVID-19 disease.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-022-03406-w.
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