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Highly mutated SARS-CoV-2 is known aetiological factor for COVID-19. Here, we have demonstrated that the
receptor binding domain (RBD) of the spike protein can interact with human dipeptidyl peptidase 4 (DPP4) to
facilitate virus entry, in addition to the usual route of ACE2-RBD binding. Significant number of residues of RBD
makes hydrogen bonds and hydrophobic interactions with a/f-hydrolase domain of DPP4. With this observation,
we created a strategy to combat COVID-19 by circumventing the catalytic activity of DPP4 using its inhibitors.
Sitagliptin, linagliptin or in combination disavowed RBD to establish a heterodimer complex with both DPP4 and
ACE2 which is requisite strategy for virus entry into the cells. Both gliptins not only impede DPP4 activity, but
also prevent ACE2-RBD interaction, crucial for virus growth. Sitagliptin, and linagliptin alone or in combination
have avidity to impede the growth of pan-SARS-CoV-2 variants including original SARS-CoV-2, alpha, beta,
delta, and kappa in a dose dependent manner. However, these drugs were unable to alter enzymatic activity of
PLpro and Mpro. We conclude that viruses hijack DPP4 for cell invasion via RBD binding. Impeding RBD
interaction with both DPP4 and ACE2 selectively by sitagliptin and linagliptin is an potential strategy for effi-

ciently preventing viral replication.

1. Introduction

The RBD of the spike protein interacts with the ACE2 receptor [1,2],
which is a recognised method of human-to-human transmission of the
SARS-CoV-2 virus [3-5]. However, current paradox suggests that SARS-
CoV-2 infection causes lymphopenia, where RNA and antigens are found
in peripheral blood cells including lymphocytes (T, B, and NK cells)
which do not express ACE2 or TMPRSS2 [6-8]. Even RBD can interact
with a wide range of human cell types that lack ACE2 [6]. It implies that
RBD can engage in interactions with host cells via alternative receptors
other than ACE2. As an illustration, the major receptor for middle east
respiratory syndrome coronavirus (MERS-CoV) is transmembrane pro-
tein, DPP4 (also known as CD26) [9-11]. It’s noteworthy to mention
that, in addition to the main receptor, several transmembrane proteins
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are usually necessary for virus entry into the target cell. It implies that
the interaction between the RBD-spike and the human DPP4 is a crucial
factor in aggravating the pathogenicity of SARS-CoV-2 [12-18]. A va-
riety of epithelial, endothelial, and lymphocyte membranes express this
plasma membrane glycoprotein [19,20]. For the treatment of type 2
diabetes (T2DM), it is regarded as a crucial therapeutic target. DPP4
inhibitors include sitagliptin, saxagliptin, vildagliptin, metformin, and
linagliptin as examples of prospective therapies that could be investi-
gated for COVID-19 treatment [21]. Several DPP4 inhibitors have shown
conflicting results when used against SARS-CoV-2 [22]. Several genetic
variants from the initial wild-type SARS-CoV-2 strain (Wt-SARS-CoV-2)
have emerged throughout the pandemic since December 2019. Specific
mutations within the Wt-RBD domain of Wt-SARS-CoV-2 culminate in
the generation of various variants of concern (VOCs) defined by the
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WHO [23,24]. The most common VOCs are like B.1.1.7 (a-variant,
N501Y substitution), B.1.351 (p-variant, combination of K417N, E484K,
and N501Y substitution), B.1.617.2 (§-variant, combination of L452R
and T478K substitution), and B.1.617.1 (k-variant, combination of
L452R/E484Q). The major protease (Mpro/3CLpro; nsp5) and the
papain-like protease (PLpro; nsp3) of the viral cysteine proteases
constitute significant targets for mitigating viral infection. The Mpro, a
class of highly conserved cysteine hydrolases are able to cleave poly-
proteins at different locations and create multiple functional proteins
throughout the course of virus multiplication. Viral multiplication also
requires PLpro. Therefore, inhibiting these enzymes is a highly effective
antiviral treatment strategy [25,26]. In this study, we established RBD
can interact with DPP4 other than ACE2 for the viral entry. Our vision is
to develop a therapeutic strategy that can prevent the entry of all vari-
ants by eliminating the interactions of RBD with both DPP4 and ACE2. In
search of potent inhibitors, structure assisted drug design and cellular
research with live pan-virus variants demonstrated that particular
gliptin, alone or in combination, can suppress the growth of SARS-CoV-2
variants. This will accelerate the discovery of clinically efficient thera-
peutic strategies for curtailing SARS-CoV-2 infection.

2. Materials and methods
2.1. Ethics statement

We obtained ethical approval from the Institutional Bio-Safety
Committee of National Institute of Immunology prior to conducting all
studies: IBSC/448/2021 and IBKP-TAI No. C100833. The Institutional
Bio-Safety Committee of THSTI also approved ethical permission for
experiments involving live viruses: IBSC/200/2020, THS/298/2021 and
IBKP-TAI No: C100458. All cellular experiments were carried out atleast
three times independently in different cell lines.

2.2. Lineage of virus and its culture condition

B.6 lineage isolation of SARS-CoV-2 has been described earlier [28].
In this study, 5 variants of SARS-CoV-2 were used. The original Wt-
SARS-CoV-2 isolate was designated as USA-WA1/2020, NR-52281,
and its accession no is MN985325, GISAID: EPI_ISL_404895, GenBank:
MT020880. The B.1.1.7 (a-variant) from the United Kingdom denoted as
USA/CA_CDC_5574/2020, NR-54011, and genebank: GISAID is EPI -
ISL_751801. South African origin B.1.351 (B-variant) isolate comprises
of hCoV-19/South Africa/KRISPK005325,/2020, NR-54009, and its gene
accession no is GISAID: EPI ISL_678615. The Indian origin B.1.617.2
(8-variant) isolate is known as THSTI 287, and its gene accession no is
GenBank: MZ356566.1 [29]. The USA origin B.1.617 (k-variant) is
named as USA/CA-Stanford-15_.502/2021, and its gene accession no is
GenBank: GISAID: EPIISL_1675223. Vero E6 (CRL1586) and Calu-3
(HTB55) cell lines were cultured in Dulbecco’s modified Eagle me-
dium (DMEM; Lonza) supplemented with 10 % fetal bovine serum (FBS;
Himedia), 100 U/ml of penicillin, 100 pg/ml of streptomycin. All SARS-
CoV-2 variants were propagated in Vero E6 cells or Calu-3 cells and virus
passaging was restricted to 4-8 passages only. All the virus stocks were
authenticated by whole genome sequencing as described in earlier in-
formation [27,30].

2.3. Molecular docking analysis

Direct binding to DPP4 and entry into the targeted cells are both
made possible by the RBD of the spike protein of the SARS-CoV-2 virus.
In the present study, molecular docking was performed to identify
critical interactions and binding sites of DPP4 with Wt-RBD of the SARS-
CoV-2 virus. The Wt-RBD crystal structure (PDB: 6LZG, Sec. S1) [31] of
the original SARS-CoV-2 will be used in our study. For our docking
analysis with several variants, we have selected crystal structures of RBD
from the Protein Data Bank (PDB), such as PDB:7EKF for B.1.1.7 (a-RBD)
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[32], PDB:7WCR for B.1.351 ($-RBD) [33], PDB:7W9F for B.1.617.2
(5-RBD) [34] and PDB:7SOC for B.1.617 (k-RBD) [35]. The structure of
human DPP4 (PDB:4L72, Sec. S1) was retrieved from PDB [36]. All the
water molecules, metal ions, and other residues like NAG or SO4 were
removed from the crystal structures for molecular docking analysis. The
blind protein:protein docking simulations between the RBD of various
variants with human DPP4 molecule was performed using ClusPro 2.0
[37]. During the docking calculation, all the default parameters were
used. PyMol was used to find the interacting residues within the binding
pocket of the DPP4:RBD docked complex [38]. The molecular in-
teractions between protein-protein complexes including hydrogen
bonds and the bond lengths were analysed and depicted by using
Ligplot42.2.5. software [39]. PRODIGY server with a default 25 °C
temperature setting was used for the binding affinity calculations of
docked complexes [40].

The 3D structures of FDA approved DPP4 inhibitors [41,42], sita-
gliptin (PubChem CID: 4369359), linagliptin (PubChem CID:
10096344), vildagliptin (PubChem CID: 6918537), saxagliptin (Pub-
Chem CID: 11243969) and metformin (PubChem CID: 4091) were
downloaded from the PubChem database. The molecular docking was
performed using AutoDock Vina software [43]. The dimension of the
grid box was set to 84 x 94 x 118 A® with grid centre at —14.658,
—54.126, and —17.185 using ADT tools. In addition, the molecular
interaction between ACE2-RBD complex (PDB: 6LZG, Sec. S1) [44] with
gliptin (linagliptin and sitagliptin) was studied. All the water molecules,
metal ions, and other residues were removed from the crystal structure
of ACE2-RBD for docking analysis. The dimension of the grid box was set
t0 126 x 108 x 126 A3 with grid centre at —31.113, 18.322, and —6.901
using ADT tools. The docked poses of ligand were clustered at 0.2 nm
tolerance for RMSD and ranked based on binding energy. Out of 9 poses
obtained in AutoDockVina, the best pose which lies within the binding
pocket of protein with low free binding energy (B.E.) was selected for
further analysis.

2.4. Human DPP4 and ACE2 gene targeting

The DPP4 CRISPR/Cas9 KO plasmid (Santa Cruz, sc-400862) was
transfected into Calu-3 cells to disrupt gene expression by causing a
double-strand break (DSB) in a 5’ constitutive exon of the DPP4 (human)
gene to create DPP4 knockout cells. Similarly, ACE2 CRISPR/Cas9 KO
Plasmid (Santa Cruz, sc-401131-KO-2) was used to develop ACE2
knockout cells. The deletion of gene in Calu-3 cells was confirmed by
immunoblotting (Fig. S1).

2.5. Microscopic study

ACE2 knockout and DPP4 knockout Calu-3 cells (2.0 x 10°/well)
were plated separately onto cover glasses in a 9 cm? well of the plates,
grown overnight (to ~5 x 10° cells), and transfected with Wt-RBD-Fc-
IgG1 (Addgene # 141183) construct using lipofectamine 3000 (Invi-
trogen) following manufacturer’s instructions. 0.8 pg plasmid was used
for transfection per 5 x 10° cells in each 4 cm? well of the plate. After 8 h
post-transfection, cells were fixed in formaldehyde for 5 min and per-
meabilized with PBS containing 0.1 % Triton X-100. Fixed cells were
blocked in PBS containing 1 % BSA for 1 h. Afterward, cells were
incubated with either a primary antibody specific to DPP4 or ACE2
(Abcam, ab15348) or an anti-IgG1-Fc-AF488-labelled antibody (Invi-
trogen, A10631), followed by an alexa-fluor 647 tagged anti-rabbit
secondary antibody (Abcam, ab150079) specific to primary antibody
of DPP4 or ACE2. Mounting was done using fluoroshield (Sigma), and
cells were visualized under a confocal laser scanning inverted micro-
scope, Carl-Zeiss LSM980 (63x)2.

2.6. Immunoprecipitation, and immunoblot

Calu-3 cells (2.0 x 10°/well) were plated onto cover glasses in 9 cm?
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well of the plates, grown overnight (to ~5 x 10° cells), and was trans-
fected with pLEX307-DPP4-puro (Addgene # 158451) alone or in
combination with pCDNA3.1-RBD construct using lipofectamine 3000
(Invitrogen) following manufacturer’s instructions. DPP4 knockout cells
were utilised in one set to transfect the pCDNA3.1-RBD construct in
order to perform the DPP4-RBD immunoprecipitation assay, which
would verify the absence of any experimental artefact. In a separate
experiment, pcEP4-myc-ACE2 was transfected with pCDNA3.1-RBD
construct. 0.8 pg plasmid was used for transfection per 5 x 10° cells
in each 4 cm? well of the plate. After 8 h post-transfection, cells were
treated with sitagliptin or linagliptin or their combination for 24 h. Then
cells were lysed in lysis buffer containing 20 mM HEPES (pH 7.4), 50
mM NacCl, 1.5 mM MgCl,, 2 mM DTT, 2 mM EGTA, 10 mM NaF, 12.5 mM
fB-glycerophosphate, 1 mM Na3VO4, 5 mM Na4P207, 0.2 % (v/v) Triton
X-100, and protease inhibitors (Himedia). Cellular lysates, containing
400 pg of total protein were precleared with mouse immunoglobulin G
(IgG) agarose (Sigma) in IP buffer for 1 h, and then incubated overnight
with IP-specific DPP4 antibody (cell signalling, 67,138), or myc-specific
antibody and then with protein A/G beads for 1 h with rotation. After
incubation, the beads were washed with 1 x PBS, and protein complexes
were eluted by adding 40 pl of 2x sample buffer to each IP reaction and
heating at 50 °C for 15 min. For immunoblot, cells were lysed in the
1.5x Laemmli sample buffer containing protease inhibitor cocktails
(Himedia) and for phospho-antibody, phosphatase inhibitor cocktails
(Cell Signalling Technology) were additionally used. After sonication,
samples were heated at 95 °C and equal amounts of proteins were
analysed on denaturing SDS-polyacrylamide gels after estimation of
protein. The proteins were transferred to the PVDF blotting membrane
(Amersham Hybond) and probed with primary-antibody specific for
RBD (Abcam, ab283946), DPP4, and ACE2 individually. Secondary
antibody conjugated to horseradish peroxidase (HRP) were then used
and bands were visualized by a chemiluminescence-based detection
system (Amersham) using SuperSignal West Femto/Pico Plus substrate
(Thermo-Fischer Scientific). B-actin was used as a control for normali-
zation [45].

2.7. Molecular dynamics (MD) simulation studies

In the current investigation, 9 systems were established for MD
simulation. The nine systems that were tested for 100 ns each were
DPP4, DPP4 + linagliptin, DPP4 + sitagliptin, WtRBD-DPP4, WtRBD-
DPP4 + linagliptin, WtRBD-DPP4 + sitagliptin, WtRBD-ACE2, WtRBD-
ACE2 —+ sitagliptin, and WtRBD-ACE2 + linagliptin. All the simulations
were carried out using a GROMACS-2022 software package [46]. The
protein alone and protein-ligand complex were solvated in a cubic box
using simple point charge (SPC) water molecules. The additional (0.15
M NaCl) Na and Cl ions were used to neutralize the system. The force
field parameters for the ligands were obtained from the Automated
Topology Builder (ATB) [47]. The CHARMMZ27 force field was used to
generate the topology of all protein systems in explicit solvent [48]. We
have performed 50,000 steps for the steepest descent energy minimi-
zation of all systems. A Verlet cutoff scheme was used with long-range
electrostatics calculated by the particle-mesh Ewald (PME) method
[49]. The pressure and temperature were kept at 1.0 bar and 310 K using
the Parrinello—Rahman barostat [50] and modified Berendsen ther-
mostat [51], respectively, for the MD simulation. Lincs constraint al-
gorithm was used for constraining the atoms. The graphs were generated
using OriginPro 9.0 software and molecular structures were visualized
by PyMOL software. The MD trajectories were analysed using GRO-
MACS tools. The conformational stability of proteins in the absence or
presence of ligands was analysed using gmx rms, gmx rmsf, gmx gyrate
and gmx sasa tools.

2.8. Calculation of binding free energy (AGpinding) of gliptins

Poisson-Boltzmann surface area (MM-PBSA) approach of the
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molecular mechanics was used to calculate the AGpinding between
protein-ligand systems [52]. The AGyinding Was evaluated for the
following systems: (i) WtRBD-DPP4 with linagliptin, (ii) WtRBD-DPP4
with sitagliptin, (iii) WtRBD-ACE2 + linagliptin, (iv) WtRBD-ACE2 +
sitagliptin using g mmpbsa tool. The impact of conformational entropy
was ignored while calculating the relative binding free energy because
of its small impact on the total binding free energy and high computa-
tional expense. The B.E. was calculated as the average over the last 300
frames in the aforementioned MD simulation systems.

2.9. Cells viability assay

Only cells and virus infected cells were seeded in 96-well plates
(10,000 cells/well in 150 pl medium) and treated with several gliptins,
and remdesivir. Cells were analysed for proliferation by a colorimetric
method for determining the number of viable cells, using the CellTiter
96® Aqueous One Solution Cell Proliferation Assay (Promega) as rec-
ommended by the manufacturer. The absorbance values were recorded
at 490 nm after incubation at 37 °C for 4 h and corrected by subtracting
the background absorbance (culture media alone). All samples were run
twice in triplicate. Cell viability percentages were calculated as follows:
cell viability % = [absorbance of treated cultures/absorbance of control
cultures] x 100.

2.10. Determination of the efficacy of gliptins in limiting SARS-CoV-2
variants infection in vitro

Vero E6 cells were cultured overnight in 48-well plates, infected
them with 400 TCID 50/well (200 ul/well) of each SARS-CoV-2 variant,
and then incubated for 1 h at 37 °C CO: incubators with intermittent
shaking. Then cells were washed with DMEM (without FBS) and then
500 pul of DMEM supplemented with 2 % FBS was added to each of the
wells. The plates were incubated for 48 h at 37 °C CO; incubator in
presence or absence of remdesivir and gliptins at different concentra-
tions. Remdesivir was also used as a standard antiviral compound
against SARS-CoV-2 infection [53]. The supernatant was collected at 48
h post-infection and qPCR was done to do absolute quantification of
viral RNA copies using primers of nucleocapsid gene of SARS-CoV-2
based on CDC guidelines [53,54]. Two different set of primers (N1,
and N2) of nucleocapsid gene were used and the absolute quantification
of each gene was done to determine viral copy numbers/ml. For this,
synthetic single stranded RNA with known copy number (Merck,
EURMO019) was used as a reference to generate the standard curve, with
each run. All the experiments were done in triplicates with six biological
repeats. Only cells and cells infected with various SARS-CoV-2 variants
were kept to compare how much gliptins inhibited viral growth.
Changes among treatment groups of cells or between sets of experiments
were analysed by one-way ANOVA and Students t-test. Results were
expressed as mean of virus log copy numbers/ml + SD (standard devi-
ation bars in graphs) of viral RNA copies, and presented in the log10
scale. p-values <0.01; and < 0.001 were considered statistically signif-
icant. Statistical analyses and data visualization were performed with
the GraphPad Prism software Version 9.4.1(458).

2.11. DPP4 activity

Only cells, DPP4 KO cells, virally infected cells, or infected cells
treated with gliptins were tested for the presence of enzymatically active
DPP4 using DPP4-GloTM Protease Assay (G8350,Promega). Lumines-
cence was recorded as relative light units (RLU) on a Dynex MLX
luminometer 30 min after adding the DPPIV-Glo™ Reagent.

2.12. PLpro expression and purification

pK27Sumo_His-SUMO-PLpro (nsp3) (SARS-CoV-2) was a gift from
John Diffley (Addgene plasmid # 169193; http://n2t.net/addgene
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:169193; RRID:Addgene_169193) [55]. This construct was expressed in
Escherichia coli BL21. The induction for expression was done at O-D 0.8
with 0.5 mM IPTG and incubated at 18 °C overnight. The cell pellet was
lysed by sonication in a lysis buffer (50 mM Tris-HCl, pH 7.5, 10 %
glycerol, 1 mM DTT, 0.02 % Triton X-100, 500 mM NaCl, and 30 mM
imidazole). Before lysis, the cell suspension was incubated with 100 pg/
ml lysozyme for 20 min and finally sonicated 25 times for 30s each with
an off period of 30 s in between. The lysate was centrifuged to collect the
supernatant from it. The His-SUMO-tagged PL-pro was purified by af-
finity chromatography using Ni-NTA. The supernatant was loaded in a
pre-equilibrated Ni-NTA purification column (Column volume (cv) of 3
ml). The column was equilibrated with fresh lysis buffer (10 cv) and
washed with the same buffer (20 cv). The protein was eluted with an
elution buffer containing 50 mM Tris-HCI, pH 7.5, 10 % glycerol, 1 mM
DTT, 0.02 % Triton X-100, 500 mM NaCl, and 400 mM imidazole. Eluted
protein was dialyzed using a buffer containing 50 mM Tris-HCI, pH 7.5,
10 % glycerol, 1 mM DTT, 0.02 % TritonX-100 and 50 mM NacCl to
reduce the salt and imidazole. The His-SUMO tag was cleaved with 0.02
mg/ml His-Ulpl. The cleaved protein was further purified using a Ni-
NTA column to remove the His-SUMO tag and His-Ulpl. The protein
was further purified using size-exclusion chromatography. The protein
was loaded in a pre-equilibrated Sephacryl S-100 HR-16/60 column
(Cytiva). The column was equilibrated with a buffer containing 25 mM
HEPES-KOH, pH 7.6, 10 % glycerol, 0.02 % Triton X-100, 150 mM NacCl,
and 2 mM DTT. The peak fractions, of 1 ml each, were collected and
stored at 4 °C for PLpro inhibition assay.

2.13. Ulp1 expression and purification

pFGET19_Ulpl was a gift from Hideo Iwai (Addgene plasmid #
64697; http://n2t.net/addgene:64697; RRID:Addgene_64697) [56].
The construct was expressed in E. coli BL21. The induction for expression
was done at O-D 0.8 with 1 mM IPTG and incubated at 37 °C for 4 h. The
cell pellet was lysed with a lysis buffer (50 mM Tris-HCI, pH 8, 5 mM
magnesium acetate, 10 % glycerol, 1 mM DTT, 0.02 % Triton X-100,
500 mM NaCl, 20 mM imidazole). Before sonication-lysis, the cell sus-
pension was incubated with 100 pg/ml lysozyme for 20 min and finally
sonicated 25 times for 30 S each with 30 S off time in between. The cell
lysate was centrifuged to collect the supernatant from it. The superna-
tant was loaded in a pre-equilibrated Ni-NTA purification column (cv - 3
ml). Ni-NTA was equilibrated with fresh lysis buffer (10 cv) and washed
with the same buffer (20 cv). Finally, the protein was eluted with an
elution buffer containing 250 mM imidazole (50 mM Tris-HCI, pH 8, 5
mM magnesium acetate, 10 % glycerol, 1 mM DTT, 0.02 % Triton X-100,
500 mM NaCl, 250 mM imidazole). In the final step of purification, the
protein was loaded in a pre-equilibrated Sephacryl S-100 HR-16/60
column for size-exclusion chromatography. Before loading the protein
on the column, the column was pre-equilibrated with the buffer (50 mM
Tris-HCI, pH 8, 5 mM magnesium acetate, 10 % glycerol, 0.5 mM TCEP,
0.01 % Triton X-100, 500 mM NaCl). The eluted protein’s peak fractions,
each of 1 ml, were collected and stored at 4 °C for using it for the His-
SUMO tag cleavage of PLpro.

2.14. Expression and purification of substrate for PLpro gel-based assay

PGEX4T1_GST-PLproCS-MBP was a gift from John Diffley (Addgene
plasmid # 169195; http://n2t.net/addgene:169195; RRID: Addg-
ene_169195) [55]. PLpro gel-based assay substrate (GST-PLproCS-MBP)
was constructed such as it has a GST tag at the N terminus, MBP tag at
the C terminus, and in between the two tags there is a PLpro recognition
site or cleavage site (TLKGG//APTKV) (nsp2/3 junction). PLpro is ex-
pected to cleave this substrate at G//A which leads to two fragments (25
kDa, 42 kDa). The expression induction was done at O-D 0.8 with 1 mM
IPTG at 37 °C for 4 h. The cell pellet was lysed with buffer (50 mM Tris-
HC], pH 7.5, 10 % glycerol, 1 mM DTT, 0.02 % Triton X-100, 300 mM
NacCl). Before sonication-lysis, the cell suspension was incubated with

International Journal of Biological Macromolecules 245 (2023) 125444

100 pg/ml lysozyme for 20 min and finally sonicated 25 times for 30 s
with an off time of 30 s in between. The lysate was centrifuged to collect
the supernatant from it. The supernatant was loaded in a pre-
equilibrated GST purification column (cv-3 ml). GST was equilibrated
with fresh lysis buffer (10 cv), and the supernatant was incubated with
GST beads for 3 h at 4 °C and washed with the same buffer (20 cv).
Finally, the protein was eluted with additional 50 mM reduced Gluta-
thione containing lysis buffer. In the final step of purification, the pro-
tein was loaded in a pre-equilibrated Sephacryl S-100 HR-16,/60 column
for size-exclusion chromatography. The column was run with elution
with buffer containing 25 mM HEPES-KOH, pH 7.6, 10 % glycerol, 0.02
% Triton X-100, 150 mM NaCl, and 2 mM DTT. The peak fractions were
collected and stored at 4 °C for using it in PLpro Gel-based assay.

2.15. PLpro gel-based assay with Sitagliptin and linagliptin

5 pM of the enzyme (PLpro) was incubated with sitagliptin and
linagliptin (each at 10 pM, 100 pM, and 500 pM concentrations) for 10
or 20 min (in case of 500 pM concentration of inhibitors). Then 5 pM of
gel-based assay substrate GST-PLproCS-MBP was added to the pre-
incubated enzyme with compounds. The whole reaction was done at
RT (25 °C) for 5 h. The assay was done in buffer containing 50 mM
HEPES-KOH, pH 8, 5 mM magnesium acetate, 10 % glycerol, 0.5 mM
TCEP, 0.01 % Triton X-100 and 500 mM NaCl. The reaction products
were visualized through 12 % SDS-PAGE gel, which was stained with
Coomassie brilliant blue stain (VWR Life Sciences). Image-based densi-
tometric analysis was done using ImageLab software (6.1 version).

2.16. Expression and purification of Mpro of SARS-CoV-2

Expression and purification of the Mpro protein was done according
to the method described by Iketani, S., et al., 2022 [57].

2.17. Protease inhibition assay

The followed assay protocol was similar to protocol mentioned by
Zhang et al. 2020 with slight modifications in it [58]. The protease in-
hibition assay was carried out using Dabcyl-KTSAVLQ|SGFRKM-E
(Edans)-NH2 fluorescent peptide substrate at 15 pM concentration. The
inhibitors at 100 pM concentrations were incubated with 180 nM of
protein for 20 min at room temperature. Total reaction volume was 50
pM. The reaction was initiated by adding 15 pM of substrate. Reactions
were done in duplicate. Fluoroscence intensity observed by excitation at
340 nm and emission at 460 nm. Relative Fluorescence Unit (RFU) was
measured at 20 min (due to better signal to noise ratio). Buffer used in
assay consist of 20 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, pH
7.3. For positive control Mpro-13b inhibitor has been used at 1 pM and 5
pM concentration while in case of negative control no inhibitor has been
used. Inhibition assay has been done at final 5 % DMSO in reaction.

3. Results and discussions

3.1. Binding prediction of human DPP4 with Wt-RBD of SARS-CoV-2
spike protein

Experimental and computational studies have been performed to
determine whether the Wt-RBD domain could interact with DPP4.
Therefore, a blind molecular docking study was carried out again using
the original crystallographic structure of the Wt-RBD domain of SARS-
CoV-2 with human DPP4 protein (Fig. 1a; Fig. S2). In the best-docked
position, Wt-RBD could interact with DPP4 with the favourable B.E.
= —14.9 kcal/mol and dissociation constant (Kd) of 1.10E-11 M
(Table 1). Five residues (L517, A520, G381, R357 and R355) of Wt-RBD
domain form six hydrogen bonds with five residues (T736, T746, Q731,
D243 and E244) present in the o/f-hydrolase domain of DPP4 (Fig. 1a).
One salt-bridge was formed between the D243 (C=0) residue of DPP4
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and R357 (NH2) of Wt-RBD. Significant number of residues of both Wt-
RBD (17 amino acids from Y380-Y396, D428, T436, H519-A520
domain) and DPP4 (18 amino acids from F240-S242, F713-H754
domain) were involved in hydrophobic interactions, displayed the
strong interaction between Wt-RBD and DPP4 (Fig. la and Fig. S2a;
Table 1). Overall, hydrogen bonding and hydrophobic contacts were the
major intermolecular forces that contribute to the favourable binding
between Wt-RBD and DPP4 complex.

3.2. MD simulation of DPP4 and Wt-RBD complex

Further, we have performed the classical MD simulation to investi-
gate the dynamic behaviour of Wt-RBD and DPP4 binding in an explicit
solvent. According to the representative conformation of MD simulation
of WtRBD-DPP4 complex, RBD interacted with the C-terminus region
(721-754) of the a/p-hydrolase domain and D244 residue of the
p-propeller domain of DPP4 (Fig. 1b). Intriguingly, RBD failed to engage
with the adenosine deaminase (ADA) and fibronectin binding site of
DPP4. It suggested that RBD didn’t impede the DPP4’s other essential
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catalytic function. According to the results of molecular docking, the
LigPlot depiction of the intermolecular hydrogen bonds and hydropho-
bic interactions were the main interaction involved in the binding of
RBD and DPP4 (Fig. 1c). The RBD-DPP4 complex movie amply
demonstrated that Wt-RBD remained bound to the DPP4 during the
simulation (Movie S1). Majorly, Q731, T746, D737 and E244 of DPP4
showed hydrogen bonding with L517, H519 and R357 of Wt-RBD during
the simulation. According to the aforementioned findings, DPP4 could
be a promising receptor for SARS-CoV-2 entry in host cells through its
robust interaction with RBD.

3.3. Cell-surface binding of RBD to DPP4

To elucidate the interaction between the Wt-RBD and DPP4, we
performed a cell-surface-binding assay using ACE2 knockout cells.
Transfected RBD-Fc was detected by anti-IgG1-Fc-AF488-labelled anti-
body. The RBD-Fc was fused with alexa-fluor 647 labelled-secondary
antibody specific to human DPP4 in ACE2 knockout cells. Confocal
microscopic images subsequently showed that both RBD-Fc and DPP4
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Fig. 1. Binding affinity of RBD with DPP4. a, The original crystallographic structure of the RBD domain (333-527 aa) of SARS-CoV-2 with human DPP4 protein
(39-766 aa) was used for blind molecular docking. ‘A’ depicted residues of DPP4 and ‘B’ represented RBD residues. Hydrogen bonds were shown in yellow dotted
lines, red dotted line represented salt bridge. b, Most populated conformation of MD simulation of Wt-RBD with DPP4 in which RBD interacted with the both C-

terminus region (721-754) of the a/p hydrolase domain and D244 residue of the

B-propeller domain of DPP4. ¢, 2D representation of most populated conformation of

Wt-RBD-DPP4 simulation. The intermolecular hydrophobic contacts were shown in semi-circles, and hydrogen bonds were shown in green dashed lines. d,
Representative confocal image of RBD-Fc (green) in ACE2 knockout cells stained with alexa-fluor 488 labelled-secondary antibody specific to 1gG1-Fc and alexa-fluor
647 labelled-secondary antibody specific to DPP4 (red). Scale bar = 10 pym. e, Calu-3 cells were transfected with DPP4 expressing pLEX307-DPP4 alone or together
with pCDNA3.1-RBD and both samples were immunoprecipitated with DPP4 antibody, and immunoblotted with RBD antibody. p-actin was used as an internal
control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Molecular docking analysis of DPP4 with RBD variants of SARS-CoV-2 Spike protein.

International Journal of Biological Macromolecules 245 (2023) 125444

Protein Binding Dissociation Residue involved in intermolecular hydrogen bonding Residues involved in intermolecular hydrophobic contacts
complex affinity constant - )
RBD domain DPP4 RBD domain DPP4
AG (keal/  Kd (M) at (T333-P576) (539-P766) (T333-P576) (S39-P766)
mol) 25.0 °C
WtRBD+DPP4 —-14.9 1.10E-11 L517, A520, G381, R357, R355 T736, T746, Q731, D243, A520, P521, A522, H519, F240, D737, S744, E738,
E244 L518, E516, C391, F392, S242, Y735, A747, H750,
L1390, D427, L387, V382, T753, K721, H757, H754,
Y380, D428, T430, F429, A732, M733, F713, W734
Y396
oRBD+DPP4 -17.3 2.0E-13 H519, T385, L517, D428, D737, S242, D729, T736, A520, P521, T393, L518, E244, W734, P249, T706,
P412,D427,P463,K378, C379, Y241, S239, Q714, E237, F392, L390, E516, Y396, Y238, F713, 1236, R253,
G381, S383, R357 T251, D725, S720, F730, T430, P426, F464, G413, A717, K721, A732, V724
Q247 K462, Y380, P384, Y369
PRBD+DPP4 —-20.0 2.2E-15 S477, K462, K484, L452, S349, F559, R560, E73, Y120, G482, V483, G476, F486, L55, L561, Y752, G741,
G446, Q498, 5469, T470, S$101, D243, D104, Y105, F490, A352, Y351, 1468, W629, 1102, S245, A743,
D467, Y489, R346, R355, N103, K71, H748, H100, 1492, V445, G485, N354, N74, S93, S745, L49
N487, R466, Y421, N460, G99, D96, Y48, N92, R54, W353, A475, L455, F456,
Y473, K356 N51, E97 K458, R457
SRBD-+DPP4 —15.9 2.2E-12 Y453, A475, R403, Y505, T736, K50, M733, L702, N501, F497, Y495, G496, F713, W734, S744, T746,
N487, Y489, R408, D405, S745, Q731, A732, E244, Q409, Y473, F456, F490, Q749, S720, Y241, P249,
R452, T415, K417, Q498 H757, H750, H754, S239 L1492, Y449, G446, G502, K721, A717, F730, V724,
T500, L455, G416, G504, T753
V503, Y421
kRBD+DPP4 -16.3 1.1E-12 T500, Q498, G446, N501, S690, R691, N685, R597, Y489, L455, F456, V445, N694, S686, T600, 1319,

G496, N450, Y449, S494,
K444, F486, T478, K417,
Q493, Y505, D405, R403,

H682, E604, R317, P676,
E677, R596, R684, D681,
T350

G485, G482, V483, 5477

D678, N679, S642, N321,
M348, 5349, 1295

Y453, Q484

In the present study, the PDBs used for RBD variants of SARS-CoV-2: wild-type (Wt) = 6LZG (chain B), alpha («) = 7EKF(chain B), beta (p) = 7WCR(chain A), delta (5)
= 7W9F(chain E) and kappa (k) = 7SOC(chain B). The PDB used for DPP4 is 4 L72 (chain A).

were located mainly at the surface of the cell membrane (Fig. 1d). The
overlay images showed the co-localization of RBD and DPP4 on the cell
surface, validating their interaction, which is independent of ACE2 re-
ceptor (Fig. 1d).

We overexpressed DPP4 with and without a RBD expressing plasmid
by transfection and immunoprecipitated it using DPP4 antibody to
support the idea that RBD-DPP4 binding exists. The immunoprecipitated
samples were subjected to individual immunoblotting using RBD anti-
body. Immunoprecipitated sample co-transfected with DPP4 and RBD
showed the RBD band following immunoblotting, but the sample
expressing only DPP4 without RBD did not display any RBD band
(Fig. 1e). Together, our findings showed that DPP4 and RBD created a
heterodimer for their stable interaction.

3.4. Binding prediction of WtRBD-DPP4 complex with gliptins

Using molecular docking approach, we have examined some DPP4
inhibitors including sitagliptin, linagliptin, saxagliptin, vildagliptin, and
metformin as prospective therapies for SARS-CoV-2 infection in an
attempt to prevent viral entry through the DPP4-RBD interaction
(Fig. 2a—e; Table 2). Among the tested gliptins, sitagliptin had the lowest
dissociation constant (Kd = 1.07E-7 M) and the most favourable B.E.
(AG = —9.5 kcal/mol) with the WtRBD-DPP4 complex. Linagliptin (AG
= —8.1 kcal/mol, Kd = 1.1E-6 M) had the second highest binding en-
ergy, followed by saxagliptin (AG = —7.7 kcal/mol, Kd = 2.24E-6 M),
vildagliptin (AG = —7.3 kcal/mol, Kd = 4.40E-6 M) and metformin (AG
= —5.3 kcal/mol, Kd = 1.29E-4 M). In the best-docked pose of sitagliptin
with WtRBD-DPP4 complex, sitagliptin bound in between the DPP4 and
Wt-RBD complex, in which Y241(A), E244(A), P249(A) residues of
DPP4; P463(B) and E516(B) residues of RBD showed hydrophobic
interaction with sitagliptin. The R355(B) of RBD formed a hydrogen
bond with the fluorine atom of sitagliptin. The favourable binding of
WtRBD-DPP4 and sitagliptin (G = —9.5 kcal/mol) was facilitated by
their hydrophobic interactions and hydrogen bonding (Fig. 2a). How-
ever, in the second most docked pose, sitagliptin interacted with D709
(A), H740(A), N710(A), Y666(A), S630(A), W629(A), S552(A), L554(A)

and Y547(A) residues of the catalytic site of DPP4 in WtRBD-DPP4
complex with AG = —8.6 kcal/mol (Fig. S3) which is consistent with
earlier reports [59]. Other gliptins like linagliptin, saxagliptin, vilda-
gliptin and metformin showed binding interaction with only DPP4
protein in the best-docked pose. Linagliptin formed hydrophobic con-
tacts with G741(A), Y752(A), Y547(A), W629(A), W662(A), W666(A),
N710(A), G741(A) residues and hydrogen bonding with S630(A) residue
of DPP4, which belongs to the active site of DPP4 (Fig. 2b). Similarly,
saxagliptin also showed hydrophobic interaction in the active site with
E205(A), E206(A), S209(A), F357(A), Y631(A), Y666(A), Y662(A),
N710(A) residues and hydrogen bonding with Y547(A) and S630(A) of
DPP4, but with lower B.E. than sitagliptin and linagliptin (Fig. 2c). The
vildagliptin showed binding at the middle of a/p-hydrolase domain and
p-propeller of DPP4, exhibiting hydrophobic interaction with Y381(A),
T401(A), G424(A), P426(A), F516(A), W525(A) and Q586(A) residues
and hydrogen bonding with K523(A) residue of DPP4 (Fig. 2d). Among
tested gliptins, metformin had the lowest B.E. (—5.3 kcal/mol) with
WtRBD-DPP4 due to its smaller size and no aromatic/cyclic groups were
present. It binds near to the entrance of DPP4 cavity, at f-propeller site
of DPP4 protein, displayed hydrophobic contacts with W124(A), S127
(A), Y128(A), T129(A), Y211(A), Y195(A), 1198(A) residues and three
hydrogen bonds with Q153(A), N170(A) and D192(A) residues of DPP4
(Fig. 2e). According to the docking analysis, sitagliptin and linagliptin,
two of the five gliptins, may be effective in reducing SARS-CoV-2
infection.

3.5. Gliptins maintain the viability of cells

We assessed the cytotoxicity of cultured cells incubated for 48 h in
the presence or absence of each ligand in order to examine the impact of
the gliptins on the viability of the Vero E6 cell lines. The results
demonstrated that, at various doses, none of the inhibitors caused any
considerable cell cytotoxicity. We have chosen a range of drug con-
centrations to investigate the effect of inhibitors on viral multiplication,
based on a cell viability of 90 % or more in each well (Fig. 2f—j). The
CCsp values of sitagliptin, linagliptin, vildagliptin, saxagliptin, and
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Fig. 2. Wt-RBD-DPP4 complex binding prediction with gliptins. The predicted binding mode of WtRBD-DPP4 complex with a, sitagliptin (orange), b, linagliptin
(magenta), c, saxagliptin (red), d, vildagliptin (green), e, metformin (wheat) in best docked pose. The residues were forming the binding pocket shown in dark blue
stick representation. The intermolecular hydrophobic contacts were shown in semi-circles, and hydrogen bonds were shown in green dashed lines. f-j, The effect of
gliptins on cellular cytotoxicity was measured at different concentration. Data showed average values + S.D. of three repeated experiments and six biological
replicates + S.D. were displayed here. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

metformin were 67.36 pM, 21.28 pM, 130.81 pM, 21.06 pM, and 46.29
pM, respectively (Table 4).

3.6. Selected gliptins can encumber the Wt-SARS-CoV-2 infection

The preceding sections predicted that impeding DPP4 may be ther-
apeutically advantageous for the treatment of SARS-CoV2 infection.
Therefore, we tested DPP4 inhibitors to determine whether they could
encumber the SARS-CoV-2 infection in vitro. We infected Vero E6 cells
with Wt-SARS-CoV-2 and treated them with sitagliptin, linagliptin, vil-
dagliptin, saxagliptin, and metformin alone. We have found that sita-
gliptin and linagliptin, two of the DPP4 inhibitors, have demonstrated
the greatest potential in terms of lowering viral replication with ICsg
value of 1.46 pM and 2.21 pM, respectively (Fig. 3a and Table 4).
Sitagliptin at the concentration of 1.98 pM can significantly abrogated
the virus growth, whereas linagliptin had a similar inhibitory efficacy at
a concentration of 1.06 pM. We were unable to identify any inhibitory
efficacy of metformin, vildagliptin, or saxagliptin, even at higher con-
centrations (Fig. 3a). We also demonstrated that sitagliptin, at a con-
centration of 0.99 pM, partially encumbered the viral growth; however,
at a concentration of 1.98 uM, it can significantly inhibited viral
multiplication by almost six folds compared to cells with virus alone.
This is very similar to the inhibitory efficacy of remdesivir (Fig. 3a,b).
Linagliptin, likewise remdesivir, halted the multiplication of viruses at a

minimum concentration of 1.06 pM (Fig. 3a,b). However, we have found
that sitagliptin and linagliptin in combination had an inhibitory efficacy
better than the remdesivir; even at lower concentration levels of 0.99 pM
and 1.06 pM, respectively, sitagliptin and linagliptin suppressed viral
proliferation significantly by 10 folds (Fig. 3b).

3.7. Selected gliptins refuted the cell surface interaction of DPP4-RBD

We used confocal microscopy to carry out a cell-surface binding
assay to clarify the impact of gliptins on the interaction between the Wt-
RBD-Fc and DPP4 in ACE2 knockout cells. We have already shown the
ACE2 independent DPP4 interaction with RBD-Fc (Fig. 1d, 3c). How-
ever, sitagliptin treatment prevented the co-localization of RBD-Fc with
DPP4 (Fig. 3c). Similarly, linagliptin treatment hampered the formation
of a DPP4-RBD heterodimer complex. The interaction between RBD and
DPP4 at the cell membrane, which is necessary for viral entry into cells,
was prevented when both the gliptins were provided together in ACE2
knockout cells (Fig. 3c).

We overexpressed DPP4 except panel 6 with RBD expressing plasmid
by transfection and immunoprecipitated it using DPP4 antibody to
support the idea that RBD-DPP4 binding exists (Fig. 3d). In panel 6, we
expressed only RBD expressing plasmid in DPP4 knockout cells. The
immunoprecipitated samples using DPP4 antibody were subjected to
individual immunoblotting using RBD antibody. Immunoprecipitated
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Table 2
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Molecular docking analysis of gliptins with RBD(variants)-DPP4 complex, WtRBD-ACE2 complex and PLpro using AutoDock Vina.

Compound Protein Binding Dissociation Residues involved in the Residues involved in intermolecular hydrophobic contacts
affinity constant intermolecular H-bonding
AG (kcal/ Kd (M) at 25.0 °C interactions
mol) Residue Atom* Distance
[
Linagliptin WtRBD- -8.1 1.14E-6 S630(A) NH: O 3.3 G741(A), Y752(A), Y547(A), W629(A), Y662(A), Y666(A), N710(A),
DPP4 G741(A)
Sitagliptin WtRBD- -9.5 1.07E-7 R355(B) NH:F 3.2 Y241(A), E244(A), P249(A), P463(B), E516(B)
DPP4
Vildagliptin ~ WtRBD- -7.3 4.40E-6 K523 NH:0 2.9 Y381(A), T401(A), G424(A), P426(A), F516(A), W525(A), Q586(A)
DPP4 A)
Saxagliptin WtRBD- -7.7 2.24E-6 Y547 OH:0 3.0 E205(A), E206(A), S209(A), F357(A), Y631(A), Y666(A), Y662(A),
DPP4 A) OH:0 2.7 N710(A)
S630(A)
Metformin WtRBD- -5.3 1.29E-4 Q153 NH:N 2.9 W124(A), S127(A), Y128(A), T129(A), Y211(A), Y195(A), 1198(A)
DPP4 A) CO:HN 3.2
N170 CO:HN 3.1
(A) CO:HN 3.0
D192
@A)
Linagliptin oaRBD- -8.2 9.61E-7 T251 NH:N 3.0 Y248(A), P249(A), K250(A), W353(B), P463(B), F464(B), E465(B),
DPP4 A) NH: 2.9 R466(B)
R253 OH 3.2
(A) NH:N
Sitagliptin o«RBD- —8.2 9.61E-7 E205(A) CO:HN 3.3 S209(A), F357(A), Y662(A)
DPP4 E206(A) CO:HN 3.3
Y547 OH:F 3.1
(A) OH:N 2.7
S630(A)  NH:N 3.2
H740
A
Linagliptin BRBD- —8.7 4.13E-7 E205(A) CO:HN 3.0 E206(A), F357(A), Y547(A), K554(A), W629(A), S630(A), Y662(A),
DPP4 Y666(A), T478(B), P479(B), F486(B)
Sitagliptin BRBD- -9.4 1.27E-7 T478(B)  OH:N 3.0 Y547(A), K554(A), N562(A), W563(A), W629(A), Y752(A), P479(B)
DPP4 N487(B)
Linagliptin SRBD- -7.8 1.89E-6 - - - Y48, R560(A), L561(A), N562(A), W627(A), W629(A), V653(A), G741
DPP4 (A), 1742(A), 1751(A), Y752(A)
Sitagliptin SRBD- -9.2 1.77E-7 Q527 NH:N 3.1 D545(A), K554(A), R560(A), N562(A), W627(A), W629(A), G741(A),
DPP4 A) Y752(A)
Linagliptin kRBD- -8.7 4.13E-7 Q553 CO: 2.9 Y547(A), W627(A), W629(A), V653(A), G741(A), 1751(A), Y752(A)
DPP4 A) HN
Sitagliptin kRBD- -8.8 3.49E-7 G355 NH:N 2.9 E347(A), M348(A), S349(A), T351(A), V354(A), E378(A), G380(A),
DPP4 (A) NH:F 3.3 D588(A)
S376(A)
Linagliptin WtRBD- -6.0 3.95E-5 - - - P321(A), N322(A), T324(A), G354(A), M383(A), A386(A), A387(A),
ACE2 R403(B), D405(B), Y505(B)
Sitagliptin WtRBD- -7.2 5.21E-6 N103 NH:F 3.1 Q98(A), Q101(A), Q102(A), N194(A), Y196(A), E208(A)
ACE2 A)

Here, the PDB used for variants of RBD: wild-type = 6LZG (chain B), alpha = 7EKF(chain B), beta = 7WCR(chain A), delta = 7W9F(chain E) and kappa = 7SOC(chain
B). The PDB used for DPP4 and WtRBD-ACE2 are 4 L72 (chain A) and 6LZG, respectively.
" The atoms on right represent ligand atoms and on the left represent protein residue atoms.

sample co-transfected with DPP4 and RBD showed the RBD band
following immunoblotting, but the sample expressing only DPP4
without RBD did not display any RBD band. Together, our findings
showed that DPP4 and RBD created a heterodimer for their stable
interaction (Fig. 3d). In presence of gliptins, we didn’t observe any RBD
band, which clearly indicated that gliptins inhibited DPP4 activity and
disrupts DPP4-RBD interaction.

3.8. Effect of gliptins on cells viability and DPP4 enzymatic activity

The cells infected with Wt-SARS-CoV-2 caused >40 % cell cytotox-
icity, however, the effect of gliptins on cytotoxicity of infected cells
reduced to 10 % was measured at different concentration. Around 90 %
virus infected cells were remained viable after sitagliptin or linagliptin
or its combinatorial treatment. The viability of infected cells after
gliptins treatment even better than infected cells treated with remdesivir
(Fig. 3e). We further observed that virus infection augmented cellular
DPP4 enzymatic activity which was significantly reduced in treatment
with sitagliptin and linagliptin or their combination (Fig. 3f). The

abrogation of DPP4 enzymatic in infected cells by gliptins were dose
dependent as higher concentration of any of gliptins inhibited more
DPP4 activity than their respective lower concentration. Remdesivir
treatment in infected cells did not affect the DPP4 activity. DPP4
knockout cells (KO) cells also did not show any DPP4 activity due to
absence DPP4 gene (Fig. 3f).

3.9. MD simulation of WtRBD-DPP4 in presence of linagliptin or
sitagliptin

Using the live Wt-SARS-CoV-2 virus in our experiments and micro-
scopy study, we established that sitagliptin and linagliptin were able to
diminish SARS-CoV-2 infection. Additionally, we were interested in
learning how specific gliptins prevented SARS-CoV-2 infection. In this
context, we have performed the MD simulation of sitagliptin and lina-
gliptin with the WtRBD-DPP4 complex. To study the impact of inhibitors
on the DPP4 structure without Wt-RBD, we performed MD simulations
of DPP4 alone in the absence and presence of linagliptin and sitagliptin
(Fig. 3d-g). Initially, the RMSD, SASA, R,, and RMSF in DPP4 were



S. Mani et al. International Journal of Biological Macromolecules 245 (2023) 125444
a N1 gene b s+ 4 N1gene
7 ® N2gene 54 ﬁ ® N2gene C Wit-RBD-FC DPP4 merged
g o0 = 4-
6 [5 YV ELEYL Y T
. € of ot i f 5 3=
= p o I 825
s @ IR £z =
£2 . 55
g2 o 21.0
21 | - $os & .
F10 g 305
2. Ei o ii 9!(1 g 041
805 o? Bt F 0.34
2905 P 18 S
F 04 1 > 0.2
2 i 3-1' sitagliptin
01 0-—a——
- ¥ ]S
S NN NN & W e
PR S R I I N RS
I I O I A Al N R S S PN BPAN
S RN PP RTeT o M @ e e £ &
B S O O O O SIS & & & ¥ 0 ‘
R R R T S ST S8 & &P P P
F S P BB B S DS B S S & & &
FFIEEETIFFFFTEE =
d DPP4-KOcels — — — — — + 8
linagliptin — - —~ 4+ 4 =~ = e ey ey
. . - — — — —_ o . . .
sitagliptin + + = linagliptin
pCDNA3.1-RBD - + + + + + e 100 b4
pLEX307-DPP4 + + + + + — g k-
cells + + + + + = = S
— Z
25 KDa e WB-RBD 3 2
IP-DPP4 = =
110 KDa— | "= . -ﬁ !WB-DPN E
42 KDa—| = = = e <= = [[actin T Prre =
F ST itagliptin + linaglipti
< < )
f (0.995M) + i 06 = & ‘:é\\cyk’\\y*ey-cf)‘eg“ sitagliptin nagliptin
i in (2.12pM) e ¥ FF e e &
in (4.23M) - } SIS E S
in (1.98uM) xS *&Q\to"%g&v
in (3.96pM) - # & X X 0 Y x
T —— F I SFF e
(1) TEFFSSS
vires e ST A it
DPP4 KO cells— i ,Q\“
| $
only cells -=«I — — &‘Q\
0.00 025 050 075 100 125 150 175 &
relative DPP4 enzymatic activity & 2=, e, 2,
& " E
g 1.0,——DPP4 —— WIRBD-DPP4 h 37— orp4 WIRBD-DPP4 1 ——DPP4 WIRBD-DPP4 ——DPPY - Wi
g .:z:::"l:::"v'::_ :j-uzn:m = —— DPP4 + linagliptin —— WIRBD-DPP4 + linagliptia g 500 —— DPP4 + linagliptin —— WiRBD-DPP4 + Enagliptin 0.8 DPP4 + linagliptin _m:ﬂiﬂﬁii. linagliptin
% 084 o b € 3.6 DPP4+sitagliptin. —— WIRBD-DPP4 + sitagliptin g | —— DPP4 + sitagliptin WARBD-DPP4 + sitagliptin ——DPP4 + sitagliptin —— WRBD-DPP4 + sitagliptin
o b 480 -
. g, § -l i
g 0.6+ z 3s 2 4604 H
| £ 8 =
s ) s " ' ]
04 T 34 ~ 40 z
s 0 E L luk -
2 028 S 332 2
= = P ————— IS O
] 1 2797 % 400
[ — . - 264 . — (1 1 S i =t — —
0 20 40 60 30 100 L 20 an 60 80 100 0 20 40 60 80 100 90 180 270 360 450 540 630 T2
Time (ns) I Time (ns) Time (ns) n DFP4 (39-766)
b““ —— WIRBD-DPP4  —— WIRBD-DPP4 + sitagliptin 2157 —— WIRBD-DPP4 —— WIRBD-DPPA + sitagliptin m., —— WRBD-DPP4  —— WIRBD-DPP4 + sitagliptin L0 WRBD-DPPS —— WIRBD-DPF4 + sitagliptin
E 027 1 WIRBD-DPP4 + o agliptin _ ——— WIRBD-DPP4 + linagliptin g WIRBD-DPPA + linagliptin WRBD-DPP4 + linagligtin
i 1 g g
g | g é 140 =
E 021 ; g %
T 0184 = s @
g = H
E 015 % £ 130 E
2 £ -
é‘ 0.12 " 2
= 009 7

0 60 80
Time (ns)

)
Time (s)

120

360 400 440

RBD (333-527)

40 0 100 48 s

Time (ns)

80

20

Fig. 3. Efficacy of gliptins against SARS-CoV-2 infection. a, Effect of selected gliptins at different concentrations on Wt-SARS-CoV-2 infection was studied. b, Effect of
sitagliptin and linagliptin alone or in their combination was checked to impede the SARS-CoV-2 infection in vitro. In both figure a and b, remdesivir was used as a
reference anti-viral compound. The viral load was represented as an average of triplicate data, and six biological replicates + S.D. were displayed here. The sig-
nificance of viral load reduction was measured, p-values ** < 0.01; and *** < 0.001 were considered statistically significant. ¢, Confocal imaging was performed to
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antibody. p-actin was used as an internal control. e, The effect of gliptins on viability of infected cells was measured at different concentration. Data showed average
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infected cells treated with remdesivir or gliptins were tested for DPP4 enzymatic activity. Throughout the simulation, the stability of the DPP4 (39-766) structure was
evaluated by calculating its g, Root-mean-square deviation (RMSD), h, Radius of gyration (Ry), i, Solvent-accessible surface area (SASA), and j, Root-mean-square
fluctuation (RMSF) for the following systems: DPP4, DPP4 + linagliptin, DPP4 + sitagliptin, WtRBD-DPP4, WtRBD-DPP4 + linagliptin and WtRBD-DPP4 + sita-
gliptin. k, RMSD, 1, Rg, m, SASA and n, RMSF of Wt-RBD (333-527) structure were calculated for the following systems: WtRBD-DPP4, WtRBD-DPP4 + linagliptin,

and WtRBD-DPP4 + sitagliptin.

analysed for three systems: DPP4, DPP4 + linagliptin and DPP4 -+
sitagliptin, which depicted that linagliptin and sitagliptin didn’t induce
any conformational instability to DPP4 in the absence of WtRBD, as
there were no significant changes in the positions of atoms (RMSD and
RMSF), the Ry as well as SASA of DPP4 in presence of linagliptin and
sitagliptin during the simulation (Fig. 3d-g, Fig. S4a—c). Whereas, with
the addition of Wt-RBD to the DPP4 system, the RMSD of DPP4

significantly elevated from 0.25 + 0.02 nm to 0.35 + 0.07 nm (Fig. 3d).
When Wt-RBD was present, DPP4’s RMSD was increase to alter the in-
teractions between the two large proteins and established a stable Wt-
RBD-DPP4 complex. After 70 ns, the RMSD was stabilised, indicating
that Wt-RBD and DPP4 have formed a stable complex (Fig. 3d). The
RMSD of DPP4 complexed with Wt-RBD was considerably increased to
0.49 £ 0.16 nm in the presence of sitagliptin, although the RMSD of
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DPP4 alone with sitagliptin was only 0.12 + 0.02 nm (Fig. 3d, Fig. S4a).
Furthermore, sitagliptin impaired the structure of Wt-RBD in the
WtRBD-DPP4 complex by increasing its RMSD to 1.33-fold, which was
considerably higher (Fig. 3h, Fig. S4d). The RMSD results thus indicated
that sitagliptin substantially destabilized the WtRBD-DPP4 complex.
The RMSD of DPP4 attached with Wt-RBD increased to 2.17 folds in the
presence of linagliptin, which was considerably greater than DPP4 alone
with linagliptin (Fig. 3d, Fig. S4a). The fact that the RMSD of the Wt-
RBD of the heterodimer complex increased by nearly two folds when
linagliptin was present, suggested that the RBD became unstable
(Fig. 3h). In Movie S2, simulation of WtRBD-DPP4 in the presence of
sitagliptin illustrated how the drug interfered with the binding of DPP4
and WtRBD. The two residues of DPP4 (Q731 and E244) were involved
in hydrogen bonding with two residues of WtRBD (G381, R355) having
bond distance 1.9 and 1.7 A, respectively, at the initial time of the
simulation. These hydrogen bonds were also observed in the molecular
docking study of DPP4 with WtRBD. In the simulation, sitagliptin
pushed the Wt-RBD away from DPP4 by interacting with the Wt-RBD,
which broke the hydrogen bonds between them. At the end of the
simulation, the distance of hydrogen bonds between two residues had
increased to > > 3.5 A. Likewise, in the simulation of WtRBD-DPP4 with
linagliptin, the hydrogen bond between DPP4 residues (E244 and T736)
and Wt-RBD residues (R355 and L517) was disrupted by linagliptin
(Movie S3). Throughout the simulation, linagliptin interacted strongly
with DPP4, which enabled the separation of DPP4 from Wt-RBD.
Further, we have studied the compactness of WtRBD-DPP4 in the pres-
ence and absence of gliptins by calculating the radius of the gyration
(Rg) parameter. In the absence of Wt-RBD, the average R, value of DPP4
alone is 2.74 £+ 0.01 nm, whereas the average R, value of DPP4 in
presence of Wt-RBD was increased to 3.45 + 0.03 nm (Fig. 3e, Fig. S4b)
indicated the instability of DPP4 in presence of Wt-RBD. In the presence
of sitagliptin and linagliptin, the average R; value of DPP4 in WtRBD-
DPP4 complex is 3.44 + 0.04 nm and 3.45 + 0.05 nm, respectively,
which implies that neither sitagliptin nor linagliptin altered the radius of
gyration of DPP4 in the presence of Wt-RBD (Fig. 3e, Fig. S4b). We
assessed the SASA of WtRBD-DPP4 to advance our understanding of the
compactness of the complex after gliptin treatment. The average SASA
value of only DPP4 was 412.31 + 4.99 nm? which was significantly
increased to 458.15 + 5.44 nm? in presence of Wt-RBD (Fig. 3f,
Fig. S4c¢). The significantly higher SASA value of DPP4 in the presence of
Wt-RBD demonstrated that the structure of DPP4 lost its compactness
and stability in the presence of Wt-RBD, enhancing the structure’s
accessibility to solvents. Intriguingly, sitagliptin and linagliptin caused
the average SASA value of DPP4 in WtRBD-DPP4 to increase to 464 +
6.02 nm? and 461.88 + 7.75 nm?, respectively. Additionally, we noticed
a little rise in the SASA of Wt-RBD when sitagliptin and linagliptin were
present. The aforementioned finding indicates that gliptins weakened
the structural stability the WtRBD-DPP4 complex (Fig. 3f). To examine
the conformational fluctuations that occurred in DPP4 during simula-
tion, the RMSF of each residue of DPP4 in the presence of Wt-RBD was
evaluated. In the WtRBD-DPP4 complex, the average RMSF value of
DPP4 fluctuated by ~0.13 + 0.05 nm, while the DPP4 alone system was
found to fluctuate at an average of ~0.09 + 0.06 nm (Fig. 3g). Higher
fluctuations were observed in DPP4 in the presence of Wt-RBD specif-
ically at the N-terminus (87-235 aa) and C-terminus region (564-766
aa) of DPP4 which is the binding domain of Wt-RBD. In presence of
sitagliptin and linagliptin, the RMSF value had increased to 0.27 + 0.09
nm and 0.16 + 0.08 nm, respectively (Fig. 3g). Likewise, the average
RMSF of Wt-RBD increased significantly from 0.26 + 0.10 to 0.55 +
0.12 nm when sitagliptin was present. Sitagliptin significantly affected
the destabilization of DPP4 and WtRBD, as evidenced by the 2.5-fold rise
in RMSF that was seen in each of the residues of DPP4 and Wt-RBD
(Fig. 3k). In addition, linagliptin enhanced the average RMSF value of
Wt-RBD from 0.26 + 0.10 nm to 0.35 + 0.13 nm (Fig. 3k). According to
the RMSF results, both sitagliptin and linagliptin caused more confor-
mational instability to both DPP4 and Wt-RBD. Moreover, we have
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calculated the binding free energy (AGbinding) of sitagliptin and lina-
gliptin with WtRBD-DPP4 complex by using MM-PBSA analysis
(Table 3). The AGpinding for WIRBD-DPP4 with sitagliptin and linagliptin
was calculated to be —65.16 + 0.86 kcal/mol and — 60.76 + 0.73 kcal/
mol, respectively. The MM-PBSA data highlighted that van der Waal
energy and non-polar solvation energy contributes maximum to the
favourable AGypinging Of sitagliptin and linagliptin with WtRBD-DPP4
complex. It can be speculated that the strong binding affinity of sita-
gliptin and linagliptin with WtRBD-DPP4 complex results into the
escalation of RMSD, RMSF and SASA value of DPP4 and Wt-RBD pro-
teins, leading to the destabilization of WtRBD-DPP4 complex.

3.10. Binding prediction of DPP4 with the RBD of VOCs

Since pandemic started, different variants of SARS-CoV-2 have been
rapidly evolving throughout the world. Since DPP4 has emerged as a
promising therapeutic target to prevent SARS-CoV-2 infection, we have
also examined DPP4’s ability to bind to other SARS-CoV-2 variants,
including VOCs: a-RBD (N501Y), p-RBD (K417N, E484K and N501Y),
8-RBD (T478K and L452R) and k-RBD (E484Q and L452R) (Fig. S5). The
B.E. of DPP4 with alpha, beta, delta and kappa RBD was —17.3, —20.0,
—15.9 and —16.3 kcal/mol, respectively, in the best docked pose. The
major residues VOCs involved in binding with DPP4 are summarised in
Table 1. Among VOCs, specifically a-RBD, §-RBD and k-RBD preferen-
tially bound to the external side of the o/p-hydrolase domain (506-766)
of DPP4 (Fig. S5). The binding site of a-RBD with DPP4 was almost
similar to Wt-RBD i.e. a/f-hydrolase domain of DPP4. However, the B.E.
of aRBD-DPP4 complex (—17.3 kcal/mol) was higher than WtRBD-DPP4
complex (—14.9 kcal/mol) due to increased dipole-dipole interaction
between a-RBD (28 residues) and DPP4 (25 residues). Interestingly, only
B-RBD entered inside the cavity of DPP4, in which 37 residues spanning
357-521 domain of §-RBD interacted with 32 residues majorly from the
B-propeller domain of DPP4, through hydrophobic interaction and
hydrogen bonding, that leads to highest binding affinity (—20 kcal/mol)
and lowest Kd value of 2.0E-13 M among VOCs. Notably, the mutated
residue K484 of f-RBD also participated in hydrogen bonding with Y120
residue of DPP4 (Fig. S5b).

The 8-RBD is double mutated derivative of Wt-RBD comprising
T478K and L452R mutations. Interestingly, R452 residue of &-RBD
interacted with E244 residue of DPP4. Along with that, total 30 residues
spanning 403-505 domain of 8-RBD showed dipole-dipole and hydro-
phobic interactions with 25 residues spanning 50, 702-757 and
241-244 domain of DPP4 (Fig. S5c). Similarly, 26 residues spanning
403-505 of k-RBD interacted with 24 residues spanning 295-350, a 597
residue and 600-694 domain of DPP4. The mutated residue, Q484 in
k-RBD formed a hydrogen bond with T350 of DPP4 (Fig. S5d). The
findings indicated that DPP4 has a remarkable ability to attach to each
VOCs of the SARS-CoV-2 spike protein.

3.11. Binding prediction of sitagliptin/linagliptin with the RBD(VOCs)-
DPP4 complex

We next studied the binding potential of sitagliptin and linagliptin
with VOCs of SARS-CoV-2 spike protein by molecular docking method
(Fig. 4a-h; Table 2). Surprisingly, sitagliptin and linagliptin’s binding
sites with «RBD-DPP4 differed from those we found with WtRBD-DPP4,
but both gliptins exhibited similar binding energies (—8.2 kcal/mol) and
Kd value (9.61E-7 M) with aRBD-DPP4. Sitagliptin displayed hydro-
phobic interaction with S209(A), F357(A), and Y662(A) residues as well
as hydrogen bonds with E205(A), E206(A), Y547(A), S630(A) and H740
(A) residues situated at the centre of p-propeller and o/f-hydrolase
domain of DPP4 (Fig. 4a). Linagliptin, in fact, had hydrophobic inter-
action with Y248(A), P249(A), Lys250(A), W353(B), P463(B), F464(B),
E465(B), R466(B) residues and hydrogen bonding with T251(A), R253
(A) residues near to the binding site «dRBD and DPP4 (Fig. 4e). The main
intermolecular forces between sitagliptin/linagliptin and the RBD-DPP4
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Table 3
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The calculated binding free energy (AGpinding) for sitagliptin and linagliptin with WtRBD-DPP4, WtRBD-ACE2 and PLpro using the molecular mechanics Poisson

Boltzmann surface area (MM-PBSA).

Energy components (kcal/mol)

WtRBD-DPP4 + sitagliptin

WtRBD-DPP4 + linagliptin

WtRBD-ACE2 + sitagliptin

WtRBD-ACE2 + linagliptin

AEyaw

—42.02 + 1.27

—43.26 + 1.34 —33.85+ 3.14 —53.96 + 0.32
AEejec —14.91 + 1.06 —2.66 + 0.82 —6.37 &+ 3.33 —3.05 £+ 0.15
AEyvv” -56.93 + 1.16 —45.92 + 1.08 —40.22 + 6.47 —57.01 + 0.47
AGyps 26.25 +£1.18 17.87 £ 1.41 18.24 + 2.70 23.34 £0.19
AGpps —34.48 + 3.45 —32.71 + 1.66 —28.45 + 3.65 —44.31 £ 0.72
AGgon,” —8.23 +2.27 —14.84 + 0.33 —10.21 + 0.95 —33.67 + 0.53
AGhbinding” —65.16 + 0.86 —60.76 + 0.73 —50.43 + 4.88 —77.97 + 0.84

# AEMM = AEvdw + AEelec.
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Fig. 4. The binding and molecular interactions of the gliptins with RBD-DPP4 complex of VOCs. a-h, The best-docked poses of sitagliptin and linagliptin with «RBD-
DPP4, PRBD-DPP4, SRBD-DPP4 and kRBD-DPP4 complexes illustrated here. The sitagliptin and linagliptin were represented by orange and magenta stick respec-
tively. The residues forming the binding pocket were shown in dark blue stick. i-1, The effect of sitagliptin and linagliptin alone or in combination on numerous VOCs
was investigated here. Remdesivir was used as a reference anti-viral compound. The viral load was represented as an average of triplicate data, and six biological
replicates + S.D. were displayed here. The significance of viral load reduction was measured, p-values ** < 0.01; and *** < 0.001. Two different set of primers (N1,

and N2) of nucleocapsid gene of SARS-CoV-2 were used for RT-qPCR. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

complex were the hydrophobic interaction and hydrogen bonding.

In the case of the PRBD-DPP4 complex (Fig. 4b, f), sitagliptin and
linagliptin bound at the 487-752 domain and 205-666 domain of DPP4
with the B.E. of —9.4 kcal/mol; —8.7 kcal/mol and Kd value of 1.27E-7
M; 4.13E-7 M, respectively (Table 2). With SRBD-DPP4 complex,

sitagliptin (B.E. = —9.2 kcal/mol, Kd = 1.77E-7 M) and linagliptin (B.E.
= —7.8 kcal/mol, Kd = 1.89E-6 M) showed interaction with 527-752 aa
and 48, 560-629 aa of the a/p-hydrolase domain of DPP4, respectively,
were mainly driven by van der Waal interactions. Remarkably, sita-
gliptin showed more binding interaction with SRBD-DPP4 than
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linagliptin (Fig. 4c,g, Table 2).

Furthermore, in the case of the kRBD-DPP4 complex, sitagliptin
displayed binding in the p-propeller domain spanning residues 347-380
and 588 of a/B-hydrolase domain of DPP4 with B.E. = —8.8 kcal/mol
and Kd = 3.49E-7 M (Fig. 4d). Contrarily, linagliptin had shown its
binding in the a/p-hydrolase domain of DPP4, spanning residues
547-751, with B.E. = —8.7 kcal/mol and Kd = 4.13E-7 M (Fig. 4h;
Table 2). Sitagliptin and linagliptin had significantly strong binding
interactions with all RBD (variants)-DPP4 complexes, with B.E. ranging
from —7.8 to —9.4 kcal/mol. Based on their RBD-DPP4 complex binding
profiles, sitagliptin and linagliptin may be effective therapeutic options
for mitigating various SARS-CoV2 variants.

3.12. Gliptins inhibits SARS-CoV-2 VOCs infection

The preceding sections decisively established how inhibiting DPP4
significantly reduce Wt-SARS-CoV-2 infection in an in vitro system
(Fig. 3a, b). These findings inspired us to check the therapeutic benefits
of gliptins against SARS-CoV-2 VOCs. Therefore, we infected Vero E6
cells with B1.1.7, B.1.351, B.1.617.2, and B.1.617.1 variants separately
and treated with sitagliptin, or linagliptin alone or in their combination.
Sitagliptin and linagliptin had demonstrated to be extremely promising
in preventing the proliferation of the virus among variants we tested.
Sitagliptin at the concentration 0.99 pM could partially inhibit a-SARS-
CoV-2, B-SARS-CoV-2, k-SARS-CoV-2 (Fig. 4i,j,]) but was unable to
prevent even the partial growth of 8-SARS-CoV-2 variant (Fig. 4k).
Linagliptin showed a dose-dependent inhibitory effectiveness against all
VOCs (Fig. 4i-1). At a concentration of 1.98 pM, sitagliptin could
significantly impede viral growth by nearly 6-7 folds among all variants
(Fig. 4i-1). The sitagliptin showed ICs( value against variants of SARS-
CoV-2 (B1.1.7, B.1.351, B.1.617.2, and B.1.617.1) ranges from 1.64 to
1.89 pM. Similarly, linagliptin showed ICs¢ value in range 1.92 to 2.32
pM (Table 4).

We further checked in combination of these two drugs and found that
sitagliptin and linagliptin even at lower concertation of 0.99 pM and
1.06 pM respectively abrogated the viral growth (Fig. 4i-1). Neverthe-
less, at the lowest dose in our study, the combinatorial treatment was
able to significantly halt the proliferation of all variants. Combinatorial
sitagliptin and linagliptin at the lowest dose or sitagliptin and linagliptin
alone at their highest doses were observed to entirely prevent the
infection of all clades. This inhibitory efficacy of gliptins was even more
effective than that of remdesivir among all VOCs.

3.13. Binding prediction of sitagliptin/linagliptin with ACE2 receptor

Since the N53, N90, N103, N322, N432, N546, and N690 glycosyl-
ation of ACE2 is essential for viral entry, we explored the compatibility
of sitagliptin and linagliptin for binding with the WtRBD-ACE2 complex
[60,61]. In the molecular docking analysis, linagliptin with B.E. = —6.0
kcal/mol and Kd = 3.95E-5 M, displayed hydrophobic contacts with
residues spanning 321-505 present at the extracellular domain of ACE2
(Fig. 5a,b; Table 2). The binding location of linagliptin was close to the
binding site of Wt-RBD with ACE2. However, the sitagliptin showed
interaction in 98-208 domain of ACE2 with B.E. = —7.2 kcal/mol and
Kd = 5.21E-6 M (Fig. 5a,b; Table 2). Moreover, sitagliptin and the N103

Table 4
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residue of the ACE2 receptor established a hydrogen bond (3.1 A), and
linagliptin formed hydrophobic contact with N322 of ACE2. It’s worth
noting that these two drugs, linagliptin and sitagliptin, were coupled to
the ACE2 receptor’s N322 and N103 glycosylation sites, respectively,
might be blocking ACE2-RBD binding and SARS-CoV-2 entry.

3.14. MD simulation of gliptins with ACE2 receptor

Moreover, the detailed binding mechanism of sitagliptin and lina-
gliptin with WtRBD-ACE2 complex was studied by using molecular dy-
namics simulation. In the WtRBD-ACE2 + sitagliptin system, the
bonding between sitagliptin and N103 (glycosylation site of ACE2)
remained uninterrupted throughout the simulation, which was driven
by weak van der Waal interactions (Fig. 5¢). Similarly, linagliptin was
seen in contact with a glycosylation site, N322 of ACE2 (Fig. 5¢). We
have evaluated the AGpinding Of linagliptin and sitagliptin with WtRBD-
ACE2 using the MM-PBSA method, which was found to be —77.97 +
0.84 kcal/mol and — 50.43 =+ 4.88 kcal/mol respectively (Table 3). Both
sitagliptin and linagliptin was bound to WtRBD-DPP4 and WtRBD-ACE2
with a significantly higher binding energy. The van der Waal interaction
and non-polar solvation energy were the two primary forces that
strongly influenced the favourable binding energy. The results demon-
strated that both linagliptin and sitagliptin may prevent the ACE2 re-
ceptor from getting glycosylated by blocking glycosylation sites, which
might be a beneficial strategy to prevent ACE2-spike binding.

3.15. Cell-surface binding of RBD to ACE2

To elucidate the role of gliptins in impeding the interaction between
the Wt-RBD and ACE2, we performed RBD-ACE2 binding assay. Trans-
fected GFP-RBD was fused with alexa-fluor 647 labelled-secondary
antibody specific to ACE2 in Calu-3 cells. Confocal microscopic images
subsequently showed that ACE2 was located mainly at the cell mem-
brane (Fig. 5d). GFP-RBD-positive cells were stained with alexa-fluor
647 labelled-ACE2, and the overlay images showed the co-localization
of RBD and ACE2 on the cell surface, validating their interaction
(Fig. 5d). However, in the presence of sitagliptin, linagliptin or their
combination hampered the interaction of ACE2 with RBD (Fig. 5d).

We overexpressed myc-ACE2 with and without a RBD expressing
plasmid by transfection and immunoprecipitated it using myc antibody
to support the idea that RBD-ACE2 binding exists. The immunoprecip-
itated samples were immunoblotted separately using RBD and ACE2
antibodies. Inmunoprecipitated samples co-transfected with myc-ACE2
and RBD showed the RBD band following immunoblotting with RBD
antibody, but the sample expressing only ACE2 without RBD did not
display any RBD band (Fig. 5e). Together, our findings showed that
ACE2 and RBD created a heterodimer for their stable interaction.
However, in the presence of gliptins individually or in combination,
disavowed to form a heterodimer complex of RBD and ACE2 (Fig. Se).

3.16. PLpro, Ulpl, PLpro gel-based assay substrate expression, and
purification

The induced protein expression for His-SUMO-PLpro was checked by
running SDS-PAGE gel (12 %) and the expressed protein (mol. wt. ~

The CCsp and ICsg values of gliptins obtained from cell viability assay and SARS-CoV-2 inhibition assay, respectively.

S-No Drug CCsp value (pM) ICs value (uM)
Wt-SARS-CoV-2 B.1.1.7 B.1.351 B.1.617.2 B.1.617
1 Sitagliptin 67.36 1.46 1.64 1.65 1.84 1.89
2 Linagliptin 21.28 2.21 1.95 1.92 2.32 2.27
3 Vildagliptin 130.81 3.83 - - - -
4 Saxagliptin 21.06 6.68 - - - -
5 Metformin 46.29 10.49 - - - -
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Fig. 5. Binding affinity of RBD with ACE2. a, The best docked pose of sitagliptin (orange) and linagliptin (magenta) with WtRBD-ACE2 complex. The residues N103,
and N322 were shown in red sphere. b, The inset depicted interactions of sitagliptin and linagliptin with WtRBD-ACE2 complex residues (blue colour stick). c,
Simulations of WtRBD-ACE2 with sitagliptin and linagliptin were illustrated using snapshots of at different timepoints. d, Representative confocal image of RBD-GFP
(green) in Calu-3 cells stained with an lexaFluor647-labelled secondary antibody specific to ACE2 (red). Scale bar = 5 pm. e, Calu-3 cells were transfected with myc-
tagged ACE2 alone or in combination with pCDNA3.1-RBD in the presence or absence of sitagliptin or linagliptin. All samples were pulled down using myc antibody,
and immunoblotted with RBD and ACE2 antibody separately. p-actin was used as an internal control. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

49.7 kDa) appeared as the 49 kDa band (Fig. S6b). The N-terminal His-
SUMO-tagged SARS-Cov2 PLpro protein purified through the Ni-NTA
column protein is shown in Fig. S6¢c. N terminus His-SUMO tag of
PLpro was cleaved by Ulp1 protease as shown in Fig. S6d. The appear-
ance of two bands corresponding to PLpro and His-SUMO tag and
disappearance original uncut protein suggested that the reaction was
complete. After removing the His-SUMo tag by Ni-NTA purification
(Fig. S6e, left panel), the FPLC purification was done where the PLpro
protease peak was observed at 62 ml of elution volume (Fig. 5f). To
check the protein purity, the protein was run on SDS PAGE (12 % gel)
(Fig. S6e). PLpro tagless protein appeared around 35.6 KDa. This protein
with authentic N and C terminus has been used for Gel-based PLpro
assay. Similarly, Ulpl protease and PLpro substrate were induced and
confirmed in 12 % SDS-PAGE gel. Induction bands of Ulp1l protease and
PLpro substrate were observed at 27.4 KDa and 67 KDa respectively
(Fig. S5 g,k). Ulpl & PLpro protein were purified by Ni-NTA purification
column and GST purification column respectively (Fig. S6h,1). Finally,
both proteins were purified by the FPLC purification column. The peak
for Ulpl and PLpro substrate were observed at 66.85 ml and 47.5 ml of
elution volume during FPLC purification (Fig. S6j,m). PLpro substrate
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protein eluted in the void volume of the column as dimer (134 kDa) due
to the presence of both GST and MBP tags at N and C terminals
respectively (Fig. Sém).

3.17. PLpro inhibition assay

Gel-based PLpro assay is a validation assay, as it can wipe out the
artefacts which can be seen in the fluorescent-based assay. Thus, we
have performed only the gel-based PLpro assay to test whether sita-
gliptin and linagliptin are as effective as were reported in a few other
publications [25,26]. In our study, we were unable to see any significant
inhibitory effect of sitagliptin and linagliptin on SARS-CoV-2 PLpro even
when tested at high concentration of 500 pM. This contradictory result
may be due to the difference in the assay system used. These two com-
pounds have been previously assayed in fluorescence-based assay while
we performed gel-based assay. Fluorescence-based assays are highly
sensitive and high-throughput in nature, but they occasionally read ar-
tefacts, whereas gel-based assays are less sensitive and low-throughput
but provide more authentic results, and thus hits filtered in the
fluorescence-based assay were validated in Gel-based assay in various
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publications. As shown in Fig. 6 a—d (lanes 4-5), in the absence of any
inhibitor, PLpro cleaved its substrate into two fragments (25 KDa and 42
KDa) and showed additional two bands along with enzyme (35.6 KDa)
and substrate (67 KDa) in SDS-PAGE gel as expected. In the presence of
inhibitors, the intensity of cleavage product bands should get reduced
and the uncleaved substrate band is expected to get intensified at a
significant level. But that is not observed in our experiment in the
presence of Sitagliptin and Linagliptin at concentrations of 10 uM, 100
uM, and 500 pM (Fig. 6 a—c). Increasing the pre-incubation time of the
enzyme with an inhibitor (from 10 min to 20 min) also produced similar
results (Fig. 6d). These negative results were further confirmed by
densitometric analysis of all four SDS-PAGE gel images to quantify the
relative change of uncleaved substrate band and the cleaved product
band (42 KDa) in the presence and the absence of inhibitor. 25 KDa
cleaved band was not considered in the present analysis as it was too
faint and produced large relative error in calculations. Our analysis
suggested no significant inhibitory activity of Sitagliptin and Linagliptin
on PLpro activity.

3.18. Main protease (Mpro) inhibition assay

Sitagliptin and linagliptin showed an inhibition of 21.45 + 0.13 %
and 31.46 + 9.97 % at 100 pM concentration (Fig. 7). However, positive
control (Mpro-13b) showed an inhibiton of >80 % at 5uM concentra-
tion. It implies that both the gliptins showed minimal effect on Mpro of
SARS-CoV-2 inhibition.

Lanes:
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E nzyme: Il - v ' il 1 1 1
Substrate: - + + + + + + +
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Fig. 7. Inhibition of Mpro enzymatic activity by gliptins. Negative control (no
inhibitor), positive control (13b inhibitor) at 5 pM and 1 pM, sitagliptin (100
puM) and linagliptin (100 pM) were tested for Mpro enzymatic activity.

4. Conclusions

By using an experimental and computational approach, we have
established that DPP4 is an alternative host receptor for the entry of
SARS-CoV-2 into cells. Both cell-surface-binding assay and molecular
dynamics simulation study determined that Wt-RBD is interacted with

Lanes:
1 2 3 4 5 6 & 3 9
Negative Ctrl  Linagliptio (L0pM) Linagliptin(100uM)
Enzyme: + - + + + + + +
Substrate: - G + = + £ 2 ez *
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. Subsirale

Cleavage pdt. (42kDa)
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1 2 3 4 s 6 7 8 9 Lanes
© Negative Ctrl  Sitagliptin(300uM)  Linagliplin(500uM) 1 2 3 4 5 6 7 8 9
Euzyme: 1 - o ' [ @) Negative Ctrl - Sitagliptin500uM) Linagliptin(S00uM)
Substrate: - + + + + + + + Enzyme: + = + + + + + +
Inbibitor: - = = - il = i = Substrate: - + + + + + + +
Inhibitor: - - . - + + + +
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Fig. 6. Gel-based protease assay. (a) lane 1- ladder, lane 2- only enzyme, lane 3- only substrate, lane 4 & 5- Substrate+enzyme, lane 6 & 7- Substrate+enzyme+10
uM Sitagliptin (pre-incubation of enzyme with inhibitor for 10 min before starting the reaction with substrate), lane 8 & 9- Substrate+enzyme-+100 pM Sitagliptin
(pre-incubation of enzyme with inhibitor for 10 min before starting the reaction with substrate); (b) lane 1- only enzyme, lane 2- ladder, lane 3- only substrate, lane 4
& 5- Substrate+enzyme, lane 6 & 7- Substrate+enzyme+10 pM Linagliptin (pre-incubation of enzyme with inhibitor for 10 min before starting the reaction with
substrate), lane 8 & 9- Substrate+enzyme+100 pM Linagliptin (pre-incubation of enzyme with inhibitor for 10 min before starting the reaction with substrate); (c)
lane 1- only enzyme, lane 2- ladder, lane 3- only substrate, lane 4 & 5- Substrate+enzyme, lane 6 & 7- Substrate+enzyme+500 pM Sitagliptin (pre-incubation of
enzyme with inhibitor for 10 min before starting the reaction with substrate), lane 8 & 9- Substrate+enzyme+500 puM linagliptin (pre-incubation of enzyme with
inhibitor for 10 min before starting the reaction with substrate); (d) lane 1- ladder, lane 2- only enzyme, lane 3- only substrate, lane 4 & 5- Substrate+enzyme, lane 6
& 7- Substrate+enzyme+500 pM sitagliptin (pre-incubation of enzyme with inhibitor for 20 min before starting the reaction with substrate), lane 8 & 9- Sub-
strate+enzyme-+500 pM linagliptin (pre-incubation of enzyme with inhibitor for 20 min before starting the reaction with substrate). * labelled band is of some
impurity which was present along with substrate as it is also evident in lanes having only substrate in it.
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DPP4 receptor and binds at the o/f-hydrolase domain of DPP4.
Employing a drug repurposing methodology, we have tested gliptins
against the SARS-CoV-2 infection. A molecular docking study of the
aforementioned gliptins indicated the strong binding affinity of these
gliptins with RBD of pan-variants. Among them, sitagliptin and lina-
gliptin, either alone or in combination, have been shown to circumvent
the proliferation of pan-VOCs of SARS-CoV-2 infection. Sitagliptin and
linagliptin treatment hindered the interaction of RBD with DPP4 at the
cell membrane. In this context, a comprehensive and detailed mecha-
nistic study of sitagliptin and linagliptin’s inhibitory activity against Wt-
RBD-DPP4 complex was conducted using MD simulation. It is found that
the two main forces: hydrophobic interaction and hydrogen bonding
play a significant role in the strong binding affinity of gliptins with the
WtRBD-DPP4 complex. Both sitagliptin and linagliptin were able to
inhibit the interaction between Wt-RBD and DPP4 proteins in ACE2
independent manner, which leads to the inhibition of viral growth.
Remarkably, it was shown that sitagliptin (ICso value =1.46 pM) and
linagliptin (ICsp value =2.21 pM), when administered alone or in
combination, diminished SARS-CoV-2 infection in all lineages by 6-10
folds at the lowest given concentration. Furthermore, sitagliptin and
linagliptin also inhibited the interaction between WtRBD and ACE2, a
known cause for SARS-CoV-2 virus entry. The cell-surface binding assay
disclosed that the interaction between ACE2 and Wt-RBD was inter-
rupted in the presence of sitagliptin and linagliptin. MD simulation study
reveals that sitagliptin and linagliptin were able to block two of the
ACE2 receptor’s glycosylation sites, N103 and N322, respectively, by
interacting with them, which may account for the weak connection
between ACE2 and Wt-RBD of SARS-CoV-2. However, the mechanism of
glycosylated ACE2 inhibition requires additional wet lab validation,
which will be investigated in the future. This data confirms past research
that claimed preventing N103 and N322 glycosylation could stop viral
entry into the host. In addition, the inhibitory potency of sitagliptin and
linagliptin was checked against the enzymatic activity of PLpro and
Mpro (responsible for SARS-CoV-2 virus replication) by using in vitro
methods. It was discovered that these gliptins had a minimal impact on
the inhibition of Mpro and no impact on PLpro inhibition. Overall,
sitagliptin and linagliptin alone or in combination are suitable and
efficient in preventing all SARS-CoV2 clades since they disrupt the
interaction of RBD with both DPP4 and ACE2. Therefore, our discovery
confirmed repurposed sitagliptin and linagliptin as a therapeutic strat-
egy has the clinical potential to cure pan-SARS-CoV-2 infections
including newly emerging variants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.125444.
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