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Abstract

Viruses of the picornavirus-like supercluster mainly achieve cleavage of polyproteins into mature proteins through viral
3-chymotrypsin proteases (3CP™) or 3-chymotrypsin-like proteases (3CLP™). Due to the essential role in processing viral
polyproteins, 3CP*/3CLP™ is a drug target for treating viral infections. The 3CLP™ is considered the main protease (MP™) of
coronaviruses. In the current study, the SARS-CoV-2 MP™ inhibitory activity of di- and tri-peptides (DTPs) resulted from
the proteolysis of bovine milk proteins was evaluated. A set of 326 DTPs were obtained from virtual digestion of bovine
milk major proteins. The resulted DTPs were screened using molecular docking. Twenty peptides (P1-P20) showed the
best binding energies (AG, < — 7.0 kcal/mol). Among these 20 peptides, the top five ligands, namely P1 (RVY), P3 (QSW),
P17 (DAY), P18 (QSA), and P20 (RNA), based on the highest binding affinity and the highest number of interactions with
residues in the active site of MP™ were selected for further characterization by ADME/Tox analyses. For further valida-
tion of our results, molecular dynamics simulation was carried out for P3 as one of the most favorable candidates for up to
100 ns. In comparison to N3, a peptidomimetic control inhibitor, high stability was observed as supported by the calculated
binding energy of the MP"*-P3 complex (— 59.48 + 4.87 kcal/mol). Strong interactions between P3 and the MP™ active site,
including four major hydrogen bonds to HIS41, ASN142, GLU166, GLN189 residues, and many hydrophobic interactions
from which the interaction with CYS145 as a catalytic residue is worth mentioning. Conclusively, milk-derived bioactive
peptides, especially the top five selected peptides P1, P3, P17, P18, and P20, show promise as an antiviral lead compound.
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Introduction

Positive-strand RNA viruses include numerous pathogens
and account for one-third of all virus genera (Ahlquist et al.
2003). The RNA of these viruses is translated into one or
more polyproteins, which will then be cleaved by viral pro-
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teases into functional proteins. Some positive-strand RNA
viruses, namely viruses from the Coronaviridae, Caliciviri-
dae, and Picornaviridae families, are further classified into
the picornavirus-like supercluster (Kim et al. 2012). Many
classic and emerging human pathogens such as poliovirus,
human rhinovirus, hepatitis A virus, as well as severe acute
respiratory syndrome coronaviruses (SARS-CoV and SARS-
CoV-2) are members of this supercluster. Viruses of this
supercluster mainly achieve cleavage of polyproteins into
mature proteins through viral 3C protease (3CP™) or 3C-like
protease (3CLP™) (Anderson et al. 2009).
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SARS-CoV-2 from the Coronaviridae family is respon-
sible for the COVID-19 pandemic (Moreno-Eutimio et al.
2020). The 3-chymotrypsin-like viral protease (3CLP™) is
the main protease of SARS-CoV-2 in charge of cleaving the
polyproteins into individual functional components (Hilgen-
feld 2014). The 3CLP™ operates on at least eleven cleavage
sites on the larger polyprotein resulting in non-structural
proteins 4-16 (Hemmati et al. 2020). These non-structural
proteins will later assemble into a replication transcription
complex crucial to viral replication (Yang et al. 2003). The
3CLP™, also known as the main protease (MP™), is a prom-
ising target for discovering anti-SARS-CoV-2 agents (Pil-
laiyar et al. 2020). SARS-CoV-2 has been mutating fast.
In 2021 several variants of SARS-CoV-2 have emerged,
threatening the efficacy of available vaccines and therapies
(Gupta 2021; Planas et al. 2021). All of the major variants of
SARS-CoV-2, namely B.1.1.7 (Alpha), B.1.351 (Beta), P.1
(Gamma), and B.1.617.2 (Delta), display mutations in their
receptor-binding domain of the spike protein. Some of these
mutations are N501Y (in Alpha, Beta, and Gamma variants),
K417N (in Beta, and Gamma variants), E484K (in Beta,
Gamma, and Delta variants), and L452R (in Delta variant)
(Khateeb et al. 2021). In none of the key variants of SARS-
CoV-2, a mutation in the MP™ has been detected (Jukic et al.
2021). This makes MP™ inhibitors antiviral agents with the
possibility of trans-variant efficacy. Inhibitors that can block
the cleavage function of MP™ are expected to inhibit viral
replication. Because no human protease with similar cleav-
age specificity is known, in vivo delivery of such inhibitors
faces fewer hurdles with lower side effects. Furthermore,
due to the conserved regions of 3CP™ and 3CLP™ (Kim et al.
2012), inhibitors of 3CLP™ can be potentially utilized as
broad-spectrum antivirals.

Rigorous studies have been conducted on various mol-
ecules as SARS-CoV-2 MP™ inhibitors (Bharadwaj et al.
2020; Gentile et al. 2020; Gurung et al. 2020). This study
turns our attention to bioactive peptides of food origin with
potential MP™ inhibitory activity. Milk proteins as a source
of bioactive peptides with multifunctional properties are
categorized into casein and whey proteins. Caseins are fur-
ther classified into o, B, and k caseins. Major whey proteins,
on the other hand, are p-lactoglobulin and a-lactalbumin
(Mohanty et al. 2016). Milk protein-derived biologically
active peptides can regulate the body’s physiological func-
tions with antidiabetic, antihypertensive, antimicrobial,
and anticancer effects (Sharma et al. 2021). Milk-derived
bioactive peptides have been produced industrially, and a
few supplemented food products are available on the mar-
ket (Korhonen 2009). Among the milk-derived bioactive
peptides, di- and tri-peptides (DTPs) are notably appealing
for drug discovery and development because of their higher
oral bioavailability, lower molecular weight, and simplicity
in performing structural and quantitative structure—activity
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studies. Furthermore, if necessary, the synthesis of DTPs
is more cost-effective and can be easily transformed into
derivatives with improved pharmacological properties (San-
tos et al. 2012). Various tri-peptide based molecules with
protease inhibitory effects against several viruses, including
dengue virus, West Nile virus (Schiiller et al. 2011), human
immunodeficiency virus (Mimoto et al. 2000), and hepatitis
C virus (Randolph et al. 2008), have been reported. In the
current study, the MP™ inhibitory activity of DTPs resulted
from virtual proteolysis of bovine milk major proteins has
been investigated. Therefore, in silico molecular docking/
dynamics and interaction studies, verify if the selected milk-
derived bioactive peptides can be potentially developed as
anti-COVID-19 pharmaceuticals.

Materials and Methods
Virtual Digestion of Major Bovine Milk Proteins

The amino acid sequences of bovine milk major proteins
were extracted from the UniProt database as follows: aS1-
casein (Uniprot ID: BSB3RS), aS2-casein (Uniprot ID:
P02663), p-casein (Uniprot ID: P02666), k-casein (Uniprot
ID: P02668), a-lactalbumin (UniProt ID: PO0711), and f-
lactoglobulin B (UniProt ID: P02754). The retrieved pro-
tein sequences were then submitted to the FeptideDB web
application (http://www4g.biotec.or.th/FeptideDB/) to pre-
dict all the possible DTP fragments released from bovine
milk major proteins (Panyayai et al. 2019). Sequences were
virtually digested using all the proteases available on the
FeptideDB.

Collection of Ligand and Receptor Molecules
Ligand Preparation

Three dimensional (3D) structures of peptides were ener-
getically minimized under the Molecular Mechanics force
field MM+ and then semi-empirical AM1 method using
HyperChem 8.0 software (Hypercube, Canada). The Gasti-
ger charges (empirical atomic partial charges) and torsional
degrees of freedom were assigned on the generated PDB
files using AutoDockTools version 1.5.6 (Scripps Research,
USA).

Preparation of MP™ as the Receptor

The crystal structure of SARS-CoV-2 MP™ in complex with
a peptidomimetic molecule known as the Michael acceptor
inhibitor N3 (PDB ID: 6LU7; resolution: 2.16 1&) (Jin et al.
2020) was downloaded from the protein data bank (http://
www.rcsb.org). The preparation of protein was conducted on
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AutoDockTools 1.5.6. Water molecules and the native ligand
(N3) were removed from the receptor. All hydrogen atoms
were added to the 6LU7 PDB, and the non-polar hydrogens
were merged into the related MP™ carbon atoms. Kollman
charges were also assigned.

Molecular Docking Procedure

A molecular docking study between DTP as ligands and
SARS-CoV-2 MP™ was performed using AutoDock Vina
program 1.1.2 to figure out the interacting residues. A grid
box with a size of 30x 30x30 A was determined, and the
cubic box was centered on the binding site of the co-crys-
talized ligand. The center coordinates of the grid box were
attained at X: —11.6 10%, Y: 14.5 A, and Z: 68.3 A and the
exhaustiveness was set to be 100. Other docking parameters
were set as default. The results were visualized with the
Discovery Studio Client 2017 software.

Absorption, Distribution, Metabolism, Excretion,
and Toxicity (ADMET) Analyses

The Drug-likeness of the peptides was evaluated on the
SwisADME online server (http://www.swissadme.ch/) using
the Lipinski filter (Lipinski 2000). ADMET properties and
some physicochemical parameters were predicted using the
admetSAR online tool (http://Immd.ecust.edu.cn/admetsarl/
predict/) (Yang et al. 2019). Allergenicity and hemolytic
activity of peptides were predicted employing AllergenFP
(Dimitrov et al. 2013) and HemoPI servers (Chaudhary et al.
2016). The HemoPI server also provided the isoelectric
points of peptides.

Molecular Dynamics Simulation Study

The molecular dynamics simulation (MD) technique was
performed as previously described by Pirhadi et al. (Pirhadi
et al. 2020). Briefly, the MD study was carried out for the
complex of the MP™ with P3 as an inhibitor and the N3
ligand (Jin et al. 2020) as a peptidomimetic control, using
the Gromacs 2019 simulation package for the period of
100 ns on a GPU server. Amber99sb force field at a mean
temperature of 300 K and the physiological pH of 7.0 was
applied. Chimera software was implemented to calculate
AM1 partial charges. Using the acpype program, the topol-
ogy and coordinate files of P3 as a milk-derived inhibitor
and N3 were created. After adding water molecules to the
protein complex model, the system was neutralized by add-
ing Na™/C1~ ions. The equilibration of the system (NVT and
NPT ensembles) was performed in two steps for 500 ps.
The atom positions of MP™ complexes were restrained by
force constant of 1000 kJ mol~! nm~2. The production MD
was then run for 100 ns time. A pressure of one bar and a

temperature of 300 K were kept constant during the simula-
tion to achieve a stable state. To regulate the temperature
inside the box V-rescale thermostat was used. The PME
(particle-mesh Ewald) method was employed to designate
the long-range electrostatic interactions. Furthermore, the
LINCS algorithm constrained the length of covalent bonds.
Finally, after completing of the MD simulation, we calcu-
lated the root-mean-square deviation (RMSD) to identify the
equilibrium time range to calculate root-mean-square fluc-
tuation (RMSF) and the total number of hydrogen-bonding
interactions. Finally, the binding free energies between the
components of complexes was calculated using the MM-
PBSA (MM-Poisson—Boltzmann surface area) method dur-
ing the last 10 ns of the trajectory files (Kumari et al. 2014).

Results and Discussion
Identification of Bovine Milk-Derived DTPs

Currently, peptides have become increasingly appealing as
biotherapeutics. Although peptides occupy a small portion
of the global drug market for the time being, their future
is boundless due to their high selectivity, high binding
affinity, and limited risk of drug-drug interactions and side
effects (Di 2015). Also, bioactive peptides encrypted in the
native protein sequences with their natural compositions
and health-promoting effects can be considered promising
compounds for developing nutraceutical or functional foods.

On account of their antiviral activity reports among many
health-enhancing properties (Pan et al. 2006), milk-derived
peptides were selected for further study as potential anti-
SARS-CoV-2 agents. Major proteins of bovine milk were
digested using 34 different proteases and chemicals available
in FEPtideDB, including digestive enzymes such as high and
low specificity chymotrypsin, pepsin (pH 1.3 and 2.0), and
trypsin, as well as non-digestive enzymes such as clostripain,
caspases, and thrombin. FeptideDB is used to forecast the
bioactive peptides from food proteins. Digestions resulted
in 142 unique dipeptides and 184 unique tripeptides. DTPs
resulted from the digestion of bovine milk major proteins are
available in supplementary material 1.

Molecular Docking Study

SARS-CoV-2 MP® is a dimer. Each monomer is made up of
three domains as follows: domain I (residues 8—101), domain
II (residues 102—-184), and domain III (residues 201-303).
Domains I and II mainly form B-sheets, and domain III is
a-helical. While domain IT and domain III are connected by
a loop (residues 185-200), the substrate-binding site can be
found between domains I and II (Fig. 1) (Zhang et al. 2020).
Contrary to other cysteine proteases with a catalytic triad in
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Fig.1 A schematic representation of SARS-CoV-2 MP™, depicting three domains of the enzyme (Domain I, Domain II, and Domain III), the
position of enzyme active site, and the placement of residues in the enzyme’s active site, including the catalytic dyad HIS41 and CYS145

the active site of MP™, CYS145 and HIS41 form a catalytic
dyad without any third residue (Anand et al. 2003).

Molecular docking was performed for a total of 326
DTPs. The energy of binding for all 326 peptides is avail-
able in supplementary material 1. It could be observed that,
on average, milk-derived tripeptides had a stronger binding
affinity to MP™ compared with dipeptides. Out of all the
analyzed peptides, twenty peptides with the best binding
energies (AG, < — 7 kcal/mol) were selected. The top 20
peptides named P1-P20 are shown in Table 1, including
their sequence, binding energy, inhibition constant (X;), and
hydrogen bonding interactions with amino acid residues in
the enzyme active site. It can be perceived from Table 1 that
80% of the 20 selected peptides have an aromatic-hydropho-
bic amino acid residue (phenylalanine/tyrosine/tryptophan)
at their C-terminal. In contrast, peptides with GLN as their
first or second residue formed a higher number of interac-
tions. It should be noted that in the MP™, the cleavage rec-
ognition site mostly consists of “Leu-Gln|(Ser, Ala, Gly)”
(] showing the cleavage position) (Zhang et al. 2020). A
fingerprint of all the hydrogen bonding interactions between
the top 20 peptides and amino acid residues of the MP™ is
provided in Fig. 2.

As shown in Fig. 2, milk-derived DTPs could form the
highest number of interactions with the catalytic residue
CYS145. Moreover, P1 is the ligand with the highest bind-
ing affinity, and P17 can be recognized as the ligand with
the highest number of interactions. The ligands were stabi-
lized by forming several strong interactions with MP™ resi-
dues, among which hydrogen bonding interactions warrant
special consideration. Peptides P1, P3, P17, P18, and P20
could form a high number of hydrogen bonding interactions
with amino acids present in the active site of MP™ with high
binding affinity. It should be noted that all five peptides
formed at least two hydrogen bonds with the catalytic resi-
due CYS145. Meanwhile, P1 and P17 were able to form a
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n-alkyl hydrophobic interaction with the other catalytic resi-
due HIS41. The interactions of selected five peptides with
the MP™ of SARS-CoV-2 are portrayed in Fig. 3. These five
peptides are selected as the most promising peptides against
MP for further analyses of all milk-derived DTPs.

P3, P18, and P20 are derived from the proteolysis of
B-casein, p-lactoglobulin, and a-S2-casein using protein-
ase K, respectively. P1 can be obtained through digesting
B-lactoglobulin using chymotrypsin, and P17 is originated
from the lysis of a-S1-casein by pepsin (pH 1.3). Diges-
tion of B-casein with pepsin (pH 1.3), chymotrypsin, and
trypsin can also result in P3. Therefore, among five selected
peptides, P1, P3 and P17 can be released from the gastroin-
testinal digestion of bovine milk. However, to verify if the
gastrointestinal digestion of bovine milk can result in ade-
quate therapeutic concentrations of P1, P3, and P17 against
SARS-CoV-2 needs further in vivo trials.

It is of note that there is evidence of gastrointestinal
absorption of some DTPs in our study. Antihypertensive
peptides FY (AG,: — 6.8 kcal/mol), LY (AG,: — 6.5 kcal/
mol), VPP (AG,: — 5.4 kcal/mol), IPP (AG,: — 5.3 kcal/
mol), and VY (AG,: — 5.3 kcal/mol) are among the peptides
that could be detected in the bloodstream after oral adminis-
tration (Xu et al. 2019b).

ADMET and Physicochemical Properties of the Five
Selected Peptides

While in vivo pharmacokinetic studies are the most con-
clusive for the investigation of absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties
of therapeutics, in silico studies of such properties would
assist scientists to save valuable resources in the early stages
of drug discovery.

DTPs are at the boundary between peptides and small
molecules and can be treated as either in certain situations.
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Fig.2 Hydrogen bonding
fingerprint for the top 20 milk- - &
derived peptides (P1-P20) with .; ER:
SARS-CoV-2 MP™, Different ER
shades show the number of o = %
interactions between a peptide
and an enzyme residue (the pi-
darkest shade accounts for four P2+
interactions between the ligand :: -
and a specific residue). The total psd .
count of residue interactions Po ]
and the total count of ligand P74
interactions are also represented B M [] 4
= P9~
g P10
Pl1= 3
P12~
P13= -
P14+ || 2
P15+
P16
P17= - 1
P18=
P19 [ | .
207 T T - T T

Because of low molecular weight, they can be analyzed for
drug-likeness based on Lipinski’s rule of five. Lipinski’s rule
of five is used to determine whether a compound is likely to
be orally active in humans. It should be mentioned that the
bioavailability of DTPs is also regulated by factors beyond
those influencing the small molecules. One of the main fac-
tors that set apart the ADMET properties of DTPs from
those of small molecules and larger peptides is their cellular
uptake by peptide transporters (PEPTs) called PEPT1 and
PEPT?2. Peptide transporters are a group of integral cellu-
lar membrane proteins. These transporters can be primarily
found in the epithelial cells of the bile duct, kidneys, lungs,
and small intestine, where they mediate the cellular uptake
of DTPs. These transporters can transport most naturally
occurring DTPs inside cells regardless of their sequence
(Prudhomme 2013). This potential lung tropism of DTPs is
beneficial, given that COVID-19 affects the lungs. PEPTs
are also involved in the oral absorption of DTPs (Xu et al.
2019a). These transporters in kidneys mediate reabsorption
of DTPs from the glomerular filtrate, therefore, increasing
the potential plasma half-life of DTPs (Rubio-Aliaga and
Daniel 2008).

As part of the ADMET properties investigation, drug-
likeness and plasma-protein binding of five selected pep-
tides (P1, P3, P17, P18, P20) were determined (Table 2).
Based on the ADMET properties, only the characteristics
of P1 and P20 were not in line with Lipinski’s rule of five.
Furthermore, P1, P3, and P17 were predicted to have more
than 30% human intestinal absorption. None of the five
selected peptides showed a high degree of plasma protein

SEESR ST VIR R I <IN BN e
<) PN AT AR, N N D N N )
&S & & O $ Count of
& FE Y E S X
A °© > ¢ ligand
Resid interactions
esidue

binding. Therefore, they can readily diffuse through tis-
sues after administration (Leach et al. 2006). The clinical
manifestations of SARS-CoV-2 have expanded to include
neurological symptoms as well, and the virus itself has been
detected in CNS tissue (Paniz-Mondolfi et al. 2020). There-
fore, it is essential that the proposed therapeutic agents pass
the blood-brain barrier (BBB) and penetrate the CNS tis-
sue. Except for P1 and P17, the other three peptides were
predicted to be BBB positive. Cytochrome P450 inhibition
by a therapeutic can potentially lead to clinical drug-drug
interactions (Cheng et al. 2011). Based on our analyses, none
of the five selected peptides was significant inhibitors of
cytochrome P450 (Table 2).

Some physicochemical properties are determinative to the
peptide further development as therapeutics. Among them,
solubility and isoelectric point (pI) are noteworthy (Behzadi-
pour and Hemmati 2019). Experimental procedures and for-
mulation of therapeutics usually require highly concentrated
samples; therefore, the low water solubility of peptides is
unfavorable. Isoelectric point values are important since they
can affect the solubility of a molecule at a certain pH. Usu-
ally, the solubility of a peptide decreases at a pH near that of
its pl. For an optimal solubility profile, the plI of the peptide
should not be close to the physiologic pH. Peptides P1, P17,
and P20 had higher water solubility (Table 2). None of the
peptides had a pl near 7.4.

Hemolysis, allergenicity, and carcinogenicity are among
the possible side effects of peptides and peptide-based
therapeutics (Shankar et al. 2014; Win et al. 2017). Among
the five selected peptides, none of them was predicted as
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P1

GLU166

LEU141

HIS163 SER144

ASN142

GLU166 Interactions

Fig. 3 Different interactions between five selected peptides (P1, P3,
P17, P18, P20) and amino acid residues in the active site of SARS-
CoV-2 MP™ (The green dash line represents a conventional hydrogen

hemolytic or carcinogenic; however, P1, P17 and P18 were
predicted as probable allergens (Table 3). None of the five
selected peptides is expected to cause acute oral toxicity
in the case of oral administration (LD50> 500 mg.kg™").
Altogether, peptide P3 had the most favorable ADMET
properties. Therefore, among the most promising milk-
derived DTP, P3 was selected for MD simulation analysis.
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ASN142

Conventional hydrrogen bond
y 2
[T carbon-hydrogen bond
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THR24

THR25
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THR26
GLU166
MET49
[T salt bridge
[] T-alkyl

bond; the orange dash line is a salt bridge; the light green dash line
displays a carbon-hydrogen bond, and the pink dash line designates a
n-alkyl bond) (Color figure online)

Molecular Dynamics Simulation Study

MD simulation is applied to the ligand-receptor complex
to shed light on the stability and interactions in the mat-
ter of time (Rahmatabadi et al. 2019). An MD simulation
analysis of 100 ns was performed for the SARS-CoV-2
MP® in complex with P3 and N3 as further validation of
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Table2 ADME and physicochemical properties of the five selected milk-derived peptides as SARS-CoV-2 MP™ inhibitors

Ligand name Ligand structure Physicochemical prop- ~ADME properties
erties
Mw Water pl  Drug-likeness Human Blood-brain Plasma-pro-  Cytochrome
(Da) solu- intestinal barrier penetra- tein binding ~ P450 inhibi-
bility absorption tion (%) tion
(logS)
P1 436 -31 9.1 x v x 0.7 X
P3 420 -19 59 v v v 0.5 X
P17 367 -26 38 VvV v x 0.7 X
P18 304 -0.7 59 v X v 0.1 X
P20 359 -20 10.1 ¥ X v 0.3 X

Drug-likeness: follows Lipinski’s rule of five, does not follow Lipinski’s rule of five; Human intestinal absorption: higher than 30% intesti-
nal absorption, lower than 30% intestinal absorption; Blood-brain barrier: passes blood—brain barrier, does not pass blood-brain barrier;
Cytochrome P inhibition y: high P450 promiscuous inhibitory compound, low P450 promiscuous inhibitory compounds

Table 3 Toxicity evaluation of the five selected milk-derived peptides
as SARS-CoV-2 MP™ inhibitors

Ligand name Hemolytic Allergenicity Carcino-  Oral toxicity

potential genicity
P1 X v X X
P3 X X X X
P17 X X X X
P18 X v X X
P20 X X X X

Hemolytic potential: Hemolytic:v/, non-hemolytic:x; Allergenic-
ity: allergen:v/, non-allergen:x; Carcinogenicity: carcinogen:v/,
non-carcinogen:x’; Oral toxicity: oral LD50<500 mg kg™':v/, oral
LD50> 500 mg kg~':x

our previous results and to evaluate the binding mode and
the stability of interactions of P3 against the enzyme.
RMSD analysis was used to assess the convergence of
simulation. Figure 4 shows the backbone RMSD values
of the MP™-P3 complex as a function of time (ns) over the
entire simulation. After the selected equilibrium time for
the MP™-P3 complex (15 ns), the complex shows excellent
stability until simulation’s end. Low RMSD values and
fluctuations during simulation (0.18 + 0.12 nm) indicate
a stable complex formation. In comparison, the MP™-N3
complex reaches equilibrium at 75 ns. The MD trajectory
after 15 ns for P3 and after 75 ns for N3 was considered
for any further analyses. Moreover, the RMSF values of
the backbone atoms for all residues for both complexes
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were calculated. No RMSF values greater than 2 nm were
observed (Fig. 5).

The hydrogen bond interactions were monitored between
the ligands and amino acid residues of the enzyme active
site during the equilibrium time range. Four major hydro-
gen bonds to His41, ASN142, GLU166, and GLN1809 resi-
dues with a lifetime of above 10% were observed for both

A)

0.6

0.5

RMSD (nm)

0.1

ligands during their respective equilibrium time frames. P3’s
hydrogen bonds with GLU166 and GLN189 showed higher
stability between these four hydrogen bonds, while hydro-
gen bonds with ASN142 and HIS41 had lower stability.
Hydrogen bonds that N3 formed with HIS41 and GLN189
were more stable. The hydrogen bonds with ASN142 and
GLU166 for N3 were not as stable as the other two hydrogen

(B)

RMSD (nm)

0
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Fig.4 The RMSD values (nm) for the backbone atoms of A P3-MP™ complex and B N3-MP™ complex plotted versus time (ns)
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Fig.5 The RMSF values (nm) of SARS-CoV-2 MP™ residues in complex with A P3 and B N3
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Fig.6 The occurrence of hydrogen bonds as a function of time
between A P3 and amino acid residues HIS41 (lifetime: 11.78%),
ASN142 (lifetime: 10.90), GLU166 (lifetime: 31.52%), GLN189
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(lifetime: 51.89%) as well as B N3 and HIS41 (lifetime: 38.74%),
ASN142 (lifetime: 16.16%), GLU166 (lifetime: 12.6%), GLN189
(lifetime: 98.00%) of SARS-CoV-2 MP™
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bonds. The occurrence of hydrogen bonds as a function of
time between the ligands and enzyme residues is shown
in Fig. 6. Two of the four major hydrogen bonds can be
observed in the docking of P3 as well. Other hydrogen
bonds from docking (CYS145, ASN142, THR25, LEU141,
PHE140, HIS163) were transient in the simulation study
(lifetime less than 10%).

The cluster analysis of the MP-P3 and MP"-N3 com-
plexes using the Gromos method and a cut-off value of 0.2
created three clusters for each complex. The first representa-
tive frames accounted for more than 90% of total snapshots.
Therefore, the representative frames of cluster 1, as the most
representative frame of the simulation, were chosen for the
interaction analysis of P3 and N3. As can be seen from the
interactions of cluster 1 of MP"-P3 complex (Fig. 7), hydro-
gen bonding interactions were formed between the amine
group of GLN residue of P3 and GLN189, and the carboxyl
group of TRP residue of P3 with MET165 and GLU166
in the active site of MP™. However, the hydrogen bonding
interaction of MET165 was not stable during the equilibrium
time range of the simulation. Various hydrophobic interac-
tions between P3 and the catalytic residue of CYS145 and
the other critical residues of the MP™, such as LEU141 and,
HIS164 can be observed in Fig. 7.

The 3D structure of the docked P3 orientation in the MP™
active site compared to its cluster representative from the
simulation study is available in Fig. 8. As it is clear from the
figure, P3 has moved in the enzyme active site compared to
its initial input structure, and this movement resulted in a

(A) @ /

. Conventional hydrogen bond
Interactions

- Carbon-hydrogen bond

Fig.7 2D profile of different interactions formed between A P3, B
N3 and amino acid residues in the active pocket of SARS-CoV-2 MP™
in cluster 1 representative of MD simulation (The green dash line rep-

- Amide-7T stacked

[ m-alkyt

Fig.8 The comparison of the P3 molecule orientation in the MP™
active site between the docking and the MD simulation studies A ori-
entation of P3 molecule in the cluster 1 representative of MD simula-
tion study and B orientation of P3 molecule in the docking study

(B)

B Ayl

resents a conventional hydrogen bond; the pink dash line designates
an amide-n stacked; the blue dash line displays a carbon-hydrogen
bond, and the yellow dash line is a w-alkyl bond) (Color figure online)
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Table 4 Binding free energy components (Kcal/mol) of P3 and N3 in complex with M

pro

Complex Van der Waals Electrostatic energy Polar solvation energy SASA energy Binding energy
energy

MP-N3 —5522+4.15 —5.63+1.50 31.53 £3.18 -575+032 —35.07+4.28

MP-P3 —40.72 +£ 2.68 —73.48 +10.66 58.99 + 14.19 —427+020 —59.48 +4.87

different binding interaction pattern. Some of the residues Conclusion

involved in initial hydrogen bonding with P3 have formed
hydrophobic interactions. Except for ASN142, new hydro-
gen bonding interactions have been established between P3
and the active site of the MP™. No n-n interactions were
observed in three cluster representatives as well as in the
docking study.

To evaluate the affinity of P3 to MP™ in comparison
to N3, the binding free energies of both ligands to MP™
were calculated using the Poisson-Boltzmann surface area
(MM-PBSA) method (Table 4). In the last 10 ns of the
simulation, P3 showed a higher affinity to the active site
of MP™ (AG,= — 59.48 + 4.87 kcal/mol) compared to N3
(AG, = —35.08 + 4.28 kcal/mol). The significant difference
between the electrostatic energies of MP™-P3 and MP™-N3
complexes, among other components of binding free ener-
gies, reveals stronger polar interactions for the binding of P3
to the active site of MP™ compared to N3.

Although various peptides and peptidomimetics have
been tested against SARS-CoV-2 using different meth-
ods, no previous reports of evaluation of 3CLP™ inhibitory
food-derived di- and tri-peptides have been reported. At
the beginning of the COVID-19 pandemic, lopinavir and
ritonavir peptide-based HIV protease inhibitors were used
in clinical trials as a potential treatment (Apostolopoulos
et al. 2021). Molecules, such as the a-ketoamides (Zhang
et al. 2020), and peptidomimetic aldehydes (Dai et al. 2020),
showed high levels of MP™ inhibition with an IC50 of about
0.67 uM and 0.05 uM, respectively. Furthermore, virtual
screening approaches have identified a variety of peptide-
based compounds as potential MP™ inhibitor candidates.
Evaluation of soy cheese peptides (Chourasia et al. 2020),
beta-lactoglobulin-derived bioactive peptides (Cakir et al.
2021), and several milk-derived peptides with 5-13 amino
acid residues (Pradeep et al. 2021) are examples of such
screenings. However, it is of particular note that compared to
other naturally derived bioactive compounds, di- and tri-pep-
tides such as P3 in the current study have several advantages,
including higher bioavailability, cost-effective synthesis and
chemical modification.

@ Springer

In this study, we evaluated the protease inhibitory potential
of milk-derived peptides against SARS-CoV-2 MP™. Sev-
eral milk-derived DTPs have a favorable binding affinity and
can form critical interactions with the active site of SARS-
CoV-2 MP among which P1, P3, P17, and P20 were the
best inhibitor candidates. According to the MD simulation
results, the MP™-P3 complex as a sample showed high stabil-
ity as well. Some of the studied peptides can be produced by
the gastrointestinal digestion of bovine milk. Therefore, the
presence of adequate bovine milk in the food regimen might
be beneficial against COVID-19, yet to inhibit SARS-CoV-2
MP™, these peptides should be synthesized and formulated
as a dosage form. Notably, the cellular uptake of such tri-
peptides is mediated by peptide transporters found in the
epithelial cells of the lungs and small intestine. This poten-
tial lung tropism of DTPs is beneficial, given that COVID-
19 dominantly affects the lungs. In conclusion, bioactive
peptides have the potential to be used as inhibitors against
SARS-CoV-2 and potentially other positive-strand RNA
viruses from picornavirus-like supercluster.
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