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Abstract

The COVID-19, an acute respiratory syndrome caused by SARS-CoV2 is a major catastrophic event of the twenty first
century. Relentless efforts for the development of effective pharmaco-therapeutics are in progress but the respite is the
development of effective vaccines. However, monotherapy might not always exhibit complete efficacy and may culminate
in the rapid evolution of drug-resistant viral strains. Hence, simultaneous modulation of multiple druggable targets not only
enhances therapeutic efficacy but also quell the prospects of mutant viruses. Currently, milk peptides have bloomed beyond
just being a quintessential part of nutrition to prominent therapeutic implications in human health and diseases. Hence, we
have focused on colostrum/milk peptides as they have already been acknowledged for their high potency, target specificity
with significantly low or no side effects and bio-toleration. The results presented provide a conceptual strategy for the rational
designing of prospective multitargeted peptide inhibitors for SARS-CoV2.
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Abbreviation

3CLpro 3 C-like protease

AAK1 Adaptor associated kinase 1
ACE2 Angiotensin-converting enzyme 2
GAK Cyclin G-associated kinase
HCoVs Human coronaviruses

Nspl2 RNA polymerase

Nspl3 Helicase

N-Protein Nucleocapsid (N) protein

PLpro Papain like protease

PIKfyve Phosphatidylinositol 3phosphate 5 kinase
RBD Receptor-binding domains
RMSD Relative mean square deviation
RASE Renin—angiotensin system

RTC Replication Transcription Complex

S1-CTD S1-C-terminal domain

S1-NTD S1-N-terminal domain

SARS-CoV2 Severe acute respiratory syndrome corona-
virus 2

TGN Trans-Golgi network
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TPC2
TMPRSS2

Two pore channel
Type II transmembrane serine proteases

1 Introduction

To date, severe acute respiratory syndrome coronavirus 2
(SARS-CoV2) has infected over 38.3 million people and
more than 1.09 million people worldwide have succumbed to
this deadly virus. Individuals with a chronic immunological
deficiency from various disease conditions are more prone to
contracting COVID-19 [1]. Along with the chronic illness and
death associated with the disease, the person suffering must be
socially distanced and hospitalized to check further spreading
which overwhelms the medical system and drains the overall
economy of the country. This situation exacerbate since many
infected individuals are from underprivileged background
and hence, it has a pernicious impact on physical, economi-
cal and psychological state. The causal organism of COVID-
19, SARS-CoV2, is the latest addition of the Betacoronavirus
genera and Coronaviridae family. These viruses are inherently
different from human coronaviruses (HCoVs) which are con-
sidered insignificant pathogens, causing “common cold” in
otherwise normal individuals. With pre-existent SARS-CoV
and Middle East Respiratory Syndrome (MERS-CoV), novel
coronaviruses on other hand are zoonotic, by crossing the
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species barrier has caused one of the grievous global pandemic
of the twenty first century with alarming morbidity and mor-
tality [2]. COVID-19 outbreak has inadvertently highlighted
our incapacity in understanding the pathogenic potentials of
viruses or perhaps our negligence due to their mild symptoms
in the past. Further, it has shown our inabilities in developing
safe, effective and quality medicines and vaccines at a rapid
rate.

The coronaviruses are master chameleons and modify
their genetic makeup frequently. This evolutionary weapon is
advantageous to these viruses making them potentially imper-
vious to classical “target specific”” drugs making the treatment
regime often difficult. Single-target drugs may have lower tox-
icity owing to their target specificity, but this strategy is inef-
fective in tackling the pathogens with manifold features such
as coronavirus. To tackle the menace of coronavirus efficiently,
we need to look beyond the single-target strategy and adopt a
multipronged attack. Recently, the multi-target or “magic shot-
gun” paradigm has gained popularity because of their ability
to target a multitude of pathomechanisms of the disease and
their superior therapeutic efficiency [3]. Herein, we are intro-
ducing milk bioactive peptides as “target-specific shotguns” to
commandeer specific inhibitors to both host and SARS-CoV?2
targets. Milk peptides are acquiring serious attention for their
myriad of positive therapeutic properties such as antihyper-
tensive, antiviral, antimicrobial, antioxidant, immunomodu-
latory, analgesic, antithrombotic and other bioactivities. The
major benefits of employing milk peptides multitargeted drugs
are: (i) their production is incredibly cost-effective thus reduc-
ing the loss of capital to pharmaceutical companies in case
of failure, (ii) they have significantly higher target specificity
with low or no side effects and better bioavailability and phar-
macokinetics, and (iii) they are easily metabolized thus have
no bioaccumulation and hepato-renal toxicities [4]. Recently,
peptides of p-lactoglobulin were evaluated by in silico analysis
as potential candidates to be used in the treatment of SARS-
CoV2 and similarly, lactoferrin peptides were projected as
immune boosters [5, 6]. In the present study, we have made
an attempt to comprehensively assess the potentials of all the
milk proteins in addition to the milk fat globule membrane pro-
teins. Further, we have designed a synergistic computational
approach which includes molecular docking and simulation-
based screening to explore the plethora of targets including
both viral as well as human protein targets in identifying mul-
titargeted peptides against SARS-CoV2.

2 Materials and Methods
2.1 Materials

The peptides carved out from whey proteins and fat globule
membrane proteins of Buffalo colostrum and milk [7-11]

were used for the present study. More than 300 peptides
were selected and culminated in 170 peptides in the range
of 5 to 13 amino acids.

2.2 Methods
2.2.1 Protein Preparation and Binding Site Prediction

The 3D structures of the protein-targets were fetched from
the RCSB database (https://www.rcsb.org/) or built by
adopting a homology modeling technique depending on their
availability. The 3D-structures were prepared by employing
a protein preparation wizard and all redundant non-protein
molecules (water and ligands) were removed from the pro-
teins. Further, missing H-atoms were added including the
protons essential for the generation of tautomers and appro-
priate ionization states of charged amino acids viz., Asp, Ser,
Glu, Arg and His. Further, it was energy minimized employ-
ing the OPLS-2005 force field to alleviate steric clashes.

In order to explore the binding domains of proteins with
no prior information, all the potential binding sites on the
surface of the binding domain were probed and the suitable
sites were selected based on careful observation. Binding
sites were identified utilizing the SiteMap tool from Schro-
dinger [12]. SiteMap predicts energetically potential binding
sites through coordination of topological features computed
at each site point employing van der Waals probes. SiteMap
was lined up to predict the five top-ranked potential receptor
sites using the default settings. The site score, druggability
score and size were employed to ascertain the most favorable
binding pocket.

2.2.2 Docking Based Screening

The peptide libraries employed in this work were pre-
pared using integrated LigPrep and the conformations
were generated using the Confgen module with the force
field OPLS-3. Molecular docking studies were conducted
using Glide software. The grid area for docking was cre-
ated with standard parameters optimized for peptide dock-
ing. The grid box coordinates were centered at the suitable
active/binding domain and the size of the computed grid
was based on the size of the peptides. Standard precision
(SP) docking module integrated into the peptide-docking
tool was used in the docking studies. To lower the energy
potential of nonpolar entities of peptides, the scaling fac-
tor of the van der Waals radii was set to 1.0 with a partial
atomic charge of 0.25. In the docking protocol, flexible
peptide sampling was used to create different peptide
conformations at pH of 7.0 +2.0. The OPLS-3 force field
was enlisted to construct the state of peptides, to amend
the structure, to minimize the conformations and build
protonation/tautomerization states of the peptides [13].
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Later, the conformations with the lowest minima were
administered to a Monte Carlo (MC) protocol that sam-
ples the closer torsional minima [14]. No constraints were
utilized in the entire docking protocol. After docking, pep-
tides with appropriate hydrogen bond, hydrophobic and =
interactions of the best peptide conformations were visu-
alized and inferred using maestro visualizer. Finally, the
top-ranked peptide poses with the least energy or docking
score were enlisted for further studies.

2.2.3 Molecular Dynamics (MD) Simulations

The top-ranked peptides of ACE2 and Spike proteins were
subjected to MD simulations employing the GROMACS
(Version-2020) [15], to scrutinize their stability and com-
patibility in the binding site. Before MD simulation the
protein-peptide complexes were scrutinized for any unsuit-
able deformities. The protein—peptide complexes selected
based on the docking studies were represented using the
OPLS force field [16]. The complex was solvated by using
a single point charge (SPC) water model within a cubical
measuring 1 A on each side. The ionic charge of the sys-
tem was counterbalanced by appending reverse ions and
an overall salt concentration of 0.15 M was maintained.
The linear constraint (LINCS) algorithm was employed to
fix all hydrogen-related bond lengths, facilitating the use
of a 2-fs time step. Electrostatic interactions (long-range)
between atoms were handled by using Particle Mesh Ewald
(PME), a cut-off of 1.0 nm was implemented to both the
PME direct-space constituent of electrostatic features and
van der Waals interactions. The 3-stage system-relaxation
protocol was engaged before the production simulation.
This protocol comprised a sequence minimization and
equilibration runs to relax the system gradually without
diverging from the primary conformation. The relaxation
protocols employed were: (1) 50 ps energy minimization
immediately after adding salt to the system, (2) energy
equilibration in NVT (constant number of particles, vol-
ume and temperature) ensemble at 300 K and (3) 100 ps
MD simulation in NPT (constant number of particles,
pressure and temperature) ensemble at 300 K.

Finally, production simulations were executed in the NPT
ensemble for 50 ns at 300 K temperature and 1.0 bar pres-
sure. For this, the V-rescale (modified Berendsen thermo-
stat) [17] was enforced with a time constant of 0.1 ps and the
isotropic Parrinello-Rahman Barostat was used with a time
constant of 2 ps. A cut-off of 1.2 A was employed for evalu-
ating short-range van der Waals interactions. MD trajecto-
ries were backed-up by taking frames every 10 ps. After pro-
duction simulations, root mean square deviations (RMSD),
root mean square fluctuations (RMSF), and protein—peptides
interactions of the protein-systems were deciphered.
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3 Results

3.1 Targeting Entry Points of Coronavirus (ACE2,
Spike Protein, TMPRSS, Cathepsin-L, and Furin)

Milk peptides have been extensively exploited for potential
health benefits and in addressing several diseases/disor-
ders. In the present study, an attempt has been made to
evaluate short peptide (4-13 residues) interactions from
the peptide libraries of whey proteins and fat globule
membrane proteins characterized from Buffalo colostrum
and milk spanning both virus and host-based targets for
possible therapeutic interventions. The in silico analysis
unraveling possible interactions of single/several peptides
for multiple targets are presented.

3.1.1 Angiotensin-Converting Enzyme 2 (ACE2)

ACE?2 receptors are the entry airway for various coronavi-
rus strains viz., SARS-CoV, NL63 and SARS-CoV?2. The
major functions of the ACE2 are likely to bring homeo-
stasis to the status of the renin—angiotensin system (RAS)
by the degradation of angiotensin II to angiotensin. RAS
is involved in vasodilation, antiproliferative, anti-hyper-
trophy, myocardial-protection and renoprotective func-
tions. ACE2 is a universal receptor and present almost in
all cells, but greatly expressed in lung, cardiomyocytes,
cardiovascular epithelial, intestinal, renal, testicular and
neuronal cells. The entry of viral particles via membrane
fusion process destroys these receptors leading to partial
seize of the catalytic properties thereby inducing a cascade
of inflammation and apoptosis [18].

The substrate binding domain of the ACE2 has been
used in the development of potent and specific inhibitor,
MLN-4760 which is used in numerous studies of ACE2
action in vivo and in vitro. In order to develop similar
peptide therapeutics, we have targeted the substrate bind-
ing domain (S2 subsite) [19]. Several milk peptides were
found to interact with the ACE2 receptor and the best-
interacted peptides were listed (Supplementary File 1).
The sequence GWLEPLL interacted strongly (— 11.356)
with ACE2 by forming nine hydrogen interactions where
in Glyl and Trp2 showed maximum of three hydrogen
interactions with Arg514, Ser511 and Asn394 of which
Arg514 have been identified as key residue essential for
the ligand binding. The a-keto moiety of Glyl formed a
strong interaction with amino moiety of guanidine group
of 514. In addition, guanidine group of Arg514 showed
two m-cation interactions with both the aromatic rings of
Trp2 (P). The pyridine amide group of the Trp2 exhib-
ited strong H-bond interactions with the a-keto moiety of
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Asp350. The a-keto moiety of Pro5 exhibited H-bond with
the a-amino group of Asp350. Similar interactions in vice
versa manner i.e. the a-amino group of binding site resi-
dues Leu7 exhibited strong H-bond interactions with the
Asp350. Other residues that exhibited hydrophobic inter-
actions with peptide were Phe40, Pro346, Ala348, Leu351
and Gly352 (Fig. 1a) (Supplementary 15A).

3.1.2 Spike Protein

The spike protein of SARS-CoV?2 is a multifactorial pro-
tein that is crucial for virus entry into host cells. Initially, it
associates itself with ACE2 of the host cell via its S1 subunit
and then coalesces viral and host cell membranes via its S2
subunit. The receptor-binding S1 subunit of SARS-CoV2
spike protein consists of two distinctive units, S1-N-termi-
nal domain (NTD) and S1-C-terminal domain (CTD), both
of which have the ability to be functional receptor-binding
domains, RBDs [20].

The binding pocket of spike proteins of both SARS-CoV2
and SARS-CoV are highly conserved. An in silico study
to repurpose FDA-approved drugs as SARS-CoV2 spike
protein inhibitors via virtual screening revealed that the
potent compounds bind at the RBD-ACE?2 interface involv-
ing diverse amino acids (319-530) of SARS-CoV?2 spike
protein. A detailed analysis of interface residues revealed
that a stretch of the SARS-CoV?2 spike protein (339-506) to
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Fig. 1 Interactions established after docking, a GWELPL and ACE-2,
b IQKVAGTW-Spike, ¢ IDALNENK-TMPRSS2, d YLYQGPIVL-
Cathepsin-L and e LTFQHNF-FURIN2. Peptides are in green, while
residues of binding sites are represented in three coded format (vari-
ous color) and thick colored lines encasing peptides represent the

be interacting majorly with the ACE2 (340—468) and hence,
the same site was chosen for docking based screening of
milk peptides [21].

The most potential peptide IQKVAGTW; —11.03 glide
score) was predicted to be positioned on the central shal-
low pit of the RBD of the Spike-ACE2 complex with strong
interactions (Supplementary File 2). The peptide was found
to interact with the amino acid residues like Gly339, Glu340,
Asp343, Asp354, Lys356 and Asp364 of protein by form-
ing nine hydrogen bonds (Fig. 1b) (Supplementary 15B).
The a-keto moiety of Ilel (P) exhibited H-bond with the
a-amino group of Asp343. Similar interactions are seen
between GIn2-Gly339 and Trp8-Glu340. The side-chain
amide group of GIn2 showed tight interaction with a-keto
moiety of Asp364. Similarly, butyl ammonium side chain of
Lys3 showed H-bond interactions with a-keto and carboxyl
moieties of Gly339 and Glu340 respectively. The a-keto
moiety of Gly6 (P) exhibited H-bond with the butyl ammo-
nium side chain of Lys356.

3.1.3 TMPRSS2

As mentioned earlier, one of the key strategies of the
SARS-CoV2 is to commandeer cellular proteolytic
machinery to undertake the required modification of its
spike glycoprotein. The type II transmembrane serine
proteases (TMPRSS2), is another example which can

C

SER,
399

active protein site pockets. Solid pink lines depict H-bonds, while
hydrophobic interactions are represented in green. Additionally, salt
bridges and m-cation stacking, are represented by gradient color (pink
and blue lines) and a red line respectively (Color figure online)
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be utilized by SARS-CoV?2 apparently by cleavage of
S-protein at or close to the cell surface. The triggering
of Spike by TMPRSS?2 leads to the Cathepsin L-inde-
pendent viral entry into the vulnerable cells. TMPRSS?2 is
majorly expressed in ACE2-positive human lung cells and
hence might play a substantial role in the rapid spread of
SARS-CoV2 in the lungs and respiratory tract. Inciden-
tally, TMPRSS2 has been the target of influenza viruses;
the hemagglutinin protein of these viruses contains a
monobasic cleavage site for TMPRSS2. It is also shown
to modify and trigger the F protein of human metapneu-
movirus, thus numerous respiratory viral pathogens pirate
TMPRSS2 and other proteins to promote their virulence
[22].

Typically, the TMPRSS?2 structure comprises of six
key amino acids in the active site make-up of which
three residues (His296, Asp345, Ser441) are found at the
catalytic site (catalytic triad) and the remaining residues
(Asp435, Ser460, Gly462) are at the substrate binding
site. The catalytic triad of His296, Asp345 and Ser441
spans the active site with Ser441 on one side and Asp345
and His296 on the other side of the S1 pocket. Asp435
sits at the base of the S1 pocket and Ser436 and Asp440
form the right wall. In this context the entire active site
along with the catalytic triad was considered for docking
simulations.

The molecular docking results of the milk peptides for
TMPRSS2 are summarized in Supplementary File 3. Of
the peptides examined in this study, IDALNENK with
docking energy — 142.071 kJ/mol and docking score of
— 10.74 fits well into the binding site of the TMPRSS2.
Though there was low hydrophobic interaction for the
peptide, it was coped by the strong hydrophilic inter-
actions and array of H-bond interactions. Generally,
in the case of peptide inhibitor binding, we could see
many H-bonds between a-keto moieties of peptide resi-
dues with a-amino group of receptors and four such
H-bonds were seen with Glu389, Thr387 and Asp435.
Two salt bridges were observed viz. Asp2-Lys467 and
Lys8-Asp440 in both the cases the cationic nitrogen of
the butyl ammonium (Lys) formed a salt bridge with car-
boxyl moiety of aspartate. Ammonium moiety of Lys8
showed three H-bond with ketonic moieties of Gly385,
Asn398 (Amido) and Asp440 (Carboxylic). Amide groups
of Asn5 and 7 showed interactions with Ala386, Glu389
and Cys465 (Fig. 1c) (Supplementary 15C). Based on the
docking simulation results it can be deduced that the milk
peptides exhibited strong H-bond interactions with cru-
cial S1 site residues viz. Asp435 and Asp440. The same
trend was also observed in Camostat mesylate reported
previously explicitly showing numerous polar and non-
polar contacts within the binding pocket of TMPRSS2.
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3.1.4 Cathepsin-L

Cathepsin-L is a ubiquitously expressed lysosomal endo-
peptidase that is primarily involved in the terminal degrada-
tion of intracellular and endocytosed proteins. It catalyzes
the cleavage of the S1 subunit of the SARS-CoV2 spike
glycoprotein. This proteolytic activation is essential for cor-
onavirus entry into human host cells which subsequently
release viral RNA for replication [23].

Based on our docking experiments, we selected YLY QG-
PIVL as a potential inhibitor of cathepsin with a docking
score of — 12.43 with the corresponding E-model value
of — 213.63 (Supplementary File 4). Molecular docking
analysis of four potential peptides showed that they shared
common intermolecular interactions with the protein.
Examination of the binding modes of the peptide revealed
that the peptide adopted the classic binding mode of the
C-end peptide, in which Ile7 and Leu9 at the C-terminal
formed H-bond with three key residues viz. Gly68, Glul19
and His163. Similar to other members of the papain family,
the active Cathepsin L comprises of two globular domains,
the R-domain (right) and L-domain (left). Active site of
Cathepsin-L is subdivided into seven distinguishable regions
viz. S1-S4 and ®S1-S3’. Like all cysteine proteases, the
active site of cathepsin-L is composed of a reactive cysteine
(Cys25), and a histidine (His163). The peptide spanned the
entire active site and showed interaction with the catalytic
dyad residue His163 and another crucial residue Glul9 in
the S1 region. It is noteworthy that in the S3 pocket, there
were two hydrogen bonding contacts between phenyl group
of the peptide and the Gly68 of cathepsin L. Gln4 exhib-
ited 2 hydrogen bond interactions with Asp160 and Met161
while Tyrl formed two H-bond with Asp114 and Ile115.
H-bonds between a-keto moieties and a-amino group were
seen amongst Tyrl-Aspl14 and Ile7-Gly68. The amide
group of Gln4 showed two H-bond interactions with the
carboxyl of Asp160 and the a-keto moiety of Met161. The
a-keto moiety of Leu9 formed strong interactions with the
amine group of GIn19 and His163 (Fig. 1d) (Supplementary
15D).

3.1.5 Furin

Furin belongs to a conserved family of proprotein and its
major function is endoprotease-convertase activity; it pro-
teolytically actuates numerous precursor-proteins in diverse
branches of secretory pathways. Similar to most viral gly-
coproteins (Furin sites), spike of SARS-CoV2 is proteolyti-
cally activated before it can facilitate viral entry into host
cells. Because of the ability of furin to cleave important cell
surface proteins and SARS-CoV2 having “Furin” mimicing
sites increases the potential of the virus to successfully infil-
trate into the host. This crucial feature can be seen in other
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pathogenic viruses like influenza; astonishingly, the other
close members (SARS-CoV) of f-coronaviridae family do
not contain Furin cleavage site [24].

The binding modes of the lead peptide LTFQHNF in the
binding site of human furin were identified using intermo-
lecular flexible docking (Supplementary File 5). Figure le
depicts the binding conformations of the LTFQHNF in the
binding pocket of the furin (Supplementary 15E). The pep-
tide was found to interact with the amino acid residues like
Pro266, Ile312, Lys449, GIn447 and Arg490 by forming
nine hydrogen bonds. The major portion of the peptide was
found encased in the hydrophobic crevice formed by the res-
idues like Trp531, Ala532, Ile312, Tyr313, Pro266, Ala267
and Phe275 contributing strong hydrophobic interactions
with the peptide. The a-amino groups of Leul and Thr2
formed H-bonds with the a-keto moiety of GIn447. The side
chain hydroxyl group of Thr2 interacted with the keto moi-
ety of GIln447. The Phe3 formed a strong n-cationic inter-
action with Lys449. The amide groups of GIn4 and Asn6
showed H-bond interactions with ammonium and a-amino
moieties of Lys449 and Ile312 respectively. The a-keto moi-
ety of His5 formed a strong interaction with amino moiety
of guanidine group of Arg490.

The shape and size of Furin binding pockets are known
to be large having canyon-like crevice. The active site is
made of key amino acid residues including Met189, Asp191,
Asn192, Arg193, Glu229, Val231, Asp233, Asp259, Lys261,
Arg298, Trp328, and GIn346. Many small molecule inhibi-
tors to the active site have been explored but their ability to
completely block the furin activity is yet to be established.
Interestingly milk peptides were also found to be well-posi-
tioned to interact with the spike protein binding site. The
peptide occupied the space to the right of the catalytic triad
and extended more to the adjacent pocket and covered the
surface area for Furin substrate binding site. The interactions
were similar to previously identified peptide like inhibitors
m-guanidinomethyl-Phac-RVR-Amba, H-Lys-Arg-Arg-
Tle-Lys-4-Amba, c[glutaryl-BVK-Lys-Arg-Arg-Tle-Lys]-
4-Amba, and p-guanidinomethyl-Phac-R-Tle-R-Amba [25].

3.1.6 Molecular Dynamics

We have used the all-atom MD technique to explore the
affinity profile of the most potent peptide inhibitors of ACE2
and Spike proteins. After the simulation MD trajectories
were employed to investigate various criteria such as relative
mean square deviation (RMSD), H-bonds interaction profile,
potential energy, gyration, and RMS fluctuation analysis.
The overall stability of the system during the simulation
was evaluated by computing RMSD of the backbone for
both protein and protein—peptide complex. The RMSDs
till the entire simulation were less than 0.5 A indicating
the stability of ACE2 and Spike protein—peptide systems.

The average RMSD of the protein backbone for the ACE2
and ACE2-GWLEPLL complex was found to be 0.32 and
0.23 nm respectively (Fig. 2a). It was also observed that
the ACE2-GWLEPLL complex was more stable than the
unbound protein, as it showed greater structural pertur-
bations. Similar results were also observed for of Spike-
IQKVAGTW complex as well as the average RMSD for
protein and complex was 0.345 and 0.289 nm respectively
(Fig. 3a). However, both the Spike and Spike-IQKVAGTW
complex remained smooth and undisturbed throughout the
simulation. To assess the flexibility of the proteins, we
computed the RMSF value for both protein and protein-
peptide during the simulation. The RMSF range of the
ACE2 structure was observed to be between 0.12 and
0.084 nm (Fig. 2b). The average RMSF values for Spike
protein and Spike-IQKVAGTW complex were 1.01 and
0.9 nm respectively (Fig. 3b). These observations explic-
itly reveal that the predicted inhibitor has a close inter-
action with the binding site of ACE2, thus lowering the
fluctuation of the ACE2 and Spike proteins.

The alteration in the potential energies brought by the
interacting peptides with protein residues during MD sim-
ulation was calculated by employing the gmx_energy tool
of the Gromacs. The average potential energies of ACE2
and ACE2-GWLEPLL complex were — 1.03e4+06 and
— 1.1e+06 kJ/mol respectively (Fig. 2¢). Similarly, Spike
and Spike-IQKVAGTW showed an average of —4.03e+06
and —4.1e406 kJ/mol (Fig. 3c). The total energy values of
all the systems were stable around a constant value, which
indicated that all the bound systems evolved with constant
energies. The number of H-bonds between each peptide
and proteins were analyzed using 50 ns simulation trajec-
tories as shown in Figs. 2e and 3e. The ACE2-GWLEPLL
complex exhibited an average of five H-bonds throughout
the simulation. A similar trend was also observed between
IQKVAGTW and the Spike protein. The average H-bond
interactions observed during MD studies were between 5
and 8. By analyzing the H-bond profile between the pep-
tides and protein we can deduce that the H-bond interac-
tions were crucial for the efficient binding of ligands to the
receptors and stability of the protein complex.

To explore the prospects of milk peptides interacting
with multiple targets at the entry point; a heat map analy-
sis was executed (Fig. 4). We observed GWELPLL and
MIQLDLI be effective candidates for both ACE2 and the
Spike protein. Among all the peptides, Y VHPFHL was
observed to be a key inhibitory molecule targeting Spike
and all the proteases. Further, the peptides IQKVAGTW,
GYFYPIQI, LHTPLPL, GLLPGLMVY and GWEL-
PLL were able to interact with at least two proteases as
well with the Spike protein, while, 14 different peptide
sequences found to harbor interaction to at least two
targets.
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Fig.2 The results of molecular dynamics simulation, a the back-
bone RMSD of ACE2 and ACE2-GWELPL for 50 ns MD simu-
lation, b the backbone RMS fluctuation of ACE2, which clearly
indicates unbound protein, fluctuates more, ¢ graph depicting the per-

3.2 Targeting Endosomal Maturation (AAK1, GAK,
PIKfyve and TPC2)

3.2.1 AAK1

The adaptor associated kinase 1 (AAKI1) is the first pro-
tein involved in endosome formation thereby it regulates
intracellular viral trafficking during entry, assembly and
release. AAKI1 plays a key role in receptor-mediated endo-
cytosis by specific phosphorylation of adaptor protein 2,
which stimulates the binding to cargo proteins [26]. Hence,
inhibiting this serine-threonine kinase can disrupt the intra-
cellular viral trafficking and processing. Among the milk
peptides screened for the target, CLANGMIMY showed a
maximum affinity with a — 12.6 dockscore (Fig. 5a; Sup-
plementary File 6). CLANGMIMY was able to construct a
network of strong H-bonds (8 H-bonds) with several amino
acid residues inside the enzyme’s active site (e.g. Glu54,
Gly55, Lys178, and Asp194) which are found to be crucial
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turbation in potential energy of ACE2 and ACE2-GWELPL, d evalu-
ation of radius of gyration for ACE2 and ACE2-GWELPL and e enu-
meration of stable H-bond interactions during 50 ns run

for AAK1 activity (Supplementary 16A) [27]. Additionally,
Lys219 was able to form two H-bonds with Cysl1 of the
peptide at dual positions (Carboxyl and Sulthydryl groups)
making it more strong interaction. The lead peptide inhibited
the active site by H-bond interactions via Tyr9/Glu54, Ala3/
Gly55, and Tyr9/Val51. Among them Asn4 was prominent
with triple network of H hydrogen bond targeting the cata-
lytic dyad Asp194 and Lys178. In addition Tyr9 and Cysl
formed H-bonds with Lys219 and Val51 covering the bind-
ing pocket from both the terminals.

3.2.2 GAK

Cyclin G-associated kinase (GAK) mediates the binding of
clathrin to the plasma membrane and the trans-Golgi net-
work. It is one of the most important events during endo-
some formation and maturation for the establishment of
virus entry into the cell [28]. Among the docked peptides,
IQKVAGTW showed maximum interaction (docking score
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Fig.3 The results of molecular dynamics simulation, a the backbone
RMSD of Spike and IQKVAGTW-Spike for 50 ns MD simulation,
b the backbone RMS fluctuation of Spike, which clearly indicates
unbound protein, fluctuates more, ¢ graph depicting the perturbation

—10.5) forming eight hydrogen bonds, one salt bridge and
two m—r interactions with Phe residues of the target (Sup-
plementary File 7). In the peptide Trp8 was the strongest
moiety forming quadruple interactions—two = stacking with
Phe51 and two hydrogen bonds with Glu85 and Lys69. The
GIn2 being neutral amino acid interacted in a dual fashion.
It formed four hydrogen bonds with residues in the active
site viz., Cys126, GIn129 and Leu46 (Fig. 5b) (Supplemen-
tary 16B). Secondly, it formed a hydrophobic mesh along
with Ilel and trapped the hydrophobic core of the kinase
domain. In addition, Lys3 electrostatically interacted with
Glu132 and strongly inhibited the kinase domain through an
additional hydrogen bond.

3.2.3 Phosphatidylinositol 3 Phosphate 5 Kinase (PIKfyve)
During endocytosis, one of the key molecules that regu-

late the dynamic process of endosome maturation is PIK-
fyve [29]. In addition, it plays a role in several trafficking
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Time (ps)
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Time (ps)

in potential energy of Spike and Spike-IQKVAGTW, d evaluation of
radius of gyration for Spike and Spike-IQKVAGTW and e enumera-
tion of stable H-bond interactions during 50 ns run

events associated with the endocytic pathway. In PIKfyve
active site resides in Zinc finger domain [30, 31]. Twelve
peptides showed maximum interactions and among them,
IQKVAGTW showed the most intimacy with a docking
score of —10.13 (Fig. 5c; Supplementary File 8).The zinc
finger (158-218) was trapped with the peptide by Gln2
and Lys3 residues via salt bridge formation while, Trp8
formed additional triple non-covalent interactions with the
domain ensuring complete inhibition of the target. Among
the observed interactions, four were hydrogen bonds, one
© stacking and one salt bridge. The peptide residues that
were involved in the interactions were GIn2, Lys3, and Try8
displaying binding affinity with the target residues Glul35,
Phel41, Asp158 and Asp218 (Supplementary 16C).

3.2.4 Two Pore Channel (TPC2)

Two Pore Channels (TPCs) are intracellular calcium/cation
channels located in the membranes of host endolysosomal
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Fig.4 Heat map analysis of
Milk peptides displaying greater
affinity against ACE-2, Spike,
TMPRSS2, Cathepsin-L and
Furin. In the gradient ruler, light
green color indicated peptide
bound to five targets, pink color
indicates four, blue color indi-
cates three and brown indicated
two targets (Color figure online)
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compartments. Most viruses including SARS-CoV2 use
them for compartmentalisation and replication. The two
human isoforms of the channel, TPC1 and TPC2, are dis-
tinctly present within the endolysosomal system with TPC2
preferentially localizing to late endosomes and lysosomes
[32]. Thus TPC2 emerges as a druggable host target for
SARS-CoV?2 infection. Several peptides showed maximum
interaction with the target active pocket. The most common
residues interacting with the protein were Gln, Ser, Leu,
Arg and Val. The peptide which showed maximum inter-
action was LDAQSAPLRYV with a docking score of -12
(Supplementary File 9). The peptide selectively inhibited
domains 2 and 3 of the protein [33]. Ser5 and Asp2 were
the strongest interacting residues forming six H-bonds
with GIn58/Arg60/GIn83 and Lys203/Lys143/GIn197
respectively. In addition,Vall0, Leu8 and Gln4 were found
to further strengthen the interaction by forming H-bonds
with GIn370, GIn58 and Tyr77 residues of domains 2 and 3
(Fig. 5d) (Supplementary 16D). The residues found in the

@ Springer

binding core were GIn58, Arg60, Tyr77, Gln83, Lys143,
Lys203 and Asp404. Potentials of milk peptides as multi-
directed candidates with target specificity with diverse
targets of endosomal membrane trafficking was examined
employing a heat map study. Based on the heat map (Fig. 6)
it can be deduced that LTFQHNF, IQKVAGTW, HMWPG-
DIK and KLTCNLTR exhibited strong interactions with all
the kinases and TPC2. Further, the analysis showed that the
peptides reflected interactions in a diverse pattern with two
or more targets.

3.3 Targeting Replication Transcription Complex
(PLpro, clpro, Nsp12 and Nsp13) and Virion
Assembly (N Protein)

3.3.1 Papain Like Protease (PLpro)

Papain like protease participates in the cleavage of poly-
proteins produced by translation of viral ORF to produce
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proteins involved in Replication transcription Complex, RTC
[34]. Thus it is considered as one of the key proteins that
regulate viral propagation. Six milk peptides were found
have maximum interaction, among them, IQKVAGTW had
maximum interaction with a docking score of —9.26 (Sup-
plementary File 10). It was bound to the target through nine
hydrogen bonds and the interacting residues at the binding
site. The catalytic domain was seized at Asp37 and Glu143
via hydrogen bonds from Trp8 and Thr7. Gly6 and Ilel act
as hydrogen acceptors and interacted with binding site at
Asnl146 and Argl38 respectively. The interaction was fur-
ther strengthened by hydrogen bonds viz. Lys3/Asn13, Lys3/
Tyr71 and Ile4/Arg138 (Fig. 7a) (Supplementary 17A).

3.3.2 3 C-Like Protease (CLpro)
SARS-CoV2 3CLpro is a cysteine protease that possesses

two N-terminal domains comprising of two f-barrel chy-
motrypsin-like folds. The 3CLpro active site spans a fork

,_EU o 695‘-\ ALA| GLY.

P
67 SER<103 191 ~CYS

pockets. Solid pink lines depict H-bonds, while hydrophobic interac-
tions are represented in green. Additionally, salt bridges and n-cation
stacking, are represented by gradient color (pink and blue lines) and a
red line respectively (Color figure online)

within the two domains and is categorized by a Cys-His
dyad. The protease activity of 3CLpro is crucial for the rep-
lication of SARS-CoV2 and it is situated at the 3’ end which
exhibits excessive variability [35]. The structure of 3CLpro
protein comprises of two catalytic domains, I (R8-101) and
IT (R102-184) and an IIT domain (R201-303) essential for
protein’s dimerization into an active protease. The catalytic
site of 3CLpro is unique in the chymotrypsin-like protein
family as it has Cys145 and His41 dyad instead of a canoni-
cal Ser(Cys)-His-Asp(Glu) triad. The key residues that lines
the active site in addition to Cys145---His41dyad are His163/
His172/Glul66. This substrate binding site can fit four sub-
strate residues in positions P1’ through P4, and it is flanked
by residues from both domains I and II.

Among the peptides screened, LSITENGEFK showed
the lowest binding energy (— 12.247 glide score) and
energy potential (— 180.117) for the 3CLpro protein (Sup-
plementary File 11). The peptide was found to interact
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Fig.6 Heat map analysis of Milk peptides displaying greater affinity
against AAK, GAK, PIKFyee and TPC2. In the gradient ruler, pink
color indicates four, yellow color indicates three targets and green
indicates two targets (Color figure online)

with the amino acid residues like Thr26, Thr25, His41,
Cys44, Phel40, Gly143, Ser144, Glu166 and GIn189 of
the protein by forming 10 hydrogen bonds. The a-amino
group moiety of Thr4 (P) exhibited H-bond with a-Keto
group of Thr26. Similar interactions are seen between
Asn6-Cys44. Further, a-amino group of Asn6 demon-
strated strong interaction with p-hydroxyl of Thr25 and
a-Keto group of the Asn6 formed an H-bond with the
imidazole moiety of His41. The carboxyl group of Glu8
showed a better binding affinity towards p-hydroxyl of
Ser144. The butyl ammonium side chain of Lys10 showed
H-bond interactions with a-Keto of Phe140. Further, the
butyl ammonium side chain of Lys10 displayed an H-bond
and a salt-bridge interaction with the carboxyl group of
Glul66 (Fig. 7b) (Supplementary 17B). In addition, the
residues of catalytic dyad were found to interact with the
peptide (hydrogen bond with His41 and hydrophobic inter-
action with Cys145).
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3.3.3 Nsp12 (RNA Polymerase)

The replication of ~ 30-kb SARS-CoV RNA genome
is steered by RNA-dependent RNA polymerase (RdRp)
domain present in the non-structural protein 12 (Nsp12),
one of the key components of viral replicase. The Nsp12
is generally synthesized as a precursor protein, its proteo-
lytic cleavage and conjugation of various NSPs (especially
Nsp7 and Nsp8) make polymerase complex. Both Nsp7 and
Nsp8 subunits are essential for the proper functioning of
the Nsp12 thus Nsp12-Nsp7-Nsp8 subcomplex is regarded
as the crucial core unit for mediating coronavirus replica-
tion [36].

Architecture of polymerase domain is conserved in viral
polymerase family and it contains three subdomains; a fin-
ger (Leu366-Ala581 and Lys621-Gly679), a palm (Tyr582-
Pro620 and Tyr680-GIn815) and a thumb sub-domain
(His816-Glu920). The active site is established in the palm
domain by conserved polymerase motifs (A-G). Though the
identified peptides missed the active site of the RDRP, we
observed that they interacted with a unique allosteric site
within the palm domain. This allosteric site was previously
shown to be a binding site for many potential inhibitors of
RdRp [37, 38]. The docking results showed that LTFQHNF
with pose 1 was the most active conformational position
and predicts the best energy values (—134.01) and dock-
ing score of —10.7 (Supplementary File 12) as compared
to other docking complexes. The peptide was completely
encased in the crevice of the binding site confirming the
best-fit pose of the peptide. Further analysis of structural
interactions showed that LTFQHNF forms four hydrogen
bonds at specific residues (Arg349, Arg457, Phe396 and
Thr394) of the target protein. The hydroxyl group of Thr2
interacts with guanidine amine moiety of Arg349. The
nitrogen of the amide group in the Gln4 interacted strongly
with the a-keto group of the Arg457. The Nitrogen in the
imidazole moiety of His5 formed H-bond with an amino
group of Phe396. Finally, the a-keto moiety of Phe7 residue
interacted with the a-amino group of Thr394 (Fig. 7¢) (Sup-
plementary 17C).

3.3.4 Nsp13 (Helicase)

Helicase (nsp13) NTPase/helicase (nsp13) is a critical pro-
tein in the replication transcription complex of the virus that
catalyzes the separation of duplex oligonucleotides. Due to
the fact that this protein is essential for viral RNA synthesis
and one of the most conserved proteins among Nidovirales,
it is considered as an interesting target for drug development
and several chemical inhibitors have been reported [39].
Several peptides interacted maximally and SVFSGYRK
was found to be the most prospective candidate molecule
(—12.972; Supplementary File 12). 17 interactions were
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Fig.7 Interactions established after docking, a IQKVAGTW-PLpro,
b LSITENGEFK-3CLpro, ¢ LTFQHNF-NSP12, d SVFSGYRK-
NSP13 and e TLPFHSVIY-N-Protein. Peptides are in green, while
residues of binding sites are represented in three coded format (vari-
ous color) and thick colored lines encasing peptides represent the

prevalent with Nsp13 and among them, 10 were H-bonds,
three salt bridges and 2 & stacking interactions making the
peptide interact intimately with the target (Fig. 7d) (Sup-
plementary 17D). DNA2 and UvtD c of the enzyme domain
were the most constrained targets. Lys8 was the strong-
est interacting residue forming two salt bridges (Glu142,
Glul43) and three hydrogen bonds (Pro408, Glul43 and
Glul42). Arg7 formed a salt bridge (Asp383) and three
hydrogen bonds (two with Met378 and one with Asp383).
Serl donated a hydrogen (Tyr180) and accepted two hydro-
gens (Leu412 and Thr410) further strengthened the inter-
action. In addition, Phe3 and Gly5 formed a hydrophobic
mesh and trapped Cys309, Met378 and Ala379 residues of
the target.

3.3.5 N Protein

The N protein is the only structural protein that directly links
up with the replicase transcriptase complexes, RTCs [40,
41]. This protein binds to the viral RNA genome, which
is essential for incorporating the genetic material into
viral particles [42, 43]. Its function involves entering the
host cell, binding to the viral RNA genome and forming
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active protein site pockets. Solid pink lines depict H-bonds, while
hydrophobic interactions are represented in green. Additionally, salt
bridges and n-cation stacking, are represented by gradient color (pink
and blue lines) and a red line respectively (Color figure online)

the ribonucleoprotein core [44]. The major feature of this
protein is RNA binding domain. More than fifteen peptides
bound to the RBD with high affinity (Supplementary File
14). TLPFHSVIY showed a maximum affinity for the target
protein with a docking score of —11.48 accounting for ten
hydrogen bonds. The peptide constrains the entire functional
domain of the protein. Tyr9 being the prime residue forms
three hydrogen bonds with the target (Asn76, Asn78 and
Asnl55). Thrl further strengthened the interaction form-
ing two hydrogen bonds (Thr50, Gly117). Other members
of the inhibitory team formed three hydrogen bonds Ser6/
Asnl154, Pro3/Thr149 and His5/Thr149. In addition, Leu2
of the peptide formed a hydrophobic hinge with the Ile147.

Meticulous assessment of the interaction patterns
between the milk peptides and the proteins involved in
the replication was evaluated. Several peptides inhibited
either PLpro/CLpro or both viral proteases and RTC com-
plex proteins. Incidentally, the novel sequence LTFQHNF
displayed effective binding towards all target proteins
analyzed in this complex (Fig. 8). The overall heat map
analysis of all the targets and their corresponding pep-
tides is given in Fig. 9. As we can observe IQKVAGTW,
LTFQHNF and KLTCNLTR were shown to inhibit most
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Fig.8 Heat map analysis of Milk peptides displaying affinity for
PLpro, 3CLpro, NSP-12, NSP-13 and N-Protein. In the gradient ruler,
light green color indicated peptide bound to five targets, pink color

of the target proteins considered in this study spanning the
entire SARS-CoV2 lifecycle. Similarly, four peptides dis-
played interactive affinity towards more than nine targets,
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indicates four, blue color indicates three targets and brown indicated

two targets (Color figure online)

of which three of the peptides were found to have better
interaction for targets involved in endocytic trafficking
and replication processes and the majority of entry point
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Fig.9 Overall heat map analysis of Milk peptides. The gradient ruler indicates the number of targets interacted by individual peptides: green 11,
blue 10, brown 9, yellow 8, violet7, pink 6, light blue 5, dark pink 4, orange 3 (Color figure online)
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targets of Coronavirus. Further, 2, 7, 11, 12, 11 and 18
peptides displayed affirmative interactions with 8, 7, 6, 5,
4 and 3 targets respectively.

4 Discussion
4.1 Targeting Entry Points of Coronavirus

SARS-CoV?2 entry into host cells is mediated by its trans-
membrane Spike (S) glycoprotein that forms homotrim-
ers protruding from the viral surface. Viral entry relies
on the specific interaction between the RBD of the viral
Spike protein and hosts protein ACE2 on the cell mem-
brane. SARS-CoV2 cannot infect the cells without ACE2,
confirming that ACE2 is the cell receptor for SARS-
CoV2. The mechanism of binding involves clinging of
the extended RBM in the Spike-RBD to the bottom side
of the small lobe of ACE2 at the N-terminal domain. A
concave crevice is formed on the surface of the RBM
that cradles the N-terminal helix of the ACE2. Thus in
SARS-CoV?2 entry, ACE2 largely functions as recogni-
tion and anchoring unit rather than a catalytic enzyme.
Once bound, the Spike glycoprotein undergoes a cascade
of conformational alterations leading to the fusion of the
SARS-CoV?2 and the host cell membrane, internalization
and subsequent release of viral RNA into the cytoplasm,
establishing infection [45]. The whole of ACE2 is internal-
ized together with SARS-CoV2 and it is important to note
that protease activity of ACE2 remains intact and doesn’t
have any prominent role in the process of viral entry.
Hence, targeting the ACE2 binding domain is a pharma-
cologically better strategy instead of the peptidase domain
of the ACE2 [46]. We hypothesize that two-way blocking
of the binding mechanism of ACE2 and Spike could be
a realistic strategy to prevent the spreading of infection.
Herein we targeted binding interphase of both the ACE2
and spike proteins as our multitargeted strategy. Further,
we analyzed the binding mechanisms of GWELPLL and
IQKVAGTW peptides with the best docking potentials for
ACE2 and Spike by employing MD simulation probing. As
observed by the MD results we can deduce that both the
peptides displayed good interactions and stabilizing prop-
erties for both ACE2 and Spike targets. A recent report
also discovers a long peptide CP-1 directed to the spike
protein blocking the virus-cell fusion process [26].
Another part of the potential therapeutic strategy is tar-
geting the host proteolytic machinery responsible for the
activation, priming and substitutions of residues at the S,/
S, or S, cleavage sites of SARS-CoV2. After the bind-
ing of Spike to the ACE2, S1 subunit of Spike protein is
cleaved by two important plasma membrane-bound ser-
ine proteases viz. TMPRSS2 and Cathepsin-L acting in
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synergy encouraging large-scale conformational changes
in S protein thereby affirming the SARS-CoV?2 entry.
TMPRSS?2 is probably the first protease that acts upon
viral proteins as it is a membrane protein and represents a
major therapeutic target of host protease machinery. How-
ever, its protease activity is principally required until viral
endocytosis occurs as it loses its activity after viral inter-
nalization with the change in pH [47]. As SARS-CoV2
reaches the intracellular cytosome, the Cathepsin-L is the
major protease that brings about the activation of the viral
S1 subunit as this cysteinyl protease is active under acidic
pH. Further, the SARS-CoV2 requires an acidic pH for
its complete activation thus Cathepsin-L represents a key
target of pharmacological importance. In addition, Cathep-
sin-L fusogenetically induces the S protein thereby initiat-
ing the fusion of viral and endosomal membranes. Thus
serine-protease TMPRSS2 functions as a primary inducer
at the host cell membrane and perhaps during endocyto-
sis of the virus and the Cathepsin-L continues S1 subunit
degradation in the acidic endosome and in the lysosomal
compartments [23]. Another protein that is gaining impor-
tance as a crucial host protease is Furin, which mediates
cleavage of the Spike at the S1/S2 cleavage site. The S1/52
junction has a polybasic line of an RRAR motif, matching
a substrate sequence for Furin. Further, the activation of
Spike protein by Furin has been accepted as a crucial event
for the viral fusion and pathogenesis in various pathogenic
viruses including SARS-CoV?2. Thus Furin represents an
appealing therapeutic target for several viral diseases
including COVID-19 [48].

Hence, we hypothesize combinatorial mitigation by tar-
geting initial entry points like ACE2, Spike, TMPRSS2,
Cathepsin-L and Furin by peptide inhibitors which can sig-
nificantly cut short the coronavirus infection (Supplementary
15). In the quest of identifying multitargeted peptides, we
observed GWELPLL and MIQLDLI to be effective candi-
dates for both ACE2 and the Spike protein. Similarly, several
milk peptides were found to interact with different protease
targets as well with the Spike protein. Among them, YVHP-
FHL was found to be a key inhibitory molecule targeting
Spike and all the proteases and many such multi-target inter-
active peptides were found prevalent in the present study.
Incidentally, Y VHPFHL was also shown to possess antioxi-
dant activity during our previous study [49]. Interestingly,
IQKVAGTW, identified as a promising inhibitor of ACE1
was found to possess inhibitory effect to majority of the pro-
teases and the Spike protein demands a detailed investigation
to screen whether ACEL1 inhibitors can be exploited for tar-
geting host proteases and Spike protein during SARS-CoV2
infection [7]. The data thus supports the role of food-based
small molecular weight peptides as potential therapeutic
candidates in multi-directed ligand approach to block the
entry of SARS-CoV2.
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4.2 Targeting Endosomal Maturation

Endocytic membrane traffic is an extremely dynamic system
and responsible for the intracellular transportation of macro-
molecules. The cargo molecules designated for transportation
to the specific sites are amassed into endocytic vesicles and
carried to their target sites by clathrin-mediated trafficking.
This mechanism is orchestrated by the AP (adaptor protein)
complexes which bind to sorting motifs of the cargo molecule,
enlist clathrin and other mediatory proteins, and then focus the
load into vesicular transporters, which carry from the donor
membrane to the target organelle membrane. This endocytic
membrane traffic system is maneuvered by two host kinases
namely AAK1 and GAK which control both clathrin-medi-
ated and trans-Golgi network (TGN) transport [50]. Precisely,
AAKI1 and GAK catalyze phosphate-priming of APs at micro
subunits thus increasing their binding affinity for sorting motifs
within the cargo. Recently SARS-CoV2 has been shown to
seizure this mechanism thereby ensuring safe transport of its
genetic material into the host biosynthetic machinery [50].
Another important protein that is involved in inducing endo-
cytic membrane traffic thereby increasing SARS-CoV?2 patho-
genicity and viral replication is TPC2. The TPCs amplify the
membrane polarization (cationic) of endolysosomes, hence play
a commanding role in membrane fusion mechanisms. Mounting
in vitro and in vivo evidences indicate that TPC2 inhibitors can
extenuate the endocytic trafficking and replication of MERS-CoV.
Thus, inhibition of the TPC2 channel could be effective in the mit-
igation of viral replication in the case of SARS-CoV2 as well [51].
The PIKfvye is the only known enzyme that converts phos-
phatidyl inositol-3-P to phosphatidylinositol 3,5-bisphosphate
that plays a crucial role in the maturation of primary into late
phagosomes or lysosomes. The replication of SARS-CoV2 also
depends on the functioning of PIKfvye for the transfer of viral
cargo to the site of replication [52]. Hence, inhibition of PIKfyve
leads to the decline in the cellular phosphatidylinositol 3,5-bis-
phosphate blocking the phagosomal maturation and unloading
of virion into the cytosol. Interestingly, several peptides were
found to be strong contenders interacting with both the kinases
and TPC2, suggesting these peptides as suitable candidates to
prevent endosomal trafficking. Although there are quite a few
drugs available in the market for these targets individually, we
presume that the development of milk peptides with multitar-
geted potentials can be an alternative therapeutic strategy.

4.3 Targeting Replication Transcription Complex
and Virion Assembly

After the SARS-CoV2 genome (ssRNA) is held mainly by two
non-structural proteins ORF1a and ORF1ab followed by struc-
tural proteins. The ORF1a results in the synthesis of two viral
proteinases 3CLpro and PLpro while, an elongated polyprotein
is encoded by ORF1ab which comprises of several non-structural

proteins (Nsps). The major function of PLpro is to cleave at three
sites helping in the separation of the nascent polyprotein into
its distinct proteins. But, the key protease activity is carried by
3CLpro or Main-protease (Mpro) as it cleaves at eleven sites pro-
cessing the polyprotein (both 1a and 1b) into 16 Nsps. In addi-
tion, proteases assist coronavirus in dodging host innate immune
machinery by dismantling ubiquitin and interferon-stimulated
gene 15 cofactors from nascent host proteins [53]. Hence, these
proteases are appealing targets as they are indispensable not only
for viral replication but also to evade the host immune system.

Coronavirus RNA replication is accomplished by RTC, com-
prising various essential proteins including RdRp, Nsp12 and
helicase. It also consists of Nsps with diverse roles such as RNA
modification (Nsp14, Nsp16), RNA proofreading (Nsp14), and
endoribonuclease activity (Nsp15). In this study, we mainly
focused on Nsp12 and 13, as they are the key functional units
of RTC and have been principal targets of interest in diverse
viral infections viz. hepatitis C, Zika and MERS. They represent
highly conserved non-structural proteins amongst coronaviruses
having no homology to human proteins with correspondingly
minimal cytotoxicity [54]. Another protein involved in the rep-
lication process which is gaining major attention is nucleocap-
sid (N) protein. N-proteins have two forms phosphorylated and
non-phosphorylated which are crucial for its functions. The
non-phosphorylated form creates nucleocapsid compaction of
the RNA genome in the virion. The N protein gets immediately
phosphorylated after synthesis and quickly coalesces with RTC
(might represent a functional unit of RTC) and modulate sub-
genomic transcription in the infected cells. Incidentally, the pre-
sent study unravels LTFQHNF as the most suitable therapeutic
candidate addressing all the targets. Although several inhibitors
have been identified for many of these proteins, a single mol-
ecule offering selective inhibition to all these targets is conspicu-
ously lacking in the current literature. The study thus explores
milk peptides as prospective small molecular inhibitory agents
against a multitude of targets. Further, our earlier studies indicate
IQKVAGTW to possess ACEI inhibitory [7] and LTFQHNF
with thrombolytic activities (unpublished data).

Mounting health-cognizant consumers across the globe cou-
pled with the growing awareness regarding the health benefits
of milk proteins and peptides having numerous physiological
functionalities have projected these bioactive molecules to be
used in various commercial preparations. Milk or early milk
bioactive peptides in addition to their nutritional value are also
bestowed with several biological properties and have therapeutic
effects in health and diseases. Currently, there are more than 400
peptide drugs under global clinical trials, while over 60 already
approved for clinical use in the United States, Europe and Japan
and as predicted by Coherent Market Insights, the global bioac-
tive protein and peptides market is expected to reach US$ 88.3
Bn by the end of 2027. However, the biggest impediment is to
avoid its degradation by digestive enzymes if taken orally and
to this end, recently researchers have succeeded in developing

@ Springer



326

H. Pradeep et al.

target-specific peptide action which can resist gastrointestinal
degradation, a step closer to develop oral peptide drugs [55].
Hence, the present study certainly sets a platform to promote
virus-based and host-based targeted peptide-therapeutics with
novel sequences of milk proteins with a more selective and
effective antiviral profile in addition to the recent reports on
two milk peptides for possible in vivo and in vitro validations.

5 Conclusions

In summary, the concurrent blockade of diverse pathways by
peptides in the infectious cycle of SARS-CoV?2 represents a
pharmacologically promising strategy to mitigate COVID-19
menace. Hence, in the current study, we have focused on all
the three stages of SARS-CoV2 infection: (i) a combination of
multiple selective peptides directed towards targets involved at
entry point of Coronavirus viz. ACE2, Spike and proteases, (ii)
concomitant obstruction of diverse Kinases/proteins associated
in the endosomal maturation, and (iii) a multidirectional inhibi-
tion of proteins forming RTC and Virion assembly. Thus, by
coalescing the molecular docking, molecular simulation, heat
mapping and manual interpretation, we have developed a new
strategy to identify plethora of peptides that can block the spread
of Coronavirus. Further, we have delineated the molecular inter-
actions essential for binding and selectivity of peptides to the
binding sites of the targets effectively. The current study is a
promising effort to investigate the potentials of milk peptides
as multitargeted drug candidates. However, the multitargeted
nature of milk peptides are yet to be explored completely to real-
ize their comprehensive benefit which might be accomplished
by employing the advanced high-throughput in vitro binding and
activity assays in future.
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