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Abstract
COVID-19 (Corona Virus Infected Diseases-19) is caused by a strain of coronavirus called SARS-CoV-2
(Severe acute respiratory syndrome coronavirus 2). There’s no permanent diagnosis available till date to
combat the disease. The viral infection in humans is initiated by binding of RBD (receptor binding
domain) of spike protein to human angiotensin-converting enzyme 2 (hACE2) receptor protein. In this
computational study, milk-derived peptides are screened against Receptor Binding Domain (RBD) of spike
protein of the virus. Milk is considered as one of the most nutrient-rich liquid foods having several
antibacterial and antiviral activities. Milk derived peptides including Casein and Whey derived peptides
are known to have profound anti-viral and immunomodulatory activities. After extensive literature search,
some peptides having anti-viral activities against different viruses, are shortlisted for this study and their
three-dimensional structures are modelled for protein-peptide docking against SARS-CoV-2 spike protein
RBD. After performing protein-peptide docking and protein-protein docking using different servers such as
HPEPDOCK, FIREDOCK, HADDOCK, HDOCK, it has been observed that in presence of the peptides, the
interaction between spike RBD and hACE2 has been reasonably decreased, which implies that milk-
derived peptides can be potential peptide-inhibitors against the RBD of the virus along with other
medications. Further studies on milk-derived peptides should be performed to develop peptide drugs
based on milk-derived peptides.

Introduction
A new strain of coronavirus was �rst detected in December 2019 at Wuhan, China. This virus is
designated as severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and the disease caused by
the virus is known as COVID-19 [1]. As per the latest update on March 17, 2021, a total of 121 M people
has been affected by the disease and it causes the demises of 2.67 M people worldwide [2]. There’s no
permanent medication available to combat the virus till date! Keeping in mind the urgent need of a
potential anti-viral against SARS-CoV-2, drug repurposing can be a very useful route to �ght against the
viral infection [3].

SARS-CoV-2 is a type of beta-coronavirus with positive-sense single-stranded RNA [4]. Like other
coronaviruses, SARS-CoV-2 also has four structural and various nonstructural proteins. The structural
proteins are: spike protein (S), envelope protein (E), membrane protein (M), and nucleocapsid (N) protein.
Spike, envelope and membrane proteins form the viral envelope together [5]. The spike (S) protein allows
the virus to be attached into the host surface by interacting with human angiotensin-converting enzyme-2
(hACE2) receptors which are expressed in many organs including the lung, small intestine, testis, and
kidney [6] [7].

The S protein comprises S1 and S2 domains. The S1 domain is responsible for binding to ACE2 receptors
via its receptor-binding domain (RBD), whereas the S2 domain performs the fusion, enabling viral
genome entry [8]. The viral infection in humans is initiated by binding of RBD (receptor binding domain)
of spike protein to human angiotensin-converting enzyme 2 (hACE2) receptor protein [9], which suggests
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that if a therapeutic agent can disrupt the protein-protein interaction between RBD and hACE-2, the viral
infection might be terminated or reduced at a very early stage of infection. Small molecules or peptide
inhibitors can be designed to disrupt the PPI but small molecules are not suitable for targeting large
protein-protein interactions; on the other hand, peptides, due to their large surface area can target the
protein binding interface more e�ciently than that of small molecules [10]. Recently, several works have
been done by researchers around the world in this context. A group has proposed human ACE-2 alpha-
helix based peptide inhibitors by computational studies [11]. Another work has been done on natural food
preservative peptide nisin to interact with the SARS-CoV-2 spike protein receptor human ACE2 [12].

Some experimental studies suggest that milk proteins can e�ciently interfere with viral infections [13]
[14]. Lactoferrin is one of the most studied milk-protein for its antiviral potential [15]. In this in silico study,
some milk-derived peptides having immunomodulatory effects and antiviral activities against other
viruses have been selected for experimentation [16]. At �rst, all those peptides, human ACE2 and human
ACE2 alpha-helix were computationally docked against SARS-CoV-2 spike protein RBD, then RBD-peptide
complexes were again docked against ACE2 to check whether the binding a�nity between the RBD and
hACE-2 were decreased in the presence of the peptides or not. Peptides with a reasonable binding a�nity
with the spike protein RBD have been reported as potential peptide inhibitor against SARS-CoV-2 viral
infection. Various physicochemical properties of the peptides such as hydrophobicity, IC50, toxicity,
instability index, theoretical pI etc. also have been calculated using open source web-servers and
software.

Methodology

A. Peptide sequence retrieval:
Various milk derived peptide sequences have been retrieved from literature, having proven anti-viral
activities experimentally against various viruses like, HIV, Herpes virus etc. (TableI) [16].

B. Bioinformatic analyses of antiviral potential of the
peptides:
Using iAMPPred web-server (http://cabgrid.res.in:8080/amppred/index.html) antiviral potential of the
peptides have been estimated. iAMPPred server uses Support Vector Machine (SVM) algorithm to predict
the antimicrobial, antiviral and antifungal peptides [17].

C. de novo structure determination and validation:
De novo structure predicting PEP-FOLD3 web server (https://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3/)was used to model selected peptides. It’s based on structural alphabet
(SA) letters to describe the conformations of four consecutive residues, couples the predicted series of SA
letters to a greedy algorithm and a coarse-grained force �eld [18]. The structures have been further
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validated by Ramachandran plot with the help of Ramachandran plot server by zlab
(https://zlab.umassmed.edu/bu/rama/) [19][20].

D. Molecular docking:
SARS CoV-2 Spike RBD-human ACE2 complex .pdb structure (6M0J) has been downloaded from RCSB
PDB website [21]. Firstly, RBD chain was kept and hACE2 chain, water and ions were removed from the
system. Then ACE2 and peptides were docked against RBD using Patchdock server
(https://bioinfo3d.cs.tau.ac.il/PatchDock/), followed by re�nement by Firedock server
(http://bioinfo3d.cs.tau.ac.il/FireDock/) [22][23]. To get a more convenient result, docking was also
performed using HPEPDOCK (http://huanglab.phys.hust.edu.cn/hpepdock/) and HADDOCK 2.4
(https://wenmr.science.uu.nl/haddock2.4/) web servers. [24] [25]. ACE2 has been docked against both
peptide -bound RBD and peptide-free RBD using HDOCK server to check whether the peptides can reduce
the interaction between ACE2 and RBD or not [26]. The .pdb �les were renumbered using WHAT IF server
(https://swift.cmbi.umcn.nl/whatif/) before using Haddock 2.4 [27]. Binding Energy has been calculated
using Prodigy server (https://bianca.science.uu.nl/prodigy/) [28]. Pymol was used for visualizing the
three-dimensional interactions of the protein-protein complexes. Two-dimensional PPI plot was derived by
using the dimplot functionality of the Ligplot + software [29] [30].

E. Computation of various physical and chemical
parameters:
Protparam (https://web.expasy.org/protparam/) is a tool for computing various physical and chemical
parameters for a given protein or peptide. The computed parameters include the molecular weight,
theoretical pI, amino acid composition, atomic composition, extinction coe�cient, estimated half-life,
instability index, aliphatic index and grand average of hydropathicity (GRAVY). Amino acid sequence of
the peptides has been given as an input to determine the physicochemical properties of the peptides [31].
Half maximal inhibitory concentration (IC 50) has been calculated using the AVP-IC50 Pred web-server
(http://crdd.osdd.net/servers/ic50avp/) [32]. Hemolytic or hemotoxic or RBC lysing potential of the
peptides have been estimated by HemoPI: Hemolytic Peptide Identi�cation Server
(https://webs.iiitd.edu.in/raghava/hemopi/) [33]. Toxicity of the peptides was determined by ToxinPred
server (http://crdd.osdd.net/raghava/toxinpred/) [34].

Results And Discussions

A. Peptide sequence retrieval:
From a book chapter named “Milk Derived Peptides with Immune Stimulating Antiviral Properties” By
Haiyan Sun and Håvard Jenssen from a book “Milk Protein” edited by Walter Hurley, University of Illinois
(https://www.intechopen.com/books/milk-protein/milk-derived-peptides-with-immune-stimulating-
antiviral-properties?fbclid=IwAR0WLVwxgv-vfmw4mk9RZtEWCd-
wJrVFw0DTne3XdxODgqgOqganNcvyjl8), six (6) milk-derived peptides having antiviral and/ or



Page 5/16

immunomodulatory effects have been identi�ed and selected for docking against SARS CoV-2 viral
protein [16]. A detailed description of the proteins given below:

Peptides and their
Precursor protein

Peptide sequence Antiviral activity

Peptide 01

(Bovine lactoferrin)

FKCRRWQWRMKKLGAPSITCVRRAF Anti-herpes simplex virus activity,
ACE-inhibition, immunomodulation
activity [35][36]

Peptide 02

(Human lactoferrin)

GRRRRSVQWCAVSQPEATKCFQWQR

NMRKVRGPPVSCIKRDSPIQCI

Anti-herpes simplex virus activity [36]

Peptide 03

(Human lactoferrin)

GRRRRSVQWCAVSQPEATKCFQWQR

NMRKVRGP

Anti-human immunode�ciency virus
activity [37][38]

Peptide 04

(Human Lactoferrin)

EDLIWK Inhibit herpes simplex virus 1
infection [39]

Peptide 05

(Bovine Lactoferrin)

FKCRRWQWRW Immunomodulation activity [40]

Peptide 06

(Human Lactoferrin)

KWNLLRQAQEKFGKDKS Immunomodulation activity [41]

Table I: Peptides, their source proteins and antiviral activities

B. Bioinformatic analyses of antiviral potential of the
peptides:
According to iAMPPred web-server, a peptide having > = 0.5 antiviral activity can be referred to as antiviral.
Among the six peptides, except the Peptide 06, all have satis�ed this criterion of being antiviral. However,
Peptide 01 has the highest antiviral potential followed by Peptide 04. The antiviral activities of the
peptides as predicted by the server given below:
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Peptide Sequence Anti-viral Activity predicted by
iAMpred server

1. FKCRRWQWRMKKLGAPSITCVRRAF 0.9

2.
GRRRRSVQWCAVSQPEATKCFQWQRNMRKVRGPPVSCIKRDSPIQCI

0.79

3. GRRRRSVQWCAVSQPEATKCFQWQRNMRKVRGP 0.5

4. EDLIWK 0.89

5. FKCRRWQWRW 0.79

6. KWNLLRQAQEKFGKDKS 0.42

Table II: Peptides and their antiviral activity predicted by iAMpred server

C. de novo structure determination and validation:
For each case of peptides, the best model predicted by PEP-FOLD 3.5 has been selected for further
investigations. Each peptide model then validated by Ramachandran Plot using PROCHECK web-service.
From the plots, it is evident that for all the peptide models, almost all the residues are placed in the
allowed region or generously allowed region in Ramachandran plot. All the plots are available in
Supporting Information.

D. Protein-Peptide Docking:
For cross validation, protein-peptide docking has been performed using three different servers named
HPEPDOCK, FIREDOCK and HADDOCK 2.4, followed by Gibbs free energy estimation using Prodigy server
(refer Table III, IV).

HPEPDOCK is a web server for protein-peptide blind docking based on a hierarchical algorithm. According
to the HPEPDOCK score, Peptide 01 (-241.390) and Peptide 02 (-241.619) have higher docking score
compared to other peptides, while ACE2 (-351.74) has the highest docking score with the RBD.

Patchdock is a molecular docking algorithm based on shape complementarity principles and Firedock
performs large-scale �exible re�nement and scoring of protein-protein docking. After using Patchdock,
followed by Firedock, it has been noted that Peptide 05 shows better docking score than that of ACE2
against spike protein RBD, not only that, Peptide 03 and Peptide 04 both show reasonably good docking
score which is comparable with ACE2.

Finally, using HADDOCK 2.4 web-server, protein-protein docking has been performed for all the six
peptides and ACE2. The model having lowest HADDOCK score has been selected for further studies for
each of the peptides.

Three peptides, Peptide 01 (-103.6 +/- 1.3), Peptide 02 (-102.8 +/- 7.2) and Peptide 03 (-109.2 +/- 5.5) are
showing relatively better docking score towards SARS-CoV-2 spike protein receptor binding domain
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(RBD).

PEPTIDE HPEPDOCK FIREDOCK HADDOCK 2.4

Peptide 01 -241.390 -29.65 -103.6 +/- 1.3

Peptide 02 -241.619 -11.50 -102.8 +/- 7.2

Peptide 03 -224.651 -34.34 -109.2 +/- 5.5

Peptide 04 -157.275 -32.64 -60.4 +/- 2.3

Peptide 05 -228.438 -40.30 -83.1 +/- 1.9

Peptide 06 -206.948 -10.15 -98.1 +/- 2.5

ACE2 -351.74 -36.74 -134.1 +/- 3.6

Among those six peptides, Peptide 03 shows the best docking score with spike protein RBD, i.e., -109.2
+/- 5.5, though ACE2 has a better docking score with RBD compared to Peptide 03, i.e., -134.1 +/- 3.6.
From the ΔG (kcal mol− 1) calculation using Prodigy server, it is evident that Peptide 02 (-11.4
kcal/mol) and Peptide 03 (-11.2 kcal/mol) have comparable ΔG values with ACE2 (-11.9 kcal/mol)
(refer Table IV). From the protein-peptide docking studies with RBD, it is clear that among all the six
peptides, Peptide 03 has the most promising anti-viral activity against SARS-CoV-2 spike protein
Receptor Binding Domain (RBD), followed by Peptide 02 and Peptide 01.

Table III

Protein-Peptide Docking Scores from different servers

To check whether in presence of Peptide 03, the interaction between ACE2 and RBD will be affected or
not, protein-protein docking has been performed with and without Peptide 03 bound with RBD. In absence
of Peptide 03, the protein-protein docking score predicted by HDOCK was − 310.19. While protein-protein
docking between Peptide 03-bound RBD and human ACE2, the interacting residues of ACE2 and RBD
(from the 2D Ligplot + �gure of the crystal structure 6M0J) are mentioned as binding site residues during
docking, it gives a docking score of -247.94; hence, in presence of Peptide 03, the interaction between
ACE2 and RBD has been decreased signi�cantly. Apart from that, in the 2D protein-protein interaction
map, Peptide 03-bound RBD-human ACE2 complex and Peptide-free spike protein RBD-human ACE2
complex, there are eleven (11) hydrogen bonds present in both the cases.
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Peptides in

Protein-peptide

complexes

ΔG (kcal mol− 1) Kd (M) at 25.0 ℃

1. Peptide 01 -10.6 1.6E-08

2. Peptide 02 -11.4 4.6E-09

3. Peptide 03 -11.2 5.8E-09

4. Peptide 04 -7.8 1.8E-06

5. Peptide 05 -8.4 6.5E-07

6. Peptide 06 -8.9 2.8E-07

7. ACE2 -11.9 1.9E-09

Table IV: Binding Energy and Kd calculation using Prodigy server

In the case of peptide 03, there are eleven hydrogen bonds between Arg5-Glu749 (2), Ser6-Glu749, Ser6-
Cys753, Cys10-Tyr770, Val12-Asn766, Ser13-Asn766, Lys19-Gly711, Lys19-Tyr714, Arg31-Asn752 (2)
(Fig.4). While in case of peptide 02, there are only nine hydrogen bonds present, Arg5-Asn752, Arg5-
Tyr754, Val12-Tyr770, Gln14-Thr765, Lys19-Tyr718, Lys19-Ser759, Trp23-Glu749, Arg40-Tyr770, Ser42-
Arg668 (Fig.3) and in the case of peptide 01, there are total eight hydrogen bonds present, Lys2-Glu671,
Lys2-Tyr760, Trp6-Ser759, Met10-Tyr714, Gly14-Gln763, Cys20-Glu749, Cys20-Gln758, Arg23-Glu749
(Fig.2). On the other hand, considering SARS-CoV-2 spike protein RBD-human ACE2 interactions, there are
total eleven hydrogen bonds are found, Ser1-Ala740, Gly6-Asn752, Asp12-Lys682, Lys13-Gln758, Glu17-
Gln758, Asp20-Tyr714, Gln24-Gly711, Gln24-Tyr714, Tyr65-Asn752, Lys335-Gly761, Lys335-Gln763.
Among them, three residues Gly711, Tyr714 and Asn752 of RBD also interact with the peptide 03, that’s
the probable reason for decreasing the binding a�nity of ACE2 towards RBD in presence of peptide 03.

C. Computation of Physicochemical Properties:
All the physicochemical properties of the six peptides have been summed up in Table V. Among the six
peptides, Peptide 02 and Peptide 03 have greater half-life (estimated) than the others. A protein having
instability index < 40 can be treated as stable, whereas if instability index > = 40, the corresponding protein
will be unstable, from that point of view, none of the peptides are stable. As the peptides are unstable, the
stability should be enhanced using various biochemical techniques such as cyclization of the peptide,
replacement of natural peptide bonds by pseudo-peptide bonds, selective chemical modi�cation etc.
before experimental validation against spike protein [42]. Otherwise, peptidomimetic drugs can be
produced based on the functionality of the peptides, which are basically small organic molecules
mimicking the characteristics of the peptides, but a way more stable than the peptides [43]. In brief, some
processing techniques, such as chemical modi�cation or incorporation of synthetic amino acids, can be
applied to increase peptide stability and, consequently, lower susceptibility to hydrolysis by proteases.
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The aliphatic index of a protein is the relative volume occupied by aliphatic side chains (alanine, valine,
isoleucine, and leucine). The GRAVY value for a peptide or protein is calculated as the sum of hydropathy
values of all the amino acids, divided by the number The heat stability of peptide was indicated by its
aliphatic index. The higher aliphatic index means higher heat stability. The hydrophilicity and
hydrophobicity of peptide were predicted by GRAVY. The peptide was hydrophobic when the GRAVY value
was plus; otherwise, it was hydrophilic. Interestingly, in the case of Peptide 05, aliphatic index is zero (0),
signi�es the absence of aliphatic side chains (Ala, Val, Ile, Leu).
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Peptide MW Theo.
pI

Estimated half-life Instability
index

Aliphatic
index

GRAVY

1.
Peptide
01

3125.82 11.84 1.1 hours (mammalian
reticulocytes, in vitro).

3 min (yeast, in vivo).

2 min (Escherichia coli, in
vivo).

77.92 50.80 -0.576

2.
Peptide
02

5544.50 11.24 30 hours (mammalian
reticulocytes, in vitro).

>20 hours (yeast, in vivo).

>10 hours (Escherichia coli, in
vivo).

97.10 53.83 -0.851

3.
Peptide
03

4003.65 11.88 30 hours (mammalian
reticulocytes, in vitro).

>20 hours (yeast, in vivo).

>10 hours (Escherichia coli, in
vivo).

88.33 32.42 -1.288

4.
Peptide
04

802.93 4.37 1 hour (mammalian
reticulocytes, in vitro).

30 min (yeast, in vivo).

>10 hours (Escherichia coli, in
vivo).

40.43 130.00 -0.583

5.
Peptide
05

1551.84 11.71 1.1 hours (mammalian
reticulocytes, in vitro).

3 min (yeast, in vivo).

2 min (Escherichia coli, in
vivo).

165.81 0.00 -1.830

6.
Peptide
06

2076.39 10.00 1.3 hours (mammalian
reticulocytes, in vitro).

3 min (yeast, in vivo).

3 min (Escherichia coli, in
vivo).

40.67 51.76 -1.618

Table V: Physicochemical properties of the peptides

According to the ToxinPred web server, none of the peptides are toxic. For toxicity prediction, SVM (Swiss-
Prot) + Motif based method was used and other options were set as default. HemoPI server was used to
identify the hemolytic potency of the peptides and hybrid method (SVM + Motif based) was used for
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prediction. Hemolytic potency of a peptide is decided by PROB score, which is the normalized SVM score
and ranges between 0 and 1, where 1 means the peptide is very likely to be hemolytic and 0 means it is
likely to be non-hemolytic. For the aforementioned peptides, the PROB score ranges from 0.46 (peptide
06) to 1.00 (Peptide 01 and 05), which signi�es that there is a high probability for them of being
hemolytic.

Peptide SVM RF IBk

Peptide 01 22.21 39.55 9.71

Peptide 02 24.53 17.85 9.71

Peptide 03 26.99 3.17 9.71

Peptide 04 36.67 60.11 11.41

Peptide 05 23.8 9.06 0.9

Peptide 06 30.5 36.52 17.01

Table VI: IC 50 values predicted by different ML algorithms in micromolar unit

According to the FDA, IC50 represents the concentration of a drug that is required for 50% inhibition in
vitro experiments. Using AVP-IC50Pred server and choosing hybrid model I as prediction model, IC50
values of the peptides have been predicted by three different machine learning algorithms named,
Support Vector Machine, Random Forest, IBk (Weka); details of the values are given in Table VI (values
are in micromolar unit):

Conclusions
Peptide therapeutics have various advantages like low toxicity, ease of synthesis, high target speci�city
etc. In this present computational study, according to the docking score and free energy calculations,
Peptide 03 shows comparatively better binding a�nity with the spike protein RBD. Presence of Peptide 03
also reduces the interaction between human ACE2 and spike protein RBD. Being a low molecular weight
peptide and readily bioavailable, its binding to RBD is expected to interfere the bonding interaction
between RBD of spike of SARS-CoV-2 and human ACE2 and could reduce the infection. Molecular
dynamics simulation is planned to be conducted to further verify the interactions of these protein-peptide
complexes. Further in vitro and in vivo validation should be done to determine its doses and e�cacies
against SARS-CoV-2 spike proteins.
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Figure 1

3D Representation and 2D Interactions between human ACE2 (A) and SARS-CoV-2 Spike protein RBD (B)

Figure 2

Protein-peptide interactions for spike protein RBD and peptide 01
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Figure 3

Protein-peptide interactions for spike protein RBD and peptide 02

Figure 4

Protein-peptide interactions for spike protein RBD and peptide 03
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