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Abstract

The COVID-19 pandemic has been a public health emergency, with deadly forms

constantly emerging around the world, highlighting the dire need for highly effective

antiviral therapeutics. Peptide therapeutics show significant potential for this viral

disease due to their efficiency, safety, and specificity. Here, two thousand seven hun-

dred eight antibacterial peptides were screened computationally targeting the Main

protease (Mpro) of SARS CoV-2. Six top-ranked peptides according to their binding

scores, binding pose were investigated by molecular dynamics to explore the interac-

tion and binding behavior of peptide-Mpro complexes. The structural and energetic

characteristics of Mpro-DRAMP01760 and Mpro-DRAMP01808 complexes fluctu-

ated less during a 250 ns MD simulation. In addition, three peptides (DRAMP01760,

DRAMP01808, and DRAMP01342) bind strongly to Mpro protein, according to the

free energy landscape and principal component analysis. Peptide helicity and second-

ary structure analysis are in agreement with our findings. Interaction analysis of

protein-peptide complexes demonstrated that Mpro's residue CYS145, HIS41,

PRO168, GLU166, GLN189, ASN142, MET49, and THR26 play significant contribu-

tions in peptide-protein attachment. Binding free energy analysis (MM-PBSA) dem-

onstrated the energy profile of interacting residues of Mpro in peptide-Mpro

complexes. To summarize, the peptides DRAMP01808 and DRAMP01760 may be

highly Mpro specific, resulting disruption in a viral replication and transcription. The

results of this research are expected to assist future research toward the develop-

ment of antiviral peptide-based therapeutics for Covid-19 treatment.
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1 | INTRODUCTION

Since the beginning of the SARS-CoV-2 pandemic, approximately

5 million people have died and 418 million have been infected around

the world.1 In case of severity, this disease's clinical characteristics get

intense causing pneumonia, major dysfunction in kidney, severe acute

respiratory symptoms and even death.2 The availability of therapeutic

medications that can be used to treat acutely infected patients is quite

limited, despite the fact that authorized vaccinations provide highly

effective prophylactic protection against the beginning of the
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disease.3,4 Nonetheless, its effectiveness in treating COVID-19 indi-

viduals is questionable due to the virus be highly mutation prone. As a

result, there is a pressing need to develop drugs that are highly selec-

tive and have few adverse effects when used against viral targets.

The main protease (Mpro) of coronaviruses is one of the most-

studied therapeutic targets,5 belonging to 16 nonstructural pro-

teins (NSPs) of coronavirus (CoV). Mpro is important to process

the polyproteins that are encoded from the viral RNA with the

papain-like protease.6,7 The structure of the SARS-CoV-2 main

protease is nearly identical to SARS-CoV ortholog (96% identity)

and furthermore, all of the key residues involved in catalysis, bind-

ing and dimerization are entirely conserved.8 SARS-CoV-2 Mpro is

a homodimer protein that consists of two nearly perpendicular

monomers.9 Each monomer has three domains and a catalytic dyad

(HIS41 and CYS145) located in a cleft between domain I (residues

10–99) and domain II (residues100–182). Domain I and II residues

create the six-stranded antiparallel β barrel structure with 4 sub-

sites (S1, S2, S3, and S4).5 A long loop connects the catalytic

domains to the C-terminal domain III (residues 198–303), which is

made up of 5 antiparallel α-helices. The Mpro has 11 cleaving sites

to cleave large polyprotein 1ab (replicase 1 ab�790 kDa).10,11 The

substrate and Mpro cleavage occur between GLN in P1 position

and a GLY/ALA/SER in P10 position (P and P0 indicate the residues

before and after the scissile bond, respectively) where the pres-

ence of GLN is necessary.8 Cysteine proteases reaction mechanism

follows two basic steps.8 In the 1st step of Acylation, acyl–enzyme

complex is formed by the breakdown of peptide bond and releas-

ing the P0 fragment of substrate where CYS145 is bound to the

carbon atom covalently with P1 residues of target protein. In the

2nd step of Deacylation, the acyl–enzyme complex is electrolyzed

and releases the P fragment to recover the enzymatic active site.

Covalent inhibitors of acyl–enzyme complexes remain bonded with

the active site that cannot be electrolyzed.12,13 Previous study

reported that, inhibitors targeting SARS-CoV Mpro may also

reduce SARS-CoV-2 Mpro's enzymatic activity.14 By inhibiting

Mpro function, the virus's replication may be effectively stopped.

The inhibitors against Mpro are less harmful because no human

proteases with a similar cleavage selectivity have been

identified.15

Recently, Pfizer developed a small molecule drug (PF-07321332)

to inhibit the main protease which is responsible for viral replication.

The drug, PF-07321332, can be taken orally, has good selectivity and

safety profiles, and prevents infection in a mouse model.16 The Pfizer-

developed drug has been approved for use in emergency situations fol-

lowing promising results from phase 3 clinical studies for the treatment

of COVID-19.17 According to other research, PF-00835231, which

was thought to be an effective SARS CoV-1 inhibitor, may also work

well against SARS Cov-2 Mpro due to their high rate of sequence simi-

larity.16,17 However, small molecule drugs usually have adverse off-

target effects and, following prolonged administration may result in

treatment resistance. In contrast, peptide therapeutics holds consider-

able potential for the treatment of SARS-CoV-2 illness. In 1922, the

first medical use of insulin generated from animal pancreases was

established, and the field of peptide treatments was formed.18 Pep-

tides are well tolerated and safe for having less system toxicity and

lower off-target side effects which make them distinct to other tradi-

tional small molecules or synthetic compounds.19 In addition, they have

high selectivity and efficacy allowing them to interact with any specific

cell surface receptors.20 Peptides with antimicrobial activity are amphi-

philic, cationic molecules ranging from 10 to 50 amino acids, show a

considerable ability to combat harmful microorganisms like bacteria,

virus, and fungi.21,22 Antimicrobial peptides (AMPs) are considered as

one of the key components of innate immune system that comprises

the first-line defense against invading pathogens.23 The positively

charged residues of AMPs and its hydrophobic amino acids allow them

to bind electrostatically with negatively charged cell surface, resulting

in breakdown of target pathogenic cells.21 They grab attention due to

their significant pharmacological profiles like high potency and biocom-

patibility, low accumulation of tissues, discoverability at peptide or

nucleic acid levels.24 Despite having all of these advantages, the appli-

cation of peptide therapeutics has some limitation for their lability to

serum proteases, high clearance, low oral bioavailability, poor mem-

brane permeability and solubility.24,25 Currently, there are about 80

peptide medications available, with more than 150 peptides in clinical

development and another 400–600 peptides in preclinical trials.18,20,26

Furthermore, the cyclic peptide inhibitor was developed by Kreutzer

et al. with higher proteolytic stability and membrane permeability than

their linear counterparts against Mpro.27 Therefore, peptides have a

great potential as therapeutics of SARS-CoV-2.

Despite multiple initiatives underway to develop potential

therapeutics, there is no specific efficient treatment available for

COVID 19.28,29 The traditional drug development process widely

considered as time-consuming and expensive with a success rate of

only 2.01%.30 On the Contrary to the de-novo drug development

approach, drug repurposing is a very effective strategy as it encom-

passes less time and cost to locate a therapeutic agent.30,31 As a

result, discovering novel therapeutics for this deadly virus will need

a comprehensive approach to drug repositioning. Since the launch

of Covid-19, several FDA-approved medications have been clini-

cally trialed, including remdesivir, ribavirin, lopinavir, favipiravir,

ritonavir, darunavir, arbidol, chloroquine, tocilizumab, hydroxy-

chloroquine, and interferons.30 However, the majority of these

drugs have only made a limited effort to combat the pandemic.32

Nonetheless, due to the lack of high efficacious medicines and the

intensity of the current health crisis, quick identification

approaches for preventive and therapeutic tactics should be inves-

tigated from all angles.32 Previously, our lab has executed several

computational investigations on peptide therapeutics against

numerous infectious proteins of SARS-CoV-2.33–35

In this study, we computationally screened two thousand seven

hundred eight antibacterial peptides against Mpro of SARS-CoV-2. A

high affinity Mpro protein binders were identified and potential inter-

action pathways for peptides with a greater Mpro-protein binding

affinity were investigated using molecular dynamics simulation (MD).
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2 | MATERIALS AND METHODS

2.1 | Molecular docking and interaction

A total of two thousand seven hundred eight antibacterial peptides were

selected from the DRAMP database.36,37 Pep-fold 3.5 was used to model

all of the peptides by setting number of simulation 200.38,39 The crystal

structure of SARS-CoV2 Mpro (PDB ID: 6Y2G) was retrieved with a res-

olution of 2.20 Å from the RCSB Protein Data Bank (PDB).5 All the unde-

sirable ligands and water molecules were removed. The PatchDock

server40 was used to perform molecular docking of predicted antibacter-

ial peptides to Mpro, with active site residues being emphasized. Fire-

Dock refined the preliminary 1000 peptide–Mpro complexes obtained

through PatchDock.41 MD simulation was used to examine the top six

ranked peptide-Mpro complexes based on their binding affinity,

sequence length (ranges between 13 and 20) and binding posture.

To check the efficacy of our screening procedure, random decoy

data sets of the top six peptides are generated using an in-house

Python script. Pepfold3.5 was used to model random decoy data sets

of the top six peptides.38,39 The same binding site mentioned earlier

was taken into account when modeled sets were docked against

Mpro SARS CoV-2 in PatchDock.40

2.2 | Molecular dynamics (MD) simulations

In this investigation, Molecular dynamics simulation was performed

on apo-Mpro, and six selected peptides (based on higher binding

energy, peptide length and binding poses) DRAMP01342,

DRAMP01737, DRAMP01760, DRAMP01771, DRAMP01808, and

DRAMP18658 bound to Mpro complex. To solvate the system, a

TIP3P42 water model with 10 Å of buffer distance was employed. In

order to neutralize the system, 0.15 M of NaCl and Na+ ions were

added to each of the system. The OPLS2005 force field was

employed in each of the systems. The entire atom based MD simula-

tion of the system was carried out with the help of Desmond

dynamic suite.43 The system was simulated using the NPT ensemble.

The parameters that have been taken into consideration were a con-

stant number of particles, 1 bar of pressure and 310 K temperature.

To satisfy the constraints geometry of hydrogen bonds, the M-

SHAKE44 algorithm was used. This enabled 2.0 fs time steps to be

performed while the simulation was running. Long-range electrostatic

interactions were applied with periodic boundary conditions by using

the k-space Gaussian split Ewald method45 and van der Waals (VDW)

cut-off was set to 9 Å based on a uniform density approximation. For

non-bonded short-range interactions, cut-off distance of 9 Å were

considered which was determined by an r-RESPA integrator.46 In

every 2 and 6 fs respectively, the short-range and the long-range

forces were updated. The MD simulation with a time of 250 ns was

carried out and the trajectories had been recorded at interval of every

100 ps to assess the trajectory data. Considering the Root-mean-

square deviation (RMSD), root-mean-square fluctuation (RMSF),

radius of gyration (Rg), solvent accessible surface area (SASA) which

were obtained from the MD simulations, allowing for analysis of the

dynamic nature and structural changes of the complexes Secondary

structure of protein was analyzed by DSSP program.47

2.3 | Free energy landscape

The free energy landscape (FEL) estimates and tracks all the conforma-

tional flexibility and associated with energy levels of a certain system

during a defined time scale. The energy is regarded as Gibb's free energy,

which was determined by using protein entropy and enthalpy.48 The fol-

lowing equation was used for calculating the Gibb's free energy:

Gi¼�ΚΒΤ ln
Ν ι

Νmax

� �

Here, KB stands for the Boltzmann's constant, T denotes temperature,

Ni for the population in bin i and Nmax is the population in bin with the

highest density. Geo-Measure plugin was incorporated to produce

FEL plot. In this case, root- mean square deviation (RMSD) and radius

of gyration (Rg) were used to describe the FEL.49

2.4 | Principal component analysis

Principal component analysis (PCA) is a multidimensional data reduc-

tion method where structural and energy profiles of the MD data

were analyzed. Here, we predicted similarities and dissimilarities of

structural and energy profiles of protein-peptide complexes.50,51 Vari-

ous multivariate factors such as bond distance, bond angle, dihedral

angle, coulomb, and van der Waal's energy were analyzed to find dis-

similarities among various energy and structural profiles of protein-

peptide complexes.52 The analysis was based on the following model:

Χ¼ΤΚΡ
Τ
Κ þΕ

Here Χ matrix is reduced to a product of the two new matrices ΤΚ

and ΡΚ:ΤΚis a matrix of score describing relationship between sam-

ples. ΡΚ is a matrix of loading which describes variables related to

each other whereas Κ and Ε are number of factor and residual matrix

respectively. The last 100ns of MD data of six selected protein-

peptide complexes were used for PCA analysis.

2.5 | Binding free energy analysis of interacting
residues

The Molecular Mechanics Poisson–Boltzmann Surface Area contin-

uum solvation (MM-PBSA) is a consistently used and widely-adopted

method for evaluating protein-inhibitor affinity. The approach is fre-

quently employed to determine the binding affinities and hot spots, as

well as to assess structural integrity.53–55 Furthermore, MM-PBSA

enables the analysis of contributions from individual protein-ligand
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residues, providing precise information on the energetic contributions

made by each residue to the binding system and identifying the major

binding interactions.56,57 Binding free energies (ΔGBind) followed by

per-residue energy contributions of the Mpro–Peptide complexes

were calculated from MM-PBSA evaluated by Adaptive Poisson–

Boltzmann Solver using the g_mmpbsa package.58

The protein's binding free energy with a ligand in a continuum

solvent can be expressed generally as,

ΔGbinding ¼Gcomplex – GproteinþGligand

� �

Where, Gcomplex is the total free energy of the protein-ligand com-

plex and Gprotein and Gligand are the total free energies of the isolated pro-

tein and ligand in a solvent, respectively. The free energy of binding

ΔGbind for the isolated protein�ligand complex is evaluated as follows:

G¼EbondedþEelþEvdwþGpolarþGnonpolar –TS

In the second equation, Ebonded is the bonded, Eel is the electro-

static and Evdw is the Van der Waals energy component from the MM

force field in a vacuum. In the single trajectory approach, the confor-

mation of protein and ligand in the bound and unbound forms are

assumed to be identical. Thus ΔEbonded is always taken as zero. Gpolar

is the polar solvation energy component which is calculated by using

the approximation for solving the Poisson-Boltzmann (PB) equation.

Gnonpolar is the nonpolar solvation energy contribution and is esti-

mated using a linear approximation including the solvent-accessible

surface area (SASA). Finally, TS refers to the entropic contribution to

the free energy in a vacuum where T and S denote the temperature

and entropy respectively. TS is ignored in this study as the change of

this term does not affect the relative binding energy of ligands.59 In

the current investigation, the MMPBSA binding free energies were

determined using precise snapshots of the last 100 ns of MD trajec-

tory data taken at 100 ps intervals. Here dielectric constant employed

for vacuum (vdie), solute (pdie) and solvent (sdie) are 1, 2, and

80 respectively and the solvent probe radius is 1.4 Å. SASA has been

selected as our nonpolar model for its widely acceptance and accu-

racy.60,61 Surface tension constant (c) was taken at 0.0226778 kJ/

mol. Å2 and the SASA constant was also taken at 3.84928 kJ/mol for

fitting. Finally, Residue-specific contributions toward binding were

obtained from the MmPbSaDecomp.py program.

3 | RESULT AND DISCUSSION

3.1 | Molecular docking and interaction

A total of two thousand seven hundred eight antibacterial peptides

were docked against Main protease (Mpro) of SARS-CoV2; maintain-

ing the specified binding site composed of residues which include

HIS41, MET49, PHE140, GLY143, SER144, CYS145, HIS163, HIS164,

GLU166, PRO168, and GLN189. Docking results of two thousand

seven hundred eight peptides against Mpro were enlisted in Table S1.

Table S2 summarizes the amino acid sequence, length, and pharmaco-

logical information of peptides. The binding affinities of two thousand

seven hundred eight peptides, ranging from �79.91 to �18.83 kcal/

mol, are summarized in Figure 1A. Among all peptide-Mpro com-

plexes, the majority had binding affinity ranging between �49.91 to

�39.91 kcal/mol (Figure 1A). Table 1 illustrates the docking results of

the top 50 peptides. However, DRAMP03616, DRAMP03734,

DRAMP01365, and DRAMP03457 had a higher binding affinity but

drifted away from the binding pocket of protein. Mpro residues

CYS145, HIS41, MET49, PRO168, and GLU166 interacted highly with

peptides in a nonbonded way (Figure 1B). In addition, PRO168 and

GLU166 were shown to interact with several antibacterial peptides

(Figure 1C), denoting that these residues are significant for peptide

attachment.62,63 Dimerization of the enzyme is required for catalytic

activity as the N-finger of both protomers interacts with GLU166 in a

reciprocal manner.5 Furthermore, it has also been reported that the

mutation of GLU166 in SARS-CoV-2 Mpro could modify inhibitors

affinity.63 Therefore, the residue GLU166 may play crucial role in

inhibitor's binding to SARS-CoV-2 Mpro, which could be a potential

research target.63 This evidence points to our docking results having a

favorable impact. In the interaction between peptide and Mpro, the

hydrogen bond interaction was significant, accounting for 51% of all

interactions (Figure 1D). Apart from hydrophobic bond interaction

which contributed to 43%, while electrostatic interactions made up

only 6% of all interactions. Based on the length of sequence, binding

pose and nonbonding interaction DRAMP01760, DRAMP01808,

DRAMP18658, DRAMP01342, DRAMP01737, DRAMP01771 were

chosen as the most potential candidates of SARS-CoV-2 Mpro to con-

tinue further investigation.

The docking nonbonded interaction of decoy datasets are listed in

Table S3. The analysis of each Mpro-decoy complex showed that critical

residues interacted at a high rate, with CYS145 having the greatest inter-

action rate of almost 25% and acting as the SARS COV-2 Mpro's most

important residue. In addition, other significant residues such as MET49,

HIS41, GLU166, and PRO168 interacted with model peptides at rates of

21.9%, 16.9%, 11.8%, and 10%, respectively. These data demonstrate the

consistency of our findings and categorically support the docking interac-

tions of the top six peptides (DRAMP01760, DRAMP01808,

DRAMP18658, DRAMP01342, DRAMP01737, DRAMP01771).

3.2 | Molecular dynamics (MD) simulations

Molecular dynamics simulations were performed by Desmond

dynamic suite to analyze the periodic evolution of the Mpro-pep-

tides64 covering a time limit of 250 ns for each complex. The post sim-

ulation trajectories were assessed considering a general analysis

which incorporates RMSD,65 Rg,66 SASA, RMSF.

The RMSD metric of the initial structure and the average simu-

lated structure of all MD trajectory frames can be used to gain insight

into the resolution of simulated protein–ligand complexes. On aver-

age, the Protein-ligand RMSDs of both the Mpro and the complexes

depicted in Figure 2A fluctuated between values ranging from 1.62 to
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2.59 Å. While Mpro (mean 1.62 Å), Mpro-DRAMP018658 (mean

1.69 Å) and Mpro-DRAMP01737 (mean 1.79 Å) remained most stable

among the other complexes during the simulation period. Smaller fluc-

tuation in RMSD reveals strong stability in Protein ligand binding.67 In

case of Mpro-DRAMP01771, the RMSD pattern demonstrates a dra-

matic fall at 44.60 ns and a drastic upward turn at 245 ns with a peak

of 3.31 Å which happened because the complex showed its best con-

formational stability at 44.60 ns and with a gradual deformation till

the end. Surprisingly, though the protein-ligand RMSDs of Mpro-

DRAMP01808, Mpro-DRAMP01760, and Mpro-DRAMP01342 ini-

tially exhibited a twisted pattern till 54 ns with Mpro-DRAMP01760

holding a higher value of 3 Å at 31 ns representing a huge flexibility due

to the random movement of the bonded peptide (Figure 3). However,

after 88 ns comparing with the all the other complexes Mpro-

DRAMP01342 revealed the highest distortion with an average RMSD

value of 2.59 Å. Supporting the RMSD values the population density

curves for Mpro and the complexes appeared quite heterogenic to each

other. Moreover, Mpro-DRAMP01342 has the most different density

curve proportioning to its highest conformational instability throughout

the simulation time. On the other hand, the Mpro and Mpro-

DRAMP018658 displayed almost similar curves with different modes and

means supporting their most stable trends in terms of the RMSD values.

The peptide RMSD trends (Figure 2B), followed the pattern rang-

ing from 4.54 to 2.23 Å. Furthermore, Mpro-DRAMP01808 has least

flexibility pattern with a population consistency ranging from 1 to 3 Å.

Though Mpro-DRAMP01771 originally expressed an increasing drift,

with the course of time ended into a homogeneity along with the

Mpro-DRAMP01760, Mpro-DRAMP018658, and Mpro-DRAMP01737

disclosing a moderate stability from roughly 5 ns to the end. Interest-

ingly, the evident alterations between the protein domains and the pep-

tide made the RMSD value of Mpro-DRAMP01737 take two different

upward movements at 152 and 249 ns (approx.). Most importantly,

Mpro-DRAMP01342 manifested a moderately stable RMSD up to

80 ns but after that a huge conformational disruption was portrayed in

the graph with an average of 4.54 Å continuing till the end. The dense

population around the thin line of Mpro-DRAMP01342 complex within

5 to 6 Å endorses the observation. Over all, the variation of Peptide

RMSD values was caused by a change in peptide structure.

To evaluate the configurational compactness of Proteins, Radius of

gyration is recommended as a formidable system.68 The small Rg values

are harmonious to a tighter packing of atoms or vice versa. Throughout

the simulation, (Figure 2C) the Mpro and other Mpro-Peptide complexes

exhibited almost similar type of unimodal violin plots in terms of Rg values

holding discrete average values.68 The Mpro-DRAMP01342 took a sud-

den upward direction reaching up to 22.75 Å at 48 ns and then fluctuated

a bit till 53 ns which suggested that the complex showed a weak struc-

tural compaction initially. The average Rg values for Mpro, Mpro-

DRAMP01760, Mpro-DRAMP01808, Mpro-DRAMP018658,

Mpro-DRAMP01737, Mpro-DRAMP01771 were calculated as 22.1,

22.30, 22.25, 22.20, and 22.35 Å respectively from the trajectory.

Solvent accessible surface area was computed to determine the

variations in the accessibility of protein to solvent.69 A higher SASA

F IGURE 1 (A) All antibacterial peptide's frequency distribution over a range of docking scores; (B) Interacting residues of SARS-Cov2 Mpro;
(C) Residue�residue interaction map for top 50 peptide�Mpro complexes; (D) Distribution of nonbonded interactions of protein peptide
complexes
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frequency denotes the more accessibility of solvents at the surface

area.34 Figure 2D demonstrated that the Mpro had the highest

SASA value (14800 Å2) implementing the fact that it holds the

most expanded surface area consisting of 301 residues having dif-

ferent polar, positive and negative properties which attracts water

molecules recognizing the finding of this study. As for the com-

plexes, the peptides appeared to be mostly hydrophobic but

among them Mpro-DRAMP01771 represented the highest SASA

score (with median 14048 Å2). Though peptide DRAMP01771 has

polar and positive residues covered 23.08% of its total structure

with the least presence of non-polar residues (61.54%) which sup-

ports its highest SASA consistency among other complexes. Ste-

vens and Arkin observed that hydrophobic residues exhibit low

accessibility while polar residues were found to exhibit higher

accessibilities.70 Ironically, while in terms of Protein-peptide

complex's RMSD, Ligand RMSD, Rg calculation, the complex

Mpro-DRAMP01342 seemed to have a highest pattern, for SASA

it presented a lowest consistency (average 13828 Å2) plot, the

presence of residues with high hydrophobicity (PHE, LEU, ILE, VAL)

and smaller number of polar residues in its peptide sequence supports

the finding. In addition, it was noticeable that DRAMP01342 and

DRAMP018658 had more than 90% structure similarity, the complex

Mpro-DRAMP018658 had lower SASA score compared to Mpro-

DRAMP01342. It might be because the hydrophobicity of residues is

found to be correlated with the average area the residue covers upon

folding.71 This observation implies that the Mpro and the Mpro-

DRAMP01771 have the highest exposure to the water solvent as com-

pared to the other complexes.

Root mean square fluctuations can be used to explain the protein

area that fluctuates throughout the simulation. Smaller conforma-

tional deviation results in the lower RMSF values. RMSD and RMSF

stabilities were found to be critical in referring strong binding affini-

ties by several research groups.72,73 RMSF analysis of MD trajectories

revealed regions with enhanced flexibility in all proteins-peptide

investigated. Figure 2E displayed that the amino acid residues SER1

to ARG4 of Mpro and other Mpro-peptide complexes exhibited

higher RMSF values ranging from an average of 4.4 to 1.4 Å. These

residues appeared to present in the loop regions of the main protease

where the occurring tendency of molecular oscillation remains at its

highest. Interestingly, among all the protein and complexes Mpro-

DRAMP01737 earned the highest RMSF values due to random

TABLE 1 Docking results of 50 selected peptides with higher
affinity for the SARS CoV-2 Mpro.

Peptide ID Global energy Solution number

DRAMP03616 �79.91 359

DRAMP03734 �76.56 214

DRAMP01760 �75.18 95

DRAMP01365 �75.15 3

DRAMP02367 �74.23 2

DRAMP03057 �73.1 2

DRAMP00096 �71.66 2

DRAMP18288 �70.91 354

DRAMP03157 �70.82 1

DRAMP01383 �70.5 201

DRAMP02089 �70.3 35

DRAMP01808 �69.69 14

DRAMP18658 �69.63 1

DRAMP04262 �38.3 9

DRAMP02970 �68.79 136

DRAMP01342 �68.74 324

DRAMP01441 �68.47 43

DRAMP02965 �67.84 349

DRAMP01737 �67.82 8

DRAMP01771 �67.82 3

DRAMP03422 �67.6 41

DRAMP00163 �67.53 2

DRAMP02081 �67.23 28

DRAMP01361 �51.34 18

DRAMP01395 �66.62 2

DRAMP01481 �66.58 38

DRAMP18189 �66.33 3

DRAMP01799 �65.84 302

DRAMP03568 �65.69 340

DRAMP01682 �65.61 7

DRAMP03510 �65.56 21

DRAMP18666 �65.51 10

DRAMP02064 �65.37 306

DRAMP03480 �65.32 13

DRAMP18358 �65.26 260

DRAMP01648 �65.24 184

DRAMP01420 �65.05 61

DRAMP03799 �64.98 2

DRAMP04201 �64.94 1

DRAMP01151 �64.92 6

DRAMP01472 �64.91 74

DRAMP01102 �64.82 22

DRAMP02677 �64.45 304

DRAMP03942 �64.4 61

DRAMP01218 �64.3 94

TABLE 1 (Continued)

Peptide ID Global energy Solution number

DRAMP02236 �64.26 71

DRAMP00402 �64.21 131

DRAMP00336 �64.08 27

DRAMP03197 �64.04 29

DRAMP00201 �63.99 44
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movement of several loop, coil regions. In addition, the RMSF value

also showed different increasing trend for residues 193, 277, 302 and

those are also found to be in the flexible loop regions between the

Domain ΙΙ and Domain ΙΙΙ of the main protease. Furthermore, Kumari

et al., also depicted similar type of loop regional vibration of residues

in main protease.74 To sum up, The C and N-terminal of Mpro dis-

played more flexibility with high RMSF fluctuation comparing to the

other residues ranging from the number 6 to 290 showed more rigid-

ity and formidability with lower RMSF values.75

3.3 | Intermolecular contacts of protein-peptide
complexes in MD simulations

The role of key amino acids on the binding mode of peptide-

protein complexes was investigated using 250 ns MD simulation

snapshots for six complexes. Figure 4 shows the different types of

intermolecular interactions that peptides can develop with Mpro,

such as hydrogen bonds, hydrophobic interactions and water

bridges.

F IGURE 2 (A) Protein-
peptide root-mean-square
deviation (RMSD); (B) Peptide
RMSD; (C) Radius of gyration
(Rg); (D) Solvent accessible
surface area (SASA); (E) Root-
mean-square fluctuation (RMSF)
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In Mpro-DRAMP01760 complex, residues HIS41 and ASN142 are

interacted for more than 60% of the simulation duration, which helps to

establish hydrogen bonds (Figure 4A). Moreover, HIS164, GLU166,

GLN189 residues formed various types of H-bonds of same sub-types

such as backbone donor, backbone acceptor, side-chain donor, side-

chain acceptor, and side-chain donor.76 A small percentage of ionic

interaction in the binding pose has been observed with the residue

GLU47. Water bridged interaction with GLN189, ASN142, SER46 in

the binding site prevailed during the simulation for more than 40% of

time. Furthermore, a small percentage of H-bond and water bridged

interactions was also observed in THR25, THR26, and GLY143. Hence,

GLN189, ASN142, HIS164, and HIS41 were identified as major inter-

acting residues in the binding of Mpro-DRAMP01760.

In complex Mpro-DRAMP01808, hydrogen bond interacted with

CYS145, GLU166, ALA191, GLN189 residues (Figure 4B). In addition,

GLN189 contributed more than 60% interaction with peptide. How-

ever, the most frequently seemed interactions were hydrophobic and

water bridges. It might be because of the presence of a number of

hydrophobic, polar and positive residues in the peptide DRAMP01808.

In case of hydrophobic interactions, residues HIS41, MET49, LEU50,

MET165 interacted more than 30% and HIS164 interacted with a small

percentage of 20%. Again, water-bridged contacts with residues

THR25, GLN189, HIS41 showed more than 30% longevity.

GLU166 appeared to be a crucial residue to involve in Mpro-

DRAMP018658 complexes, with four noncovalent interactions frac-

tions over the residues (Figure 4C). Besides, THR26 seemed to be

interacted with a minimal contribution of H-bond. Throughout the

simulation, the hydrogen bond and water-bridge interactions were

dominant over all other interactions, connecting more than 100% of

the time. Presence of different polar and positive residues in the pep-

tide and formation of vital interactions of same subtypes could be

among the prime reasons behind this occurrence.76

The residue interactions of Mpro-DRAMP01342 were retrieved

from a 250 ns simulation trajectory and were classified as hydrogen

bond, hydrophobic, ionic and water bridges (Figure 4D). Hydrogen

bonding and water bridges interaction with residues seemed most fre-

quent compared to the other interactions. Hydrogen bond with resi-

dues THR26, HIS41, ASN142 persisted for more than 75% of the

time while THR25, CYS145, GLU166, GLN189 seemed to loosen from

the docked pose within a short period of time. Similarly, for water

F IGURE 3 Representative snapshots during simulation. (A) Mpro-DRAMP01760; (B) Mpro-DRAMP01808; (C) Mpro-DRAMP18658;
(D) Mpro-DRAMP01342; (E) Mpro-DRAMP01737 and (F) Mpro-DRAMP01771 over the course of 250 ns simulation. Mpro is shown in steel blue
color
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bridge interactions same residue THR26 lasted for about 100%. One

study reported that water bridges are assisted to stabilize the Mpro

and inhibitor complex structures.77 MET49 andMET165 seemed fre-

quent with hydrophobic interactions.

The substantial hydrogen bond observed with residue ASN142 in

Mpro-DRAMP01737 was retained for more than 100%, emphasizing

the fact that the peptide DRAMP01737's initial docked pose did not

change during the MD simulation (Figure 4E). Interactions with HIS41

can be classified into two types: H-bond and water-bridges, and it

was founded that the interaction with H-bond was stronger (continu-

ing for more than 80%) compared to water-bridges. Hydrophobic and

ionic interactions seemed less common with the residues in this com-

plex, though PRO168 seemed moderately connected with hydropho-

bic interactions. Further, GLU47 and GLN189 found to be interacting

with both ionic, water-bridges and H-bond. Additionally, CYS145

seemed to be anchored with water-bridges, H-bond and tiny portion

of hydrophobic interactions.

In comparison with previous Mpro-peptide complexes, Mpro-

DRAMP01771 implied a different finding in terms of ionic bond inter-

action (Figure 4F). Ionic interaction with GLU166 proceeded for about

10% in this complex during the simulation period. Furthermore,

GLU166 is a crucially significant residue in ligand binding to

SARS-CoV-2, and altering it to a hydrophobic residue could reduce

ligand inhibitory impact.63 GLU166 found to be more connected with

H-bond and water bridges covering more than 100% of the simulation

time in both cases. Hydrophobic, H-bond and water-bridged interac-

tions also observed with residues HIS41, MET49, PRO168, GLN189,

ALA191. Consequently, interactions of HIS41, GLU166, ASN142,

GLN189, THR26 residues observed very repeated in all Simulations

which is aligned with the other findings of the study.77

F IGURE 4 Histogram depicts the six Mpro-peptide complexes nonbonded interactions during 250 ns simulation; where the green, purple,
pink & blue color represent hydrogen bond, hydrophobic bond, ionic bond and water bridges respectively. (A) Mpro-DRAMP01760; (B) Mpro-
DRAMP01808; (C) Mpro-DRAMP018658; (D) Mpro-DRAMP01342; (E) Mpro-DRAMP01737 and (F) Mpro-DRAMP01771
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3.4 | Protein secondary structure

Protein secondary structure elements (SSE) such as α-helices and

β-strands are monitored throughout the DSSP program.47 SSE

analysis of Mpro-DRAMP01760, Mpro-DRAMP01808, Mpro-

DRAMP18658, Mpro-DRAMP01342, Mpro-DRAMP01737, Mpro-

DRAMP01771 complexes were portrayed respectively (Figure 5).

Conformational changes were observed in all protein monomers.

The SSE composition of all protein monomers in the trajectory

frame fall below 45%, indicating unstructured conformations of

protein over the course of the simulation. Residue index demon-

strated that Mpro-DRAMP18658 complex displayed 19.11%

helix; 25.12% beta strand which comprises of 44.22% of total

SSE. However, Mpro-DRAMP01771 contributes a minimal

16.21% helix and 24.72% beta strand showing 40.93% total of

SSE. Residues and SSE assignment for protein in peptide-Mpro

complexes over the simulation time were also analyzed. In Mpro-

DRAMP01760, Mpro-DRAMP01808, Mpro-DRAMP018658,

Mpro-DRAMP01342, Mpro-DRAMP01737, and Mpro-

DRAMP01771 complex correspondingly, residues of Mpro from

46 to 49, 11 to 16, 10 to 13, 40 to 41, and 46 to 50 revealed

the coil structure at various time points during the simulation

(Figure 5A–F). However, α-helix containing residues ranges from

11 to14 showed twisted form in Figure 5C.The shape of β-Sheets

in Figure 5A was slightly distorted during the simulation.

3.5 | Free energy landscape

Free energy landscape was performed for understanding the rela-

tionships between different conformations, transition pathways,

energy barriers corresponding to the stability of protein-peptide

complex underneath their interaction over the time scale.78 The

weak and unstable interaction of protein-peptide shows multiple

energy minimum clusters as they have noticeable energy barriers

between their sub-state conformations. However, strong and sta-

ble interaction form single energy cluster due to have less energy

barriers among their sub-state conformations.79 The stable config-

uration with the least amount of energy is represented by deep

valleys on a plot, whereas intermediate conformations are repre-

sented by the boundaries between deep valleys. The system is

thought to reach quasi equilibrium within the valley.80 Figure 6

F IGURE 5 Secondary structure composition during entire 250 ns simulation. (A) Mpro-DRAMP01760; (B) Mpro-DRAMP01808; (C) Mpro-
DRAMP018658; (D) Mpro-DRAMP01342; (E) Mpro-DRAMP01737 and (F) Mpro-DRAMP01771
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depicts the energy minima basins from red to blue, with red

denoting less stable conformation with higher energy conforma-

tional state and blue denoting more stable conformation with

lower energy conformational state. Conformational clustering

analysis of FEL indicated that Mpro-DRAMP18658, Mpro-

DRAMP01342, Mpro-DRAMP01737, Mpro-DRAMP01771 have

multiple energy minimum clusters while Mpro-DRAMP01760,

Mpro-DRAMP01808, and Mpro-DRAMP01342 have only one

noticeable energy minimum cluster with dark blue areas.

Moreover, Mpro-DRAMP01760, Mpro-DRAMP01342, and Mpro-

DRAMP01808 also show higher concentrated dark blue areas

with minimal energy (Figure 6A,B,D). These observations suggest

that the conformational dynamics were less in Mpro-

DRAMP18658, Mpro-DRAMP01737, Mpro-DRAMP01771 com-

pared to Mpro-DRAMP01760, Mpro-DRAMP01342, and Mpro-

DRAMP01808.81 Furthermore, representative snapshots ex-

hibiting minimum FEL energy reveal that Mpro-DRAMP01771,

Mpro-DRAMP018658, Mpro-DRAMP01737, Mpro-DRAMP01342,

F IGURE 6 Free energy
landscapes 2D plot with
representative structures of
(A) Mpro-DRAMP01760;
(B) Mpro-DRAMP01808;
(C) Mpro-DRAMP018658;
(D) Mpro-DRAMP01342;
(E) Mpro-DRAMP01737 and
(F) Mpro-DRAMP01771; (G) The

principal component analysis plot
of Mpro-peptide complexes;
(H) Percentage of helix content
over 250 ns simulation
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Mpro-DRAMP01760, and Mpro-DRAMP01808 have native content of

75%, 74%, 73%, 69%, and 68%, respectively.

3.6 | Principal component analysis and helicity
percentage content

Principal component analysis is used to explain the energy and struc-

tural properties of six proteins-peptide complexes obtained from MD

simulation. The distribution of clusters obtained from the PCA is

shown in Figure 6G. The two PCs describe 49% of the variance where

PC1 and PC2 cover 22.92% and 26.08% of variance, respectively. It is

observed from the score plot that Mpro-DRAMP01737, Mpro-

DRAMP01760, Mpro-DRAMP01808, Mpro-DRAMP18658 are over-

lapped with each other without any significant separation. Thus, the

structural and energy profiles are almost unchanged for these protein-

peptide complexes as well as these peptides show similar types of

binding behavior. The cluster of Mpro-DRAMP01342 shifted upward

in the PC2 direction indicating the contribution of bond and bond

angle was higher than that of other complexes. The cluster of Mpro-

DRAMP01808 shifted slightly to the left and the contribution of dihe-

dral and van der waals energy of Mpro-DRAMP01808 was higher

than that of other complexes (Figure S1). Furthermore, score plot dis-

played that the energy distribution of the five protein-peptide com-

plexes are wider due to the fluctuating nature of the complexes

during simulation period. Mpro-DRAMP01771 complex shifted signif-

icantly toward the positive direction of PC1 and this indicates a

greater dissimilarity of Mpro-DRAMP01771 complex with other com-

plexes. The score plot of PCA reveals that the columbic force shows a

positive correlation with the DRAMP01771 complex and was higher

than that of other complexes. Therefore, the protein structure is sig-

nificantly changed due to the binding of DRAMP01771 and Columbic

interactions may play a crucial role.

Protein folding, enzyme function and peptide-based drug discovery

all are benefited from understanding peptide secondary structure. The

biological activities of α-helical AMPs are heavily influenced by their

helicity.82 The percentage of helicity of peptides in the peptide-Mpro

complexes was obtained from the analysis of simulation trajectory.

Here, DRAMP01760, DRAMP01808, DRAMP18658, DRAMP01342,

DRAMP01737, DRAMP01771 show average helicity of 26.98%, 62.22%,

41.41%, 21.78%, 34.57%, and 53.93% respectively during molecular

dynamic simulations. Figure 6H displayed that DRAMP01342 has lower

percentage of helicity than the other peptides throughout the simulation

period due to a distortion of the helical structure away from the ideal a-

helix geometry. On the contrary, DRAMP01808 revealed higher percent-

age helicity than the other peptides.

3.7 | Binding free energy analysis of interacting
residues

MM-PBSA per residue free energy decomposition analysis was per-

formed for all complexes to identify the amino acid residues of Mpro

with significant interactions with the peptides. It is seen that polar sol-

vation energy opposes the binding but is compensated by van der

Waal's energy, electrostatic energy and nonpolar solvation energy.7

Those amino acid residues contributed to the MM-PBSA binding

F IGURE 7 Interacting per residue energy contributions of Mpro
in Mpro-peptide complex. (A) Mpro-DRAMP01342; (B) Mpro-
DRAMP01737; (C) Mpro-DRAMP01760; (D) Mpro-DRAMP01771;
(E) Mpro-DRAMP01808 and (F) Mpro-DRAMP18658. Crucial
residues of Mpro with preferential binding energy were displayed as
stick representations.
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energy with negative energy values, and positive energy values are

identified as preferential and poor contact residues.57 Figure 7 depicts

the per-residue energy contributions of Mpro in the Mpro-Peptide

complexes. With regard to DRAMP01342, five interacting residues

showed favorable binding with negative energy namely THR26,

HIS41, MET49, ASN142, and GLU166 consequently. In the case of

DRAMP01737, HIS41, GLU47, ASN142, CYS145, and PRO168 were

demonstrated as the five interfacing residues with favorable binding.

Although their contribution was very minimal. As for DRAMP01760,

10 interacting residues exhibited favorable binding with negative

energy including THR25, THR26, HIS41, ASN142, GLY143, CYS145,

HIS164, PRO168, GLN189, and GLN192 respectively. There were

only 3 residues in DRAMP01771 that showed favorable binding

energy, whose were GLU166, PRO168, and GLN189 respectively. In

the instance of DRAMP01808, nine interacting residues that exhib-

ited preferential binding with negative energy were THR25, HIS41,

LEU50, CYS145, HIS164, MET165, GLU166, GLN189, and ALA191

subsequently. Only two interacting residues in DRAMP18658 demon-

strated favorable interaction with negative energy: THR26 and

GLN189.These findings imply that binding is more preferable and sig-

nificant in the cases of DRAMP01808 and DRAMP01760 than the

other four peptides.83 These observations also resemble the earlier

mentioned FEL data in terms of stability. Consequently, the MM-

PBSA study revealed that the previously recognized crucial binding

residues HIS41, GLU166, ASN142, GLN189, and THR26 in Mpro

were conducive to the binding of Mpro-Peptide complexes. More-

over, the energy profile of interacting residues of peptide in peptide-

Mpro complex was displayed in Figure S2. Notably, LYS7, PHE2,

PHE1, ARG11, PHE1, PHE1 residues were shown to be thermody-

namically favorable for the binding process in DRAMP01342,

DRAMP01737, DRAMP01760, DRAMP01771, DRAMP01808, and

DRAMP18658, respectively.

4 | CONCLUSIONS

As the present pandemic is driven by a highly contagious new corona-

virus, multiple treatment approaches must be developed as quickly

as possible. Repurposing of existing antiviral peptides to treat SARS-

CoV-2 is a promising therapeutic development method. Mpro SARS

CoV-2 may be inhibited by a broad peptide's interface. Our study

revealed that six peptides out of two thousand seven hundred eight

have ranked top against Mpro based on docking analysis. According

to simulation, the intermolecular interactions of these peptides with

Mpro are highly dominated by hydrogen bonds. In addition, the resi-

dues CYS145, HIS41, PRO168, GLU166, GLN189, ASN142, MET49,

and THR26 are important contributors of peptide binding to Mpro of

SARS-CoV-2. The (FEL) implies that DRAMP01808, DRAMP01760,

and DRAMP01342 have better binding stability. DRAMP01808 is

better than DRAMP01760 in percentage helicity content. Conclu-

sively, molecular dynamics simulation results and further comprehen-

sive analysis suggest that DRAMP01808 and DRAMP01760 could be

best peptide inhibitor of Mpro. Furthermore, these proposed peptides

will be improved by designing peptidomimetic analogs using stapling

and assessing their inhibition efficiency by protease inhibition and

cell-based luminescent assays.
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