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Abstract
SARS-CoV-2 is a corona virus that has been the cause for one of the deadliest pandemics of history, started since 2019. 
Suppressing the activity of the critical enzymes in the SARS-CoV-2 could potentially inhibit a vital step in viral life cycle. 
Papain-like protease (PLpro) could be regarded as a critical enzyme in viral replication of SARS-CoV-2. In this research, 
it was aimed to suppress the activity of PLpro enzyme by using potential plant-derived protease inhibitor peptides. For this 
purpose, 11 plant derived peptides that could potentially inhibit protease activity were selected from literature. The structures 
of the PLpro and the peptide ligands were acquired from PDB (protein data bank) and after structural optimization, were 
docked by using HADDOCK 2.4 program. Analyzing the results indicated that VcTI from Veronica hederifolia provides 
effective molecular interactions at both liable Zn site and classic active site of PLpro, making it a potential inhibitory ligand 
for this enzyme that could be used for halting the replication of SARS-CoV-2. Molecular dynamic assay confirmed that the 
selected receptor and ligand complex was stable. Future in vitro and in vivo investigations are required to verify the efficiency 
of this compound as a potential therapeutic against SARS-CoV-2 infection.
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Introduction

In 2019, a new member of corona viride family called 
SARS-CoV-2, caused one of the worst pandemics of his-
tory that infected a considerable number of people, resulting 
a catastrophic condition in the modern medicine (Ram et al. 
2020). Further, SARS-CoV-2 was transferred to the people 
from various countries, via different roots such as travelers, 
and it resulted in a pandemic condition that was announced 
by WHO (Malik et al. 2020). The major sign of infection 
with this new member of corona viride family (also called 
COVID-19) is the pneumonia like symptom, but other signs 

such as headache, fatigue and loss of taste have also been 
reported (Ram et al. 2020).

To present an effective therapeutic against SARS-CoV-2, 
having a conclusive knowledge about the viral structures 
is necessary (Mohabatkar et al. 2021a, 2021b; Valle et al. 
2020), which could enable to find a more appropriate can-
didates for targeting. Regarding the potential target for 
COVID-19 drug development, some molecular structures 
have been suggested including spike glycoprotein, main pro-
tease, and papain-like protease (Wong et al. 2021a, 2021b). 
Suppressing these components or their activity could poten-
tially regress the malady condition of COVID-19 (Amin 
et al. 2021).

SARS-CoV-2 infection is linked with the life cycle of 
this virus, which includes its attachment to the target cells, 
entering to the cell, gene replication, transcription of the 
RNA, and translation of viral proteins that causes matura-
tion of viral structure and its release from the infected cell. 
By suppressing each part of this cycle, the invasion of virus 
to the host cells could be stopped, and it could be helpful to 
improve the condition of infected individuals (Ryu 2017).
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Proteases are necessary components of the SARS-CoV-2 
life cycle. Upon the entry of SARS-CoV-2 into its target 
cells, this virus expresses two cysteine protease enzymes; 
named 3-chymotrypsin-like protease and papain-like pro-
tease which are very necessary for the replication of this 
pathogen (Gao et al. 2021). Due to having such an important 
role, these proteases could be regarded as potential molec-
ular targets for studying therapeutics against COVID-19 
(Báez-Santos 2015).

Crystallography structure analysis of SARS-CoV-2 
PLpro has demonstrated that this enzyme has three main 
active domains, which could have an important effect in 
the damages caused by COVID-19, including a main cata-
lytic site, a Zn-binding domain which is necessary for 3D 
structure of the virus, and a ubiquitination domain (Rut 
et al. 2020). Each of these domains could be considered as 
potential targets for developing therapeutic agents. At the 
current research, we decided to stay focused on the Zn site 
(Cys189–X–X–Cys192–Xn–Cys224–X–Cys226) and the 
catalytic site (Cys111–His272–Asp286) which are more 
highlighted targets for drugs development (Maiti 2020). At 
this study, we aimed to target these domains by plant-derived 
peptides.

In this enzyme, the conserved residues of Cys are neces-
sary for proper binding of  Zn2+ which is critical for appro-
priate folding of protein. Moreover, they have a catalytic 
role by nucleophilic reaction on the substrate, which helps 
the appropriate functioning of this enzyme. Considering this 
fact, blocking the Zn site and/or stopping the Cys amino 
acids at the main catalytic domain of this viral enzyme 
could be the potential antiviral therapies, that prevent the 
proper function of PLpro and halt the cycle of life for SARS-
CoV-2 (Ibrahim et al. 2020; Nejat & Sadr 2019; Osipiuk 
et al. 2021).

So far, there is no universally accepted therapeutic agent 
for targeting SARS-CoV-2 PLpro, accordingly any study that 
could increase the knowledge about targeting this vital pro-
tein would be useful for developing new agents against this 
virus. Accordingly, the first stage of the study is to identify 
potential protease inhibitors that could effectively bind to the 
conserved Cys amino acids of PLpro enzyme (Mitra et al. 
2021; Sargsyan et al. 2020). Keeping this fact in mind, we 
decided to investigate the efficacy of potential plant-derived 
peptide protease inhibitors for blocking the two critical sites 
for Zn interaction site and the classic active site of PLpro 
of SARS-CoV-2.

Until now, more than 6700 plant-derived proteinaceous 
protease inhibitors (PIs) have been reported. These peptides 
are categorized into various families based on their struc-
tural similarity and sequence homology including Phyto-
cystatins (Farady & Craik 2010), Serpins (Gomes 2011), 
Kunitz-type protease inhibitors (Bateman 2011), etc. So far, 
the total number of 104 plant families are known to produce 

PIs, with differences in the diversity (Hellinger & Gruber 
2019).

One of the most highlighted field that could be useful for 
investigating the efficacy of drugs against various disorders, 
including COVID-19, is the field of bioinformatics (Nabati 
et al. 2020). Application of the computer tests before taking 
them to the in vitro and in vivo level can diminish the finan-
cial burden and the use of experts’ time and energy, along 
with reducing the need for animal sacrifice (Haghighi 2021; 
Mohabatkar, Ebrahimi, & Moradi 2021a, b). Bioinformatics 
method provide an in silico platform for scientist through 
which they could investigate the efficiency of thousands of 
potential therapeutic reagents by working on their computers 
(Ahmadi et al. 2021; Gharbavi et al. 2020). So far, bioinfor-
matics methods have been used for developing recombinant 
vaccines and investigating plenty of natural and synthetic 
reagents against COVID-19 (Behmard et al. 2020; Fallah 
et al. 2021).

At this research study, it was planned to examine the 
efficacy of potential plant-derived PIs peptides against 
SARS-CoV-2 as antimicrobial agents via bioinformatics 
investigation. Accordingly, we analyzed the potential of 11 
peptide-based PIs to suppress the CoV-2 PLpro using in 
silico methods.

Material and Methods

Data Collection

Protein Receptor

The structure of SARS-CoV-2 Papain-like protease was 
fetched from PDB (6WUU) with a resolution of 2.79 Å, 
provided through X–Ray differentiation technique by Rut 
et al. (Rut et al. 2020). Chimera tool was used for removing 
the extra ligands from the selected PDB file of the target 
protein and its energy minimization for further molecular 
docking assay (Pettersen et al. 2004).

Peptide Ligands

The potential plant-derived peptides for suppressing the 
protease enzyme of COVID-19 were selected from litera-
ture and their structures were fetched from protein data 
bank (PDB). The criteria for choosing these peptides was 
their potential to act as PIs and we tried to study peptides 
from different families of inhibitors. Only the peptides with 
small size that could enter human cell and are none-toxic 
which had been suggested suitable for human use were 
selected from previous studies (Hellinger & Gruber 2019).

These peptides include Zea mays-derived Hageman 
factor (1BEA) as a member of α-Amylase inhibitors and 
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bifunctional trypsin inhibitors (Behnke et al. 1998), Oryza 
sativa-derived oryzacystatin-I (1EQK) as a member of Phy-
tocystatins (Nagata et al. 2000), Solanum tuberosum-derived 
potato CPI (1H20) as a member of Metallocarboxypeptidase 
inhibitors (González et al. 2003), Oldenlandia affinis-derived 
kalata B1 from (1NB1) as a member of Cyclic cysteine-
rich peptides (Rosengren et al. 2003), TI-II from Solanum 
lycopersicum-derived (1PJU) (Barrette-Ng et al. 2003) and 
Cucurbita maxima-derived CMTI-V (1TIN) as members of 
Potato-type inhibitors (Cai et al. 1995), A. thaliana-derived 
mustard-TI from (1JXC) as a member of Mustard-type 
trypsin inhibitors (Zhao et al. 2002), Ecballium elaterium-
derived EETI-II (2IT7) as a member of Squash trypsin inhib-
itors and cyclic Momordica-type trypsin inhibitors (Heitz 
et al. 2008), Veronica hederifolia-derived VcTI (2PLX) as 
a member of α-Hairpinin inhibitors (Conners et al. 2007), 
Glycine max-derived soybean BBI (5J4Q) as a member of 
Bowman-Birk inhibitors family (Tornøe et al. 2017), Cicer 
arietinum-derived Kunitz inhibitor (5XOZ) from Kunitz-
type protease inhibitors family (Bendre et al. 2019). Chimera 
tool was again used for removing the extra ligands from the 
PDB file of the peptide constructs and optimizing them for 
further molecular docking assay (Pettersen et al. 2004).

Molecular Interactions Assay

Molecular docking is an effective tool for investigating 
interactions between biological receptors and their ligands 
which provides information regarding the formed interac-
tions types, and the energy of the complex (Haghighi et al. 
2020; Nabati et al. 2020). To study the molecular interac-
tions between the potential proteases inhibitors from plants, 
molecular docking was performed between the selected pep-
tides in complex with liable Zn site and the classic active 
site of COVID-19 PLpro enzyme. Molecular docking stud-
ies were performed by HADDOCK 2.4 server (available 
at https:// wenmr.science.uu.nl/haddock2.4/) (Van Zundert 
et al. 2016), using the following setting:

Regarding distance restraints; force constant for center of 
mass contact restraints was fixed on one, force constant for 
surface contact restraints was set on one. Number of parti-
tions for random exclusion was two, and Radius of gyration 
was fixed on 17.78 value.

Regarding the sample parameters; number of structures 
for rigid body docking was set on 1000, the count of trials 
for rigid body minimization was five, and 200 structures 
were set for semi-flexible refinement. 200 constructs were 
set for final refinement and analysis. Fraction of Common 
Contacts (FCC) method was applied for clustering the results 
of docking with 0.6 RMSD cutoff and minimum clustering 
size was set on four.

At the analysis parameters, Cutoff distance (proton-
acceptor) of 3.5 was selected to define a hydrogen bond and 

cutoff distance (carbon–carbon) of 3.9 was chosen to define 
a hydrophobic contact.

Complex Analysis

For analyzing the interactions of ligand and receptors after 
molecular docking, the complex was studied by discovery 
studio visualizer (Pawar & Rohane 2021) to investigate the 
surface of interactions between the selected ligands and 
PLpro enzyme structure. PDBsum tool (available at: http:// 
www. ebi. ac. uk/ thorn ton- srv/ datab ases/ cgi- bin/ pdbsum) 
(Laskowski et al. 2018) was used for checking the details of 
amino acids interactions and visual presenting the interact-
ing residues.

The stability of the selected ligand and PLpro enzyme 
complex was investigated using the molecular dynamics 
simulation assay by version 5.0 of GROMACS program 
(Hess et al. 2008; Oostenbrink et al. 2004). For this simula-
tion assay, all-atom OPLS force field was used for analyzing 
the formed complex stability and a cubic box was defined 
as the unit cell. Spc216 was used as a generic equilibrated 
3-point solvent model for this investigation.

Genion tool was used as the tool for adding ions in 
GROMACS program to replace the water molecules with 
specified ions. Grompp was used for processing coordinate 
file and topology in order to create an atomic-level input. 
After performing energy minimization with  Fmax of no 
greater than 1000 kJ  mol−1  nm−1, system was exposed to 
two steps of equilibration, including NVT (constant Number 
of particles, Volume, and Temperature) and NPT (Number 
of particles, Pressure, and Temperature) each step for a time 
of 100 ps. Afterward, the MD run was performed in 20 ns 
for investigating the stability of the complex. Qtgrace ver-
sion 0.2.6 for windows was used to visualize the resultant 
analysis graphs.

Results

Molecular Interactions of Zn Site

The results of molecular docking of Zn liable site from 
PLpro with the selected plant-derived peptides by HAD-
DOC server indicated that VcTI compound (2PLX) provides 
the highest docking score of − 76.1, with RMSD of 0.4 and 
Z-score of − 2.2. HADDOCK clustered 115 complexes in 18 
clusters, which represents 57% of the water-refined models 
HADDOCK created (Fig. 1S). Cluster 2 with the size of 10 
showed to provide the most reliable results for this docking 
assay (Fig. 2S).

Complex analysis indicated that 26 residues from the 
enzyme and 18 residues of the VcTI compound were 
involved at the molecular interactions. In the receptor-ligand 

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum
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complex, 141 non-bound interactions and 14 hydrogen 
bonds were found. The inspection of the interacting residues 
indicated that three of the critical Cys residues were involved 
in the interaction with the VcTI compound. In the enzyme 
site, both Cys192 and Cys224 were bounded to the Arg10 of 
VcTI via hydrogen bonds, and Cys189 had non-bound inter-
action with this residue; therefore, Arg10 of VcTI is a very 
important residue for suppressing PLpro activity (Fig. 1). 
For more details about the receptor surfaces of interactions 
with potential inhibitors, please refer to (Fig. 2).

From the other compounds, Zea mays-derived Hageman 
factor (1BEA) provided the highest Vander Waals energy of 
− 100.7 kcal/mol, which makes it another potential effective 

candidate, but its docking score was − 26.2. Table 1 pro-
vides more detail of the interactions between selected plant-
derived peptides as potential inhibitors interactions with Zn 
liable site of PLpro enzyme.

Molecular Interactions with Main Catalytic Site

The results of molecular docking the classic active site 
from PLpro with selected plant-derived peptides by HAD-
DOC server showed that similar to the liable Zn site, 
VcTI provides the highest docking score of − 104.7, with 
RMSD of 0.3 and Z-score of − 2.2 at the classic active 
site. HADDOCK clustered 170 structures in eight clusters, 

Fig. 1  The molecular interactions between VcTI and classic site of 
PLpro enzyme. Total of 148 interactions were detected among which 
seven were hydrogen bonds and 141 were electrostatics interactions. 

Two of the key Cys residues (192, and 224) were involved in hydro-
gen bonds with Arg10 of VcTI peptide
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representing that 85% of the water-refined models HAD-
DOCK were generated (Fig. 3S). Cluster 2 with the size 
of 58 showed to provide the most reliable results for this 
docking assay (Fig. 4S).

18 residues from the enzyme and 16 residues of the 
VcTI compound were involved in the interaction. In the 
receptor-ligand complex, 124 non-bound interactions, 
three salt bridges and 7 hydrogen bonds were found 
(Fig. 3). Regarding the PLpro enzyme classic site sur-
face of interactions complexed with VcTI please refer to 
(Fig. 4).

The inspection of the interacting residues indicated that 
all of the three critical residues in active site were involved 
in the interaction with the VcTI compound. In the classic 
active site of the enzyme, Asp286 provided a hydrogen bond 
with Lys3 of the peptide, and the other to catalytic residues 
had non-bound interactions with PLpro classic active. Arg10 
of peptide was again involved in two hydrogen bonds and 

a salt bridge with Gln161 of the enzyme, and a non-bound 
interaction with Asn109, showing an important role in the 
complex formation.

From the other compounds, TI-II from Solanum lycoper-
sicum-derived (1PJU) provided the highest Vander Waals 
energy of − 85.5 kcal/mole, which makes it another potential 
effective candidate, but its docking score was 3.3, indicating 
a lower shape complementary score. For more details about 
the selected plant derived peptides interactions with the clas-
sic active site of PLpro, please refer to Table 2.

Since the most of inhibitory effect of the VcTI is 
expected to be via inhibiting the main catalytic site and 
this complex had a higher docking score than Zn site, the 
molecular dynamics simulation for this site was performed 
in a 20 ns. In this study, RMSD (root-mean-square devia-
tion) which is a standard measure of structural distance 
between coordinates was investigated as an important ele-
ment of the stability of the complex conformation. RMSD 

Fig. 2  VcTI receptor surface interactions with liable Zn site of PLpro enzyme with respect to surfaces of A. Aromatic interactions B. Interpo-
lated charges C. Hydrophobicity D. Hydrogen bonds E. Ionizablity and F. Solvent accessibility

Table 1  Results of molecular interaction analysis between selected plant-derived peptides and Zn site from papain-like protease of COVID-19

Peptide PDB 
code

HADDOCK 
score

Cluster size RMSD from the 
overall lowest 
structure

Vander 
Waals 
energy

Electro-
statics 
energy

Desol-
vation 
energy

Restraint 
violation 
energy

Buried 
surface 
area

Z-score

1BEA − 26.2 5 0.7 − 100.7 − 242.7 − 17.6 1406.2 3123 − 1.7
1EQK − 6.3 12 9.9 − 90.1 − 124.4 − 8 1167 3092.5 − 1.8
1H20 − 51.9 15 4.3 − 51.2 − 167.3 − 13.2 460.4 1683.2 − 1.8
1NB1 − 44.9 8 0.8 − 53.1 − 102.1 − 0.2 288.7 1546 − 1.9
1PJU − 44.8 5 0.6 − 96.9 − 327.7 − 8.5 1260.7 3123.4 − 2.4
1TIN − 32.2 18 9.1 − 68.4 − 260.9 10.2 782.4 2354.4 − 1.5
1JXC − 55.7 6 1.5 − 70.1 − 289.4 − 9.6 818.9 2324.3 − 1.6
2IT7 − 72.8 19 0.4 − 50.3 − 279.9 8.9 246.2 1901.8 − 2.7
2PLX − 76.1 10 0.4 − 75.1 − 134.3 − 0.3 261.2 2044.9 − 2.2
5J4Q − 29.9 6 8.7 − 62 − 275.9 5.6 817.6 2356.8 − 1.2
5XOZ 92.4 11 1.7 − 72.6 − 415.1 14.5 2335.4 2702.2 − 1.5
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related to equilibrated and crystal structure of the complex 
was scrutinized in this study, too. The minor changes of 
RMSD indicates (approximately 0.15 nm) indicates that 

this complex has stability over the selected time period 
of analysis.

Moreover, Radius of gyration (Rg) of a protein which is 
a measure of its compactness, indicated that the complex 

Fig. 3  The molecular interactions between VcTI peptide and the clas-
sic active site of PLpro enzyme. Total 134 interactions, including salt 
bridge, hydrogen bonds and non-bonded contacts were indicated. All 

of the three key residues of the active site (Cys111–His272–Asp286) 
were involved in the interactions with the potential inhibitor ligand
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of VcTI- PLpro is a stable construct. A steady value of Rg 
shows over time is a proof of appropriate conformation of 
the complex and its stablity (Fig. 5).

Discussion

COVID-19 has shown to be one of the deadliest viral pan-
demics in human history. Previously, the world has been 
affected by two other corona virus epidemic conditions 
named SARS-CoV and MERS-CoV. The new corona virus, 

called COVID-19 by WHO, has 80% genomic similarity 
with SARS-CoV, but it has shown to have deadlier outcomes 
than the other previous epidemics.

Since the emergence of COVID-19, many attempts have 
been focused on developing preventive agents, such as vac-
cine and therapeutic reagents against COVID-19. Recently, 
some advances have been made at developing vaccines 
against COVID-19, and various types including recombinant 
multi-epitope vaccines, mRNA vaccines, viral debrides, and 
engineered recombinant viruses are at their clinical trial.

In spite of developing vaccines, which could be to some 
degrees effective at preventing the infection, it is necessary 

Fig. 4  PLpro enzyme classic site surface of interactions complexed with VcTI regarding to A. Aromatic interactions B. Interpolated charges C. 
Hydrophobicity D. Hydrogen bonds E. Ionizablity and F. Solvent accessibility

Table 2  Molecular interactions of plant-derived peptides with classic catalytic site of PLpro enzyme

Peptide
PDB code

HADDOCK score Cluster size RMSD from the 
overall lowest 
structure

Vander 
Waals 
energy

Electro-
statics 
energy

Desol-
vation 
energy

Restraint 
violation 
energy

Buried 
surface 
area

Z-score

1BEA − 7.1 8 0.7 − 81.4 − 243.8 − 4.6 1276.9 2304.8 − 1.4
1EQK − 8 7 9 − 66.3 − 247.7 − 8.1 1158.3 2088.9 − 1.7
1H20 − 71.3 25 0.5 − 53.6 − 109.2 − 25 291.6 1242.3 − 1.3
1NB1 − 63.5 18 0.6 − 49.7 − 60.5 − 11.6 99 1180 − 1.7
1PJU 3.3 16 0.6 − 85.5 − 157 − 6.9 1270.4 2163.7 − 1.9
1TIN − 59.6 13 1 − 55.4 − 326.1 − 9.3 702.7 2190.8 − 1.5
2IT7 − 71.4 38 0.8 − 49.2 − 118.2 − 6.9 83.7 1279.9 − 2.2
2PLX − 104.7 58 0.3 − 63.4 − 194.9 − 11.2 89.5 1560.7 − 2.2
5J4Q − 47.3 29 6.2 − 72 − 199.8 − 10.2 747.9 1985.1 − 1.5
5XOZ 106.5 10 14.3 − 83.4 − 134 − 1.7 2184.4 2326.3 − 1.6
1JXC − 57 50 0.3 − 74.3 − 177.5 − 15.7 685.9 2123.1 − 1.9
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to find a cure for those who get infected with SARS-CoV-2. 
Clinical applications of the regular drugs, such as remdesivir 
has shown some success, but they are not totally effective 
(Siemieniuk et al. 2020). The use of anti-inflammatory drugs 
along with antiviral drugs has shown some success (Naveja 
et al. 2020), but the results were not conclusive enough to 
be used as a drug for COVID-19 patients. Accordingly, the 
field of developing anti-viral agents against COVID-19 is 
still an open area, and scientist with various expertise are 
still focused on developing an effective therapeutic.

So far, many attempts have been given to find an inhibi-
tor agent against SARS-CoV-2, among which application 
of natural products has been the subject of many studies. In 
these studies, in silico assays have been very helpful for 
screening of the potential therapeutics (Teli et al. 2021) and 
even designing or optimizing new therapeutics (Behbahani 
et al. 2021). In this regard, a study by Kurniawan et al. inves-
tigated the efficacy of Brazilein sappan wood as a potential 
inhibitor for spike (S) glycoprotein, papain-like proteinase, 
and main protease of SARS-CoV-2 by using the platform 
provided via bioinformatics methods. Their study confirmed 
the potential of the selected natural products-derived com-
pound for interacting with S protein which was higher than 
the PLpro and Mpro (Kurniawan and Krihariyani 2021).

One of the interesting in silico studies on screening 
therapeutic against SARS-CoV-2 was performed by Wong 
et al., in which they investigated the efficacy of Peptides 
from Quinoa seed proteins on various targets from SARS-
CoV-2, including PLpro. They reported that seven peptides 
from the mentioned source could effectively and stably 
bind to the viral targets, and none of these peptides were 

allergenic or toxic to human body, which requires future 
in vitro and in vivo examinations (Wong et al. 2021a, b). 
Another study by Srivastavaa et al., investigated the effi-
cacy of phytoconstituents derived from Withania somnifera 
(a medicinal plant) against SARS-CoV-2 target proteins and 
human ACE2 through an in silico approach, which showed 
that Withanolides A and B could effectively bind to spike 
protein and PLpro components (Srivastava et al. 2020).

Regarding the in silico assays for scrutinizing the poten-
tial inhibitors for SARS-CoV-2 papain-like protease inhibi-
tors, a study by Li et al. screened the efficacy of twenty-one 
antivirals, antifungals and anticancer potential inhibitors 
against PLpro. Their study showed that among the chosen 
compounds, Neobavaisoflavone provides the highest bind-
ing energy when it is complexed with PLpro enzyme and 
attached to crucial catalytic triad, ubiquitination and ISGyla-
tion amino acids which announced this compound as a 
potential inhibitor against this viral enzyme (Li et al. 2021).

In the current study, a group of various plant-derived pep-
tides with the potential for suppressing the protease enzymes 
were selected and their interactions with the two sites of 
the PLpro were investigated. Molecular docking assay con-
firmed that among the selected compounds, VcTI from 
Veronica hederifolia could bind effectively to the both of 
Zn site and classic catalytic site of enzyme with the highest 
docking score and produce effective bonds which could be 
able to suppress the enzyme activity, therefore presenting a 
potential therapy for COVID-19.

The complex of PLpro-VcTI in the Zn site of enzyme 
indicated the highest molecular docking score of -76.1 by 
HADDOCK tool, which is a comparatively high score for 

Fig. 5  Molecular dynamics simulation for the VcTI in complex with active site of PLpro enzyme. A. RMSD related to equilibrated (black) and 
crystal structure (Red) of the complex. B. Radius of gyration of VcTI- PLpro complex (total and around axes)
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binding of ligand to its receptor, with an RMSD of 0.4, cer-
tifying the accuracy of the predicted interactions. For this 
complex, the Vander Waals energy of − 75.1 kcal/mole was 
predicted and − 134.3 kcal/mole electrostatics energy.

The provided surface area for this complex was 2044.9 
 Ao and the Z-score for this predicted complex was − 2.2. 
Moreover, this peptide showed the highest docking score 
than the other compounds when it was attached to the clas-
sical active site of PLpro enzyme by showing the HAD-
DOCK score of − 104.7 which was comparatively higher 
than the other complexes, along with having -194.9 kcal/
mole electrostatics energy. The molecular dynamic assay of 
this complex verified that VcTI- PLpro complex provided 
by the molecular docking assay is a stable construct by con-
sidering RMSD and Radius of gyration analysis.

This peptide with a single-strand polypeptide, is com-
posed of 26 amino acids could effectively enter the cell 
membrane and potentially could suppress the activity of this 
enzyme. The highlighted point about VcTI is that this pep-
tide interacted effectively with the key residues in both Zn 
attachment and classic active site of PLpro enzyme. Mem-
bers of this family of peptides have two antiparallel oriented 
α-helices which are linked together by two disulfide bonds 
through a specific Cys motif of C1X3C2XnC3X3C4 (Tam 
et al. 2015). Having such a construct is helpful for an effec-
tive attachment to the both Zn attachment and the classic 
active site of PLpro from COVID-19.

Peptides from this family are being reported to suppress 
trypsin protease enzymes through a classical substrate-like 
attitude. The binding site of plant-derived PIs usually are at 
the end of a β-strand, though the interacting Arg in the pro-
totypic TI peptide VhTI from Veronica hederifolia is placed 
within a helix-to-helix motif (Bateman 2011). The molecular 
interactions investigation at the current in silico study also 
confirmed the importance of interacting Arg residue of this 
peptide.

It was indicated that regarding the complex at the Zn 
attachment site, both critical residues of Cys192 and Cys224 
were bounded to the Arg10 of VhTI via hydrogen bonds 
which provides an effective binding, and the Cys189 residue 
had non-bound interaction with this Arg10. Moreover, at 
the catalytic site, the three critical residues were involved in 
the interaction with the VcTI compound. Arg10 of peptide 
was again involved in two hydrogen bonds and a salt bridge 
with Gln161 of the enzyme, and a non-bound interaction 
with Asn109, showing an important role of this residue at 
the complex formation.

There is no doubt that the predictions provided by the 
bioinformatics method could be really helpful to reduce the 
costs of the laboratory researches and in many cases, these 
predictions come true and save a considerable time, work-
force, and expenses. This study was an in silico research, 
aiming to develop an effective therapeutic compound against 

COVID-19 condition. The results of the bioinformatics 
investigation suggest that the VcTI compound could poten-
tially suppress the function of this enzyme by attaching two 
critical sites of this protein, yet future in vitro and in vivo 
investigations are required to further verify the efficacy of 
this plant-derived peptide.

Conclusion

Analyzing the results of molecular interactions study of 
receptor-ligand complexes between PLpro enzyme of SARS-
CoV2 and the selected potential protease inhibitors from 
different families of plants-derived PIs showed that the com-
plex of VcTI- PLpro provides a more optimal interaction 
than the other potential ligands, and due to having the com-
paratively highest scores in both Zn site and classic active 
site, this peptide could be a potential inhibitor for PLpro 
enzyme of COVID-19 that could suppress viral replication, 
but future in vitro and in vivo investigations are necessary.
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