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A B S T R A C T   

The spike protein of SARS-CoV-2 (Severe Acute Respiratory Syndrome coronavirus 2) interacts with the ACE2 
receptor in human cells and starts the infection of COVID-19 disease. Given the importance of spike protein’s 
interaction with ACE2 receptor, we selected some antiviral peptides of venom scorpion such as HP1090, meucin- 
13, and meucin-18 and performed docking and molecular docking analysis of them with the RBD domain of spike 
protein. The results showed that meucin-18 (FFGHLFKLATKIIPSLFQ) had better interaction with the RBD 
domain of spike protein than other peptides. We also designed some mutations in meucin-18 and investigated 
their interactions with the RBD domain. The results revealed that the A9T mutation had more effective inter-
action with the RBD domain than the meucin-18 and was able to inhibit spike protein’s interaction with ACE2 
receptor. Hence, peptide “FFGHLFKLTTKIIPSLFQ” can be considered as the potential drug for the treatment of 
COVID-19 disease.   

Introduction 

The worldwide epidemic of the COVID-19 created by the SARS-CoV- 
2 virus (Severe Acute Respiratory Syndrome caused by coronavirus2) 
was started in December 2019. The spike protein of the coronavirus 
plays a major role in bonding to the host cell and is one the most 
attractive viral protein used for drug design in Covid 19 infection. The 
spike protein is located on the virus membrane and is a trimeric glyco-
protein with two domains, S1 and S2, both critical for the SARS-CoV-2 
infection. The S1 domain of spike protein includes one N terminal 
domain (NTD) and three C terminal domain (CTD 1 to 3). The in-
teractions between the S1-RBD with the PD (peptidase domain) of 
angiotensin-converting enzymes 2 (ACE2) results in adhering the virus 
to the host which is followed by the S2 domain and leads to membrane 
combination and the arrival of viral ribonucleoprotein complex into the 
host cell. The RBD residues are within the CTD-1 and contain a core 
structure and the RBM (receptor binding motif). The host recognition by 

SARS-CoV-2 depends upon the interaction between the hook structured 
peptidase domain of the ACE2 and the RBM of the RBD region of the S1 
domain. An extended loop region of the RBD spans the arch-shaped α1 
helix of the ACE2-PD like a bridge; besides, these contacts can be 
organized into three separate clusters to capture the interacting domain. 
At the RBD domain Lys 417, Tyr 453, Gln 474, Phe 486, Gln 498, Thr 
500 and Asn 501 of the S1-RBD have contacts with Tyr 41, Gln 42, Lys 
353, and Arg 357, Asp 30 and His 34 and Gln 24 and Met 82 of ACE2. 
Besides, two capping loops in the binding domain, which stabilized the 
interaction with ACE2 by electrostatic interactions, comprised of resi-
dues Val 445, Tyr 449, Tyr 473, Gln 474, Ala 475, Glu 484, Gly 485, Phe 
486, and Asn 487 [1,2]. 

The RBD (receptor binding domain) of the S1 domain of the spike 
protein can use a potential target for the progress of anti-SARS-CoV-2 
drugs, which might have the ability to prevent the entrance of SARS- 
CoV-2 into the host cells. Then, we have considered the interaction of 
the RBD domain with ACE2. Peptides are potential molecules to be 

Abbreviations: RMSD, root mean square deviation; MD simulation, Molecular dynamics simulation; SARS-CoV-2, Severe Acute Respiratory Syndrome coronavirus 
2; ACE2, Angiotensin-Converting Enzymes 2; RBD, receptor binding domain. 
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tested against the spike protein. Then some peptides were investigated 
to inhibit the infection by COVID-19 establishment. 

Previous studies showed that scorpion venom might be a significant 
source of antiviral peptides [3]. Scorpions contain around 2400 species 
and belong to an olden prosperous group of arachnids that have been 
characterized in the fossil records coming from about 400 million years 
ago [3]. Scientists have identified the scorpion venom properties for less 
than a decade. Scorpion venom has bioactive proteins and peptides that 
may serve as the leading compounds for designing biotechnological 
tools and therapeutic drugs [4]. Scorpion venom is a mixture of bio-
logically active compounds, mainly of proteinaceous nature, containing 
from small peptides to high molecular mass and multi-domain proteins, 
with complex folding and an extensive amount of post-translational 
modifications [5,6]. Toxins and neurotoxins are the most studied scor-
pion venom parts due to their pharmacological action on ion channels. 
They are disulfide-bridged peptides [DBPs] and can be classified into 
four main groups containing Na+, K+, Ca2+, and Cl− channels of inter-
acting molecules. These molecules have antimalarial, immunosup-
pressing, and anticancer functions [7,8]. Examples of the DBPs are 
chlorotoxin [8,9], BmK CT [10], and BmK AGAP-SYPU2 [11]. Scorpion 
venom also comprises non-disulfide-bridged peptides [NDBPs] that have 
structural flexibility and anticancer, antimicrobial, 
bradykinin-potentiating activity [12–14] such as Bmkn2 [15], Ctry2459 
[16], and Mucroporin molecules [17–19]. This class of peptides adopts a 
random coil configuration in water solution which folds into an α-helical 
structure in a membrane imitating environment [20]. Meucin-13 and 
meucin-18 are amphipathic peptides that display widespread cytolytic 
effects on prokaryotic and eukaryotic cells (bacteria, yeast, erythrocytes, 
and rat dorsal root ganglion cells) at micromolar concentrations [21]. 
Experimental studies have discovered that the antimicrobial activity of 
scorpion venom’s mucin-18 was two to four times more effective than 
meucin-13. Also, some peptides in scorpion venoms have been reported 
to display antiviral function as well. For example, dermaseptin S4 and 
caerin 1.1 inhibit HIV-1 virus and viral relocation from dendritic cells to 
T cells and recombinant scorpion (RScp) inhibits dengue-2 virus repli-
cation [22]. Besides, some alpha-helical antimicrobial peptides have the 
power to destroy several enveloped viruses [22]. The HP1090 from 
Heterometrus petersii scorpion is an amphipathic peptide that prevents 
the development of Gram-positive bacteria. Also, the anti-HCV activity 
of the HP1090 peptide from the scorpion venom on Hepatitis C virus has 
been described by other investigators [22]. 

Molecular dynamics (MD) simulation shows the detailed motion of 
the molecules or atoms during simulation time. This method is usually 
used for molecular structure improvement and calculation of the sys-
tem’s properties and binding free energy of ligands to proteins [23,24]. 
Recently, using molecular dynamics for designing a peptide inhibitor to 
bind to spike protein’s RBD domain was accomplish [25]. This study 
aimed to find a mutation in venom scorpion peptides (HP1090, 
meucin-13, or meucin-18) for binding to the RBD domain of spike pro-
tein virus using docking and molecular dynamics simulation. 

Methods 

To select a proper peptide for binding to the SARS-CoV-2 spike 
protein of coronavirus, twenty-three small peptides were obtained from 
venom scorpion through the literature survey. The name, Uniprot code, 
and the sequence of all candidate peptides used in this study have been 
mentioned in Table 1 [26–42]. 

Among these peptides, the HP1090 with the sequence of IFKAIWS-
GIKSLF, the meucin-13 with the sequence of IFGAIAGLLKNIF, and the 
meucin-18 with FFGHLFKLATKIIPSLFQ sequence extracted from Het-
erometrus Petersii and Meusobuthus Eupeus scorpions had anti-viral 
and anti-bacterial properties [43] and were able to make helical struc-
tures; hence, these structures were selected for extra studies. 

Molecular modeling 

Because the binding region of ACE2 bounded to the RBD domain has 
a helical structure, it seems that this structure should be used for pep-
tides. At first, the peptides were subjected to Blast server (https://blast. 
ncbi.nlm.nih.gov/Blast.cgi) and the best helical template for HP1090 
was recognized as 1T51 and for the meucin-13, the 1T52 and 2L24 PDB 
codes were distinguished. Then, the 3D structures of these peptides were 
made using homology modeling; while, homology models were built by 
applying the Modeller 9.20 software [44]. The Mucin-18 had not 
appropriate template in the BLAST server and due to this fact, its 3D 
structure was made via Hyperchem8 software [45]. Five hundred 
models were produced for each peptide and were arranged by their 
normalized DOPE (Discrete Optimized Protein Energy) energy [46]. The 
DOPE energy displays the problematic region of the model structure and 
the structural model quality. The best homology models with the least 
DOPE energy in the declared peptides were used for more studies [47]. 
Then SAVES (https://servicesn.mbi.ucla.edu/SAVES/) [48] and ProSA 

Table 1 
The name and Uniprot code and sequence all peptides of venom scorpion.  

Peptide name Uniprot code Peptide SequencesSequences Sequence 

Venom 
antimicrobial 
peptide-9 
(Meucin-18) 

E4VP50 FFGHLFKLATKIIPSLFQ 

Venom 
antimicrobial 
peptide-6 
(Meucin-13) 

E4VP07 IFGAIAGLLKNIF 

Hp1090 P0DJ02 IFKAIWSGIKSLF 
Mucroporin B9UIY3 LFGLIPSLIGGLVSAFK 
Meucin-25 P0CH58 VKLIQIRIWIQYVTVLQMFSMKTKQ 
Hp1036 P0DME6 ILGKIWEGIKSIF 
Hp1239 P0DME8 ILSYLWNGIKSIF 
Hp1035 P0DJ03 IFSAIGGFLKSIF 
Hp1412 P0DME9 IFKAIWSGIKRLC 
Hp1165 P0DME7 ILGEIWKGIKDIL 
Hp1478 P0DMF0 ILGKFCDEIKRIV 
Potassium channel 

toxin kappa-KTx 
2.7 

P0DJ34 GNACIEVCLQHTGNPAECDKACD 

potassium channel 
toxin kappa-KTx 
2.8 

P0DJ35 GNACIEVCLQHTGNPAECDKPCDK 

Potassium channel 
toxin kappa-KTx 
3.4 

P0DJ39 QWINACFNVCMKISSDKKYCKYLCGKS 

Potassium channel 
toxin kappa-KTx 
3.2 

P0DJ37 HWINACFNICMKISSDQKYCKSFCG 

Potassium channel 
toxin alpha-KTx 
5.3 

Q9TVX3 AVCNLKRCQLSCRSLGLLGKCIGDKCECVKH 

Bengalin P0CC11 GPLTILHINDVHAAFEQFNT 
Antimicrobial 

peptide ctriporin 
G1FE62 FLWGLIPGAISAVTSLIKK 

Antimicrobial 
peptide AcrAP2 

A0A0A1I6N9 FLFSLIPNAISGLLSAFK 

Antimicrobial 
peptide AcrAP1 

A0A0A1I6E7 FLFSLIPHAISGLISAFK 

Ctri9819 P0DMG0 NRILPTLIGPL 
Ctri9677 P0DMF9 INWDILIDTIKDKL 
Ctri9194 P0DMF5 YIRDFITRRPPFGNI 
Ctri10261 P0DMF8 FDLGGLIKGVVDLF 
Ctri10033 P0DME4 FLVGILPRMRGFITPFLKKVR 
Ctri9594 P0DMF7 GVVDTLKNLLMGLL 
Ctri10036 P0DME3 FLWSLIPSAISAVTSLIKK 
Ctri9610 P0DME2 FLFNVIPHAINATASLIKK 
Toxin Acra2 P0C2A0 KKDGYIVDSNGCAPECFPTNXGC 
Toxin b subunit 

beta 
P0C2A3 ADVPGNYPLNSYGASYYCTI 

Peptide BmKn2 Q6JQN2 FIGAIANLLSKIF 
Ctry2801 P0DME5 FLSLIPGAISAIASLFK  
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web servers (https://prosa.services.came.sbg.ac.at/prosa.php) [49] 
were used for the evaluation of best models. 

Molecular dynamics simulation of peptides 

Amber 18 package was used for MD simulation [50]. The ff99SB 
amber force field and TIP3P water model [51] were considered for all 
simulations. The complexes were placed into truncated octahedral boxes 
with a buffer distance of 10 Å, and water molecules were added to fill the 
box. Then the total charge of each system was neutralized by adding Cl−

ions. The default protonation of the Amber18 was used for the peptides’ 
titratable residues. Periodic boundary conditions were applied in each 
system. Long-range electrostatic interactions were calculated using 
Particle Mesh Ewald (PME) method [52]. All bonds containing H atoms 
were constrained via the SHAKE algorithm [53]. The non-bonded cutoff 
distance required for energy minimization was 10 Å. Langevin dynamics 
were applied to control the systems’ temperature. Sander module was 
used for energy minimization in each system. Ten thousand cycles of 
minimization were accomplished to delete improper steric interactions 
and to create better minimum energy via the conjugate gradients and 
steepest descent method for all parts of the systems. Afterward, the 
position restraints were executed at the constant volume (NVT) for 100 
ps using a restraint force of 10 kcal/mol/Å at the temperature of 100 K. 
Then, MD simulations were done at the constant pressure (NPT) for 100 
ps with a restraint force of one kcal/mol/Å2 at the temperature of 300 K. 
Next, the MD simulation at NPT ensemble for 100 ps at pressure 1 atm 
and 310 K with removed restraint force was performed. This step led to 
equilibrate the system density [54]. 

Finally, all peptides were separately simulated for 100 ns at the 
constant temperature and pressure conditions (NPT) at 310 K. During all 
simulations, the Berendsen thermostat was used to control the temper-
ature, and isotropic pressure scaling was used to control the pressure 
with a relaxation time of 2 ps. The time step was 2 fs and the coordinates 
were saved every 1 ps. The Cpptraj module was used for the MD simu-
lation analyses [55]. The ending structures were visualized by and 
Discovery Studio Visualizer Software These peptides are small and 
simply lose their initial helical structure in water and biological envi-
ronments and produce many different conformations. Therefore, one 
hundred ns MD simulation was performed for each peptide model, and 
31 conformations were extracted from the last 80 ns of 100 ns MD 
simulation. 

Docking 

The HADDOCK server (http://www.bonvinlab.org/software/h 
addock2.2) a public docking server that uses experimental and data- 
driven methods was employed for the peptide-protein docking study 
[56]. This server mixes the information resulting from biochemical, 
biophysical, or bioinformatics’ methods to improve sampling and 
scoring schemes. Pervious MD simulation showed that the spike protein 
has two conformations consisting of “up or open” and “down or close”. 
In the closed conformational status, the ACE2 recognition motifs (RBDs) 
were concealed at the spike interface and in the open conformation RBD 
domain uncovering to spike surface for interaction. The spike protein 
can interact with the ACE receptor in both closed and open conditions; 
however, only in the open state, the RBD domain interactions with the 
PD domain of ACE2 would properly occur and the SARS-CoV-2 can 
arrive in the cells [57,58]. The crystallographic structure of the RBD 
domain in combination with the ACE2 receptor (open structure) which 
exists in the PDB bank was used in our study (PDB code: 6M17, chain E). 
In this study, we only used the RBD domain and not the full structure of 
the spike protein. The reason was that the full structure had some de-
fections and also is not the peptides’ target. In other words, further parts 
of the spike protein do not have any impact on our results. 

Thirty-one structures achieved from MD simulation for each peptide 
were separately docked to the RBD domain of the spike protein via the 

Haddock server [59]. The residues binding to the ACE2 receptor were 
considered as active residues in the docking method and contained Lys 
417, Tyr 453, Gln 474, Phe 486, Gln 498, Thr 500, and Asn 501 [1]. 
Furthermore, all peptides’ resides were considered as active residues. In 
each complex, the interactions between the peptides and RBD domain 
were acquired using Ligplot software [60]. 

Molecular dynamics simulation of the complexes 

The best complexes produced by molecular docking studies among 
31 docked conformations with the lowest interface energy or HADDOCK 
docking score were distinctly used for another 50 ns MD simulation of 
the complexes. Other parameters of the MD simulation were similar to 
previously mentioned peptides’ simulations. The free energy of the 
binding (ΔG) peptides with RBD domain of the spike protein and per- 
residue energy decomposition were calculated for each complex using 
molecular mechanics Generalized Born surface area (MM/GBSA) ap-
proaches in Amber 18 [54]. The binding free energies were calculated 
with MMPBSA script [61] using 100 snapshots extracted from the last 
ten ns of 50 ns MD simulation using this equation:  

ΔGbinding = Gcomplex-GRBD domain-Gpeptide                                                  

The solvent-accessible surface was obtained from the linear combi-
nation of pairwise overlaps [LCPO] model to calculate the non-polar 
solvation energy [62]. 

Mutation of Meucin-18 

The final structure of complex meucin-18 with RBD domain of the 
spike protein obtained from 50 ns MD simulation was subjected to 
BetMuSIC server (http://babylone.ulb.ac.be/beatmusic) [63] to find a 
mutation with more negative binding energy in complex with the spike 
protein. The BeAtMuSiC server is a coarse-grained predictor of the 
changes in binding free energy induced by the point mutations. It de-
pends on a set of statistical potentials resulting from well-known protein 
structures and merges the mutation effect on interactions’ strength at 
the interface and overall constancy of the complex. This server needs an 
input structure of the protein-protein complex and gives the probability 
to assess quickly all probable mutations in a protein chain or at the 
interface. Then, the first five suggested mutations of BeAtMuSiC server 
containing A9T, H4Y, A9S, H4F, K7H plus the combination of mutation 
one and four (A9T + H4F) (in total six mutations) were generated via 
SPDV Swiss-PDB viewer (https://spdbv.vital-it.ch/) in the final struc-
ture of meucin-18 peptide (that was gained from 100 ns MD simulation) 
distinctly. 

MD simulation and docking of mutations 

Eventually, the previously mentioned procedure for native peptides 
(i.e. MD simulation of peptides and docking to RBD domain of spike 
protein and MD simulation of the complexes) was repeated for six 
mutated peptides of meucin-18 and finally the best mutation with the 
lowest MM/GBSA binding energy of peptide in combination with RBD 
domain of spike protein was chosen. 

Results and discussion 

Homology modeling results 

The best model with the lowest normalized DOPE energy among 
5000 models was chosen from HP1090 homology modeling and meucin- 
13 peptides. The results revealed that these models had proper struc-
tures. All residues of the model structures were in favored or allowed 
regions of the Ramachandran plot (data not displayed), which specifies 
suitable reliability of the homology model structures. The ProSA website 
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exhibits that Z-scores (overall model quality) achieved for HP1090 and 
meucin-13 best model, and meucin-18 built model were − 0.03, − 0.51, 
and 0.8, respectively; which, emphasizes its suitable quality. Because 
the meucin-18 had not any template and no homology modeling was 
accomplished for it, its calculated Z-score was more than other peptides. 

Molecular dynamics simulation of peptides 

The MD simulations of peptides (three native peptides and six mu-
tations) were carried out. The backbones’ root mean square deviations 
(RMSD) were calculated which are exhibited in Fig. 1 for three native 
peptides. The RMSD plot is usually used to evaluate the time required for 
a system to reach structural equilibrium and to estimate the duration of 
running a simulation. As it is exemplified in Fig. 1, all peptides repre-
sented stable dynamics and reached a plateau during the last 10 ns, and 
then all analyses were performed during the last 10 ns of the simulation. 
The average of measured backbone’s RMSD during the last 10 ns of MD 
simulation was 4.29 ± 0.45 Å, 4.81 ± 0.54 Å, and 6.16 ± 0.51 Å for 
HP1090, meucin-13, and meucin-18 peptides, respectively. 

The system temperature reached the plateau at about 310 K after 10 
ns, and then all systems reached thermal equilibration. The temperature 
average during the last 10 ns of the simulation for HP1090, meucin-13, 
and meucin-18 peptides were 309.8 ± 3.2 K, 309.9 ± 2.9 K, and 309.9 ±
2.4 K, respectively. The results of the backbone RMSD, the potential, and 
temperature showed that the simulation time was adequate in all sys-
tems and as a result, these systems were able to reach equilibrium. The 
RMSD plot and visional examination uncovered that these small pep-
tides make a variable loop in their structure during the simulation. Then, 
the selection of the final structure was not sufficient for the peptide 
structure and thirty-one conformations from the last 80 ns of the 
simulation were extracted from the trajectory with a 3.22 ns interval. 
These conformations were used in docking simulation. 

Docking results 

All 31 conformations of each peptide obtained from the peptide’s MD 
simulation were docked to the RBD domain of the spike protein via the 
Haddock server and 31 docking scores were acquired for each peptide 
(data not shown). The lowest HADDOCK score, its van der Waals, 
electrostatic and desolation energy, and Z-score are presented in Table 2 
among 31 conformations for each docked peptide. The Haddock score 
does not have a unit. It can only be expressed in arbitrary units [64]. 
These complexes were utilized in the next studies. 

Molecular dynamics simulation of the complexes 

Best complexes obtained from docking were used for another 50 ns 
MD simulation. Backbone RMSD of peptides and the spike protein and 
the temperatures of all systems were calculated and exposed the fact that 
all peptides of the complexes reach the equilibrium during the last 10 ns 
of the MD simulation (data not shown). The MM/GBSA binding free 
energy and also the van der Waals and electrostatic components with 
standard deviations values were calculated during the last 10 ns of the 
MD in all peptides were mentioned in Table 3. 

The results pinpointed that the meucin-18 has better binding power 
to the RBD domain of the spike protein among other peptides such as 
HP1090 and meucin-13 and can prevent its binding to the ACE2 re-
ceptor. According to MMPBSA results, van der Waals and electrostatic 
contribution in the meucin-18 were − 61.9 and − 32.9 kcal/mol, 
respectively; however, these values for mutation 1 of meucin-18 were 
− 57.9 and − 149.2 kcal/mol, respectively (Table 3). Thus, it could be 
concluded that the mutation in the mucin 18 leads to an increase of 
electrostatic interaction of the meucin-18 with the RBD domain; because 
of the alteration in binding conformation of the mutation 1. In other 
words, in all peptides except mut1 of meucin-18, VDW energy, is more 
negative and more important than electrostatic energy. In mut1 elec-
trostatics energy is major factor in binding to RBD domain and mutation 
A9T in meucin-18 lead to enhancement of electrostatic interaction. 

The 3D interaction between the meucin-18 with RBD domain resi-
dues after 50 ns MD simulation was obtained via Discovery Studio 
Visualizer software and presented in Fig. 2. 

It was revealed that Gly 446, Tyr 449, Phe 490, Gln 493, and Gln 498 
of the RBD domain have the hydrogen bond with the meucin-18 residues 
and the Lys 417, Val 445, Tyr 453, Leu 455, Phe 456, Tyr 473, Gln 484, 
Tyr 489, and Leu 492 of the RBD domain have hydrophobic interaction 
with the meucin-18 residues. 

Among these residues, the Lys 417, Tyr 453, and Gln 498 are the key 
residues for binding the RBD domain to the ACE2 receptor [1]. Besides, 
the residues of Tyr 473 and Gln 484 are close to Gln 474 and Phe 486 
that are also the key residues in the binding process. Also, energy 
decomposition of the MM/GBSA binding free energy analysis showed 
that the Tyr 489, Leu 455, Tyr 449, Phe 490, and Phe 456 had significant 
interaction with meucin-18 residues. These residues are located at the 
binding region of the RBD domain with the ACE2 receptor. Besides, Phe 
17, Phe 2, His 4, Phe 6, Ile 12, Leu 5, and Lys 11 of meucin-18 had the 
most interaction with the RBD domain of the spike protein. 

Hydrogen bonds number between the meucin-18 and RBD domain 
were calculated during the simulation time. The Gly 3 (or 521), His 4 (or 

Fig. 1. The backbones’ root mean square deviations of all native peptides during 100 ns MD simulation.  
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522), Ile 12 (or 530), and Ser 15 (or 533) of the mucin-18 had a 
hydrogen bond with the RBD domain for the duration of more than 10% 
of the MD simulation time. 

The average number of hydrogen bonds between meucin-18 and 
RBD domain was 2.23 ± 1.5 during the last 20 ns of MD simulation. 

The root mean square fluctuation (RMSF) of all native peptides and 
mutation 1 of meucin-18 in combination with the RBD domain were 
calculated (Fig. 3). The RMSF all residues of peptides were rather high. It 
means high rearrangement all peptides during the last 10 ns of MD 
simulation of peptides in complex with RBD domain. According to the 
results, the C-terminal resides had more flexibility and RMSF than the N- 
terminal residues; because they had less interaction with the RBD 

domain of the spike protein. 

Mutation results 

After selection of the meucin-18 as the most proper peptide, BeAt-
MuSiC server was used for suitable mutations leading to better inter-
action of the meucin-18 with spike protein. Table 4 shows the 
differences between binding energy in native and mutated (ΔΔGbinding) 
structure of the first five mutations in meucin-18 proposed by BetMuSIC 
server. These results demonstrated that mutation 1 (A9T) causes the 
greatest decrease in binding free energy and therefore it is the most 
appropriate mutation for the meucin-18 peptide. 

Table 2 
The best Haddock score and their van der Waals and electrostatic and desolation and Z-score among 31 conformations of each peptide.  

Peptide HADDOCK score Cluster size Van der Waals energy Electrostatic energy Desolation energy Buried Surface 
Area 

Z-score 

Meucin-18 − 150.7 ± 4.2 134 − 73.5 ± 4.9 − 91.9 ± 30.2 − 61.4 ± 5.7 1819.5 ± 56.2 − 1.6 
Meucin-13 − 107.2 ± 6.0 32 − 55.0 ± 3.8 − 36.1 ± 9.0 − 47.7 ± 5.2 1355.7 ± 79.2 − 2.0 
Hp1090 − 103.0 ± 8.3 15 − 52.8 ± 4.0 − 55.0 ± 15.7 − 42.2 ± 6.2 1318.7 ± 87.9 − 2.1 
Mut1 − 128.9 ± 5.6 66 − 69.5 ± 1.3 − 49.6 ± 25.5 − 54.4 ± 4.1 1452.0 ± 52.0 − 2.0 
Mut2 − 140.2 ± 6.4 68 − 65.3 ± 7.9 − 150.6 ± 8.1 − 50.0 ± 3.9 1741.0 ± 86.5 − 2 
Mut3 − 139.2 ± 5.9 83 − 78.8 ± 1.7 − 90.8 ± 13.3 − 46.9 ± 7.3 1965.0 ± 77.9 − 1.8 
Mut4 − 119.9 ± 4.2 45 − 70.9 ± 4.4 − 53.2 ± 24.4 − 48.3 ± 3.5 1545.5 ± 57.8 − 2.3 
Mut5 − 131.8 ± 3.9 47 − 77.0 ± 2.2 − 65.6 ± 13.2 − 46.7 ± 5.6 1718.1 ± 43.0 − 2.2 
Mut6 (Mut1+Mut4) − 130.6 ± 28.2 6 − 61.0 ± 14.3 − 186.5 ± 28.5 − 35.5 ± 14.1 1652.4 ± 225.5 − 2.2  

Table 3 
The MM/GBSA binding free energy and electrostatic (ELE) and VDW energies 
(VDWAALS) components (kcal/mol) of all native and mutated peptides during 
the last 10 ns of MD simulation.  

Peptide Generalized Born 
energy 

ELE energy VDWAALS 
energy 

Hp1090 − 20.78 ± 9.61 29.85 ± 28.08 − 34.59 ± 13.88 
Meucin-13 − 19.41 ± 8.21 19.84 ± 23.39 − 33.77 ± 9.72 
Meucin-18 − 40.12 ± 10.08 − 32.90 ±

32.96 
− 61.95 ± 13.65 

Mut1 − 49.10 ± 7.56 − 149.23 ±
33.53 

− 57.97 ± 6.58 

Mut2 − 41.66 ± 10.07 − 39.77 ±
51.26 

− 61.40 ± 10.46 

Mut3 − 47.31 ± 10.32 32.20 ± 32.55 − 72.30 ± 10.10 
Mut4 − 44.82 ± 5.81 − 6.79 ± 32.48 − 66.77 ± 5.78 
Mut5 − 39.34 ± 11.49 − 13.20 ±

23.22 
− 71.77 ± 9.79 

Mut6 
(Mut1+Mut4) 

− 29.69 ± 8.33 − 26.60 ±
41.28 

− 51.30 ± 9.60  

Fig. 2. The 3D representation of the interaction of mucin-18 residues (519–536) (red color in the orange color backbone) with RBD domain residues (green color) of 
spike after 50 ns MD simulation of the complex. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. RMSF of native peptides plus mut1 of mucin 18 in complex with RBD 
domain during the last 10 ns of MD simulation. 
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Docking and MD simulation of the mutated peptide 

The structure of the best five mutated peptides of the meucin-18 plus 
the combination of mutation 1 and 4 (mutation 6) were made and 
separately simulated for 100 ns and the previous procedure was 
repeated for these mutations. 

Binding free energy of the docking for best conformations of each 
mutation among total of 31 conformations was implemented in Table 2. 
Also, the MM/GBSA binding energy of the best conformation in each 
mutated peptide combined with the RBD domain of the spike protein 
was measured during the last 10 ns of 50 ns MD simulation and is 
exhibited in Table 3. According to docking results, mutation 2 (H4Y) of 
the meucin-18 had a better HADDOCK score with the RBD domain; 
nevertheless, according to MM/GBSA results, the mutation 1 (A9T) of 
the meucin-18 had better interaction with the RBD domain. Because 
MM/GBSA results were obtained from 50 ns MD simulation and were 
more accurate, we chose mutation 1 or A9T mutation as the most suit-
able peptide for binding to the RBD domain of the spike protein. 

As stressed in Fig. 3, mutation 1 of the meucin-18 leads to a decrease 
of flexibility or RMSF the meucin-18 residues, then better interaction of 
the mutation 1 with the RBD domain of the spike protein (in comparison 
with the meucin-18) occur. The RMSF results are compatible with the 
MM/GBSA binding free energy results of mutation 1. 

The residue of Tyr 449, Glu 484, Gln 498, and Asn 501 of the RBD 
domain had hydrogen bond and residue of Gly 446, Gly 447, Leu 455, 
Tyr 473, Gly 485, Phe 486, Tyr 489, Phe 490, Leu 492, Gly 496, Tyr 500, 
and Tyr 505 of RBD domain had hydrophobic interaction with mutation 
1 of the meucin-18. 

The 3D interaction between the mutation 1 of the meucin-18 with 
the RBD domain of the spike residues was obtained after 50 ns MD 
simulation via Discovery Studio Visualizer software and is represented 

in Fig. 4. 
Among these residues, Phe 486, Tyr 500, and Asn 501 were 

considered as the key residues for binding the RBD domain to ACE2 and 
the Leu 455 and Gly 496 were close to Tyr 453 and Gln 498 of the RBD 
domain that were assumed as the key residues for binding RBD to ACE2. 
Also, the hydrogen bonds between mutation 1 of the meucin-18 and RBD 
domain were measured during the simulation. The Phe 1 (or 519), Ser 15 
(or 533), Leu 16 (or 534), and Gln 18 (or 536) of the mutation 1 of the 
meucin-18 had hydrogen bond with RBD domain over than 10% of the 
MD simulation time (Fig. 4). The average number of hydrogen bonds 
between mutation 1 of mucin-18 with RBD domain during the last 20 ns 
of 50 ns MD simulation was 4.74 ± 1.6 that is more than the average 
number of a hydrogen bond between meucin-18 and RBD domain (2.23 
± 1.5). Also, the number of hydrogen bonds during the simulation was 
shown in Fig. 5. 

Then binding of mutation 1 to the RBD domain prevents binding of 
the RBD key residues to the ACE2. Besides, MM/GBSA binding free 
energy decomposition analysis designated that Tyr 489, Glu 484, Tyr 
505, Phe 490, Leu 492, Gln 493, Leu 455, Gln 498, and Asn 501 of RBD 
domain had considerable interaction with the mutation 1 of meucin-18 
residues. These residues are placed at the binding region of the RBD 
domain to the ACE2 receptor. Besides, Phe 1, Phe 2, Phe 17, Phe 6, Pro 
14, and Leu 16 of the mutation 1 of mucin-18 had the highest interaction 
with the RBD domain of the spike protein. 

To compare the effect of meucin-18 and mutation 1 of the meucin-18 
on the RBD domain structure of the spike protein, the free RBD domain 
was simulated without any peptide for 50 ns with the same previous 
conditions. Then, the backbone’s RMSD of free RBD domain and in 
combination with the meucin-18 and mutation 1 of the meucin-18 were 
calculated (Fig. 6). 

The average backbone’s RMSD of the RBD domain during the last 10 
ns of the MD simulation was 3.36 ± 0.25 Å, 3.5 ± 0.42 Å, 3.28 ± 0.17 Å 
for free RBD and RBD in combination with the meucin-18 and in com-
plex with mutation 1 of meucin-18, respectively. These findings confirm 
that the mutation 1 peptide can reduce RMSD of the RBD domain of the 
spike protein and induce a conformational change in the RBD domain 
which, could result in either eliminating or wrong interaction of the 
spike protein with the ACE2 receptor. 

Table 4 
The differences between binding energy between native and mutated 
(ΔΔGbinding) structures of the first five mutations in meucin-18.  

Name Mutation ΔΔGbinding (kcal/mol) 

Mut1 A9T − 0.22 
Mut2 H4Y − 0.18 
Mut3 A9S − 0.18 
Mut4 H4F − 0.17 
Mut5 K7H − 0.16  

Fig. 4. The 3D representation of the interaction of mutation 1 of mucin-18 residues (519–536) (red color in the orange color backbone) with RBD domain residues 
(blue color) of spike after 50 ns MD simulation of the complex. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

K. Mahnam et al.                                                                                                                                                                                                                               



Journal of Molecular Graphics and Modelling 107 (2021) 107952

7

Conclusion 

Nowadays, we are living in a universal health disaster caused by the 
SARS-CoV-2 virus, which is responsible for the COVID-19 pandemic 
since the end of 2019. To date, there is not any vaccine against COVID- 
19 and the main and most significant policy adopted to avoid the spread 
of this novel coronavirus is social separation. 

Souza et al. found two synthetic peptides, comprising Mo-CBP3-PepII 
and PepKAA interacting with S1 and S2 domains of the spike protein, 
respectively [55]. Ran Yan et al. using structural analyses showed that 
HP1090 peptide can inhibit HCV infection before viral entering into 
cells and quickly kill HCV in vitro. Then HP1090 is a possible anti-HCV 
leading peptide [22]. 

Han and Kral identified 15 amino acids from the ACE2 receptor that 
directly interact with spike protein. Then, they designed two types of 
peptides including alpha-helix and beta-sheet peptides, and showed that 
the alpha-helix structures had more potential for binding to spike pro-
tein [25]. 

In this study, we used alpha helix peptides derived from venom 
scorpion (HP1090, meucin-13, and meucin-18 peptides) that had the 
suitable potential for binding to spike protein. These peptides had anti- 
bacterial and anti-viral properties in which their initial structures were 
obtained via homology modeling or hyprchem8 software. The best 
models of these peptides were subjected to 100 ns MD simulation via 
amber 18 package. Because of peptides’ small size, helical structures 
were destroyed during the MD simulation and their structures were 
transformed to loop conformer. Then, thirty-one conformations of each 

peptide were extracted from the last 80 ns of MD simulation and each 
peptides’ conformation was docked to the PDB structure of the RBD 
domain of the spike protein and thereafter the best complex was sub-
jected to another 50 MD simulation for each peptide. Then, the MM/ 
GBSA binding free energy analysis was carried out during the last ten ns 
of the MD simulation. The results revealed that the meucin-18 peptide 
(FFGHLFKLATKIIPSLFQ) had better binding free energy comparing 
other native peptides. Therefore, the final structure of complex meucin- 
18 with RBD domain acquired from 50 ns MD simulation was subjected 
to BeAtMuSiC server for mutation proposition in meucin-18 to find a 
mutation with better binding potency to RBD domain. The 3D structure 
of the first five proposed mutations plus one additional mutation (a 
combination of mutations 1 and 4), (in total six mutations) were pre-
pared. The same previous procedure was repeated for six mutations and 
MM/GBSA binding free energies were calculated. The results showed 
that mutation 1 (A9T) or (FFGHLFKLTTKIIPSLFQ) had the most nega-
tive binding energy and this mutation can prevent interaction RBD 
domain of spike protein with ACE2 receptor. Also, the energy contri-
bution of the RBD domain’s residues interacting with meucin-18 showed 
that this peptide can interact with key residues of the RBD domain. 
Furthermore, this peptide can change the native conformation of the 
RBD domain of spike protein and lead to incorrect interaction of RBD 
with ACE2 receptor. Mutation 1 (A9T) is even better than native meucin- 
18 and can be considered as a potential drug for COVID-19 infection; 
because these peptides can bind to the spike protein and inhibit all 
downstream processes of the SARS-CoV-2 to enter the cells and create 
cells’ infection. 

However, there is an alternative receptor in the human lungs’ cells 
called CD209L, a C-type lectin (also called L-SIGN), which could be used 
by the coronavirus to cause the infection [58]. The interaction of pro-
posed peptides with CD209L receptor can also be tested by the molec-
ular dynamics simulations in further projects. 

A major blockade for using peptides as the drug is their toxicity or 
ability to lyse eukaryotic cells. There was a significant correlation be-
tween amphipathicity and hemolytic activity [65]. The Lys and Arg and 
Tyr and Trp are amphiphilic amino acids [66], in which these residues 
can induce hemolytic activity in peptides. Also, previous studies showed 
that introducing D-amino acids instead of original L-amino acids can 
significantly reduce the hemolytic activity of helix peptides [67]. 
Because mutation 1 of meucin-18 (FFGHLFKLTTKIIPSLFQ) has two Lys 
residues (Lys 7 and Lys 11), to reduce hemolytic properties of this 
peptide, we propose using D-Lys residue instead of L-Lys in peptide’s 
synthesis over the in vitro experimental studies and as a result, dimin-
ishing hemolytic effects. Also, for reducing the hemolytic effect of this 
peptide, it is suggested that this peptide is used with nanomolar and not 
with micromolar concentration over the in vivo experiment. In addition, 
allergenicity’s potential of the mentioned peptides were predicted via 

Fig. 5. The number of hydrogen bonds between RBD domain and mutation 1 of mucin-18 during 50 ns MD simulation.  

Fig. 6. Backbone’s RMSD of free RBD domain (free-RBD) and RBD domain in 
complex with mucin-18 (RBD-muc18) and complex with mutation 1 of mucin- 
18 (RBD-mut1) during MD simulation. 

K. Mahnam et al.                                                                                                                                                                                                                               



Journal of Molecular Graphics and Modelling 107 (2021) 107952

8

AllerCatPro server (https://allercatpro.bii.a-star.edu.sg/) [68] and the 
results showed that none of these peptides had allergenicity (data not 
shown). 

This was the first study reporting scorpion venom peptides as the 
potential antiviral molecules that can be used to inhibit the SARS-CoV-2 
entrance into the cells. The proposed small peptide should be tested both 
through in vitro and in vivo experiments in further investigations. 
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