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ABSTRACT

The CD147 | Cyp A interaction is a critical pathway in cancer types and an essential factor in entering the
COVID-19 virus into the host cell. Melittin acts as an inhibitory peptide in cancer types by blocking the
CD147/ Cyp A interaction. The clinical application of Melittin is limited due to weak penetration into can-
cer cells. TAT is an arginine-rich peptide with high penetration ability into cells widely used in drug deliv-
ery systems. This study aimed to design a hybrid peptide derived from Melittin and TAT to inhibit CD147
/Cyp A interaction. An amino acid region with high anti-cancer activity in Melittin was selected based on
the physicochemical properties. Based on the results, a truncated Melittin peptide with 15 amino acids
by the GGGS linker was fused to a TAT peptide (nine amino acids) to increase the penetration rate into
the cell. A new hybrid peptide analog(TM) was selected by replacing the glycine with serine based on
random point mutation. Docking results indicated that the TM peptide acts as an inhibitory peptide with
high binding energy when interacting with CD147 and the CypA proteins. RMSD and RMSF results con-
firmed the high stability of the TM peptide in interaction with CD147. Also, the coarse-grained simulation
showed the penetration potential of TM peptide into the DOPS-DOPC model membrane. Our findings in-
dicated that the designed multifunctional peptide could be an attractive therapeutic candidate to halter

tumor types and COVID-19 infection.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Anticancer peptides (ACPs) are promising therapeutic agents
due to their high penetration, toxicity, and ease of modifica-
tion. Anticancer peptides can destroy cancer cells through necro-
sis and apoptosis by pore formation or membrane lysis [1]. Melit-
tin, a small peptide with 26 amino acids (GIGAVLKVLTTGLPAL-
ISWIKRKRQQ), was first obtained from bee venom [2]. Until now,
several biological properties including antimicrobial, anti-radiation,
anti-inflammatory, anti-arthritic, anti-tumor, and anti-AIDS has
been confirmed for Melittin [3-6G]. However, there are some lim-
itations in the clinical application of Melittin, including high toxi-
city (mainly hemolytic activity), influence on gene expression, and

Abbreviations: ACPs, Anticancer peptides; M, melittin; GRAVY index, the sum
of the hydropathy values; TM, TAT-Melittin; H, mean hydrophobicity; uH, the hy-
drophobic moment; z, net charge; NPT, constant pressure; NVT, constant volume;
RMSF, root-mean-square fluctuations; RMSD, root-mean-square deviation.

* Corresponding author.
E-mail address: zhosseingholi@azaruniv.edu (E.Z. Hosseingholi).
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genotoxicity [7-9]. One of the main factors involved in Melittin’s
anticancer activity is blocking matrix metalloproteinase (MMPs)
pathway and inhibiting caspase activity [10-12]. Based on stud-
ies, a high expression of MMPs has been detected in a wide range
of cancer cells such as malignant bladder tumor, Cutaneous squa-
mous cell carcinoma (SCC), and breast cancer [13]. The expression
of MMPs is induced through interaction between by CD147 cell-
surface receptor, a transmembrane glycoprotein with cyclophilin A
(CypA) [14]. Hence, intervention in the interaction between CD147
and CypA through an inhibitory peptide may be attractive for
inhibiting the MMP expression and inducing the caspase path-
way. On the other hand, studies highlight the critical role of the
CypA/CD147 interaction in the capability of the SARS-CoV-2 virus
to enter the host cells; hence inhibiting this interaction may be
an attractive approach to controlling COVID infection [15]. Accord-
ing to studies, Melittin as an anticancer agent can downregulate
MMP-9 and CD147 via inhibiting the expression of CypA. However,
its clinical application can be limited because of its low penetra-
tion into solid tumors. In recent years, several analogs of Melit-
tin have been constructed to improve the biological activity against
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cancer types [10,13,16]. However, there is no FDA-approved drug-
based Melittin for clinical use [17].

HIV-1 TAT is a cell-penetrating peptide widely used to deliver
different therapeutic molecules into cells [18]. A cell-transmitting
region with nine amino acids (RKKRRQRRR) in TAT peptide acts
as a cell-penetrating peptide [19]. The ability of TAT intracellular
penetration is related to the high density of positive charges in
its sequence [20]. This study designed a dual hybrid peptide de-
rived from Melittin to inhibit the entry of the COVID virus and to
control cancer types through more penetration potential into solid
tumors via blocking the CypA/CD147 interaction by bioinformatics
tools and molecular dynamic (MD) simulation studies.

2. Material

2.1. Design, physicochemical properties, and structure prediction of
polypeptides

Several databases, including the UniProt database (https://www.
uniprot.org) and APD (https://pubmed.ncbi.nlm.nih.gov/14681488/)
and PDB databases (https://www.rcsb.org/), were used for the ex-
traction and evaluation of physicochemical properties (molecular
weight, net charge, instability index) of Melittin and TAT pep-
tides. The secondary structure of proteins was predicted by SWISS-
MODEL (https://swissmodel.expasy.org). PEP-FOLD (https://bioserv.
rpbs.univ-paris-diderot.fr/services/PEP-FOLD/) and QMEAN server
(https://swissmodel.expasy.org/qmean/) were used to predict pep-
tide secondary structure. Pymol software was utilized for the visu-
alization of peptide analogs.

2.2. The examination of inhibitory property of Melittin in interaction
with CD147 receptor

Based on the previous studies, Melittin acts as an inhibitory
peptide to disrupt the interaction between CD147 and Cyp A
through binding to proline 211 of CD147 [21-24]. To design a hy-
brid peptide resulting from the fusion of Melittin and TAT, main-
taining the function of Melittin as an inhibitory peptide is essen-
tial. For analysis of the binding region of Melittin to CD147, the se-
quences of CD147 and CypA were extracted from the PDB database,
and the secondary structure of CD147 and CypA proteins was
predicted based on modeling done by SWISS-MODEL and Qmean
servers. Subsequently, Cluspro2.0 docking (https://cluspro.bu.edu/
login.php) was performed to assess the binding region Melittin to
CD147 and was displayed by pymol software.

2.3. Hybrid peptide design

The specific region of Melittin with anticancer property (GLPAL-
ISWIKRKRQQ) was selected for binding to the nine amino acid se-
quence of TAT (RKKRRQRRR) with high penetrating ability into the
cell. For this, a flexible linker was needed to fuse two peptides.
Several linkers were selected, including GSG, GGS, AGP, GGGSGGGS,
GSGGSG, and GGGS, based on their application in the construc-
tion of hybrid peptides [25,26]. Each linker was used in the hy-
brid peptide design, and the secondary structure of the peptides
was predicted by PEP-FOLD, SWISS-MODEL, and QMEAN servers.
The interaction of new hybrid peptides with CD147 was evaluated
by Clus Pro 2.0 server to examine the specific binding of the pep-
tide to proline 211 in CD147. Results were visualized by pymol soft-
ware. After selecting a suitable linker, new hybrid peptide analogs
were produced by the AntiCP server by inducing point mutations
in the hybrid peptide sequence. The best peptide analog was se-
lected based on the highest SVM score. In this stage, the interac-
tion between analogs with CD147 was again examined by Clus Pro
2.0.
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2.4. Anticancer ability and solubility analysis of designed peptide

For the prediction of anticancer activity of the designed peptide,
the ENNAACT web server (https://research.timmons.eu/ennaact)
was used. The peptide sequence was uploaded in FASTA format and
evaluated for anticancer property based on the calculated score.
The solubility of the designed peptide was investigated using the
protein-sol web server (https://protein-sol.manchester.ac.uk).

2.5. Molecular dynamics (MD) simulation

MD simulation was conducted to analyze the stability of the
CD147 | CypA complex and the interaction between the inhibitory
peptide designed with CD147 protein. Docking results of CD147
with Cyp A were entered into GROMACS 4.6.5 software as a PDB
file. The protein structures were centered in a cubic box and filled
with water molecules using the SPC water model [27] and ex-
panded up to 10 A from solute atoms to any edge of the cubic
box. NaCl ions with a concentration of 100 mM were used as neu-
tralizing agents, and an appropriate number of Na+ and Cl- ions
were added to all simulations. Energy minimization for the whole
system was performed as the steepest descent to eliminate the
undesirable contacts between the solvent and target molecules.
NPT (constant pressure) and NVT (constant volume) ensemble con-
ditions were performed at 310°K for 100 PS to equilibrate the
minimized systems. The peptide’s root-mean-square fluctuations
(RMSF) and root-mean-square deviation (RMSD) were calculated
coupled with the MD trajectories. The Parrinello-Rahman algo-
rithm set the pressure of 1 bar under isotropic conditions. Elec-
trostatic interactions were calculated by PME [28] and the LINCS
procedure to impose all bonds involving hydrogen atoms [29]. Af-
ter the neutralization stage, the energy minimization was also con-
ducted during the steepest descent algorithm. MD equilibration
was done for 100 PS with positional restraints on protein-heavy
atoms with a spring constant of 1000 kcal.mol-1nm-2 to avoid the
non-physical conformational change of the solvated protein. The
Final MD simulation was run without restraint for 100 ns. RMSD
was calculated to examine protein changes during MD simulation.
RMSF was calculated to detect the fluctuation of protein residues
over time from a reference position during simulation. Molecu-
lar Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA) method
was used for calculating binding free energy from MD trajectory
[30,31].

2.6. Coarse-grained (CG) MD simulation

CG-MD simulation is an attractive tool for analyzing the inter-
action between cell-penetrating peptides and biomembranes [32].

This study conducted CG-MD simulations based on the hybrid
peptide interaction with the DOPS-DOPC membrane (DOPS and
DOPC, molar ratio 2/8) using the GROMACS software package. The
peptide/lipid (P/L) ratio was equal to 1/25, so that 8 peptides were
used for every 200 lipids. The configuration was started using
packmol software in a cubic box with a 25 nm edge in each dimen-
sion. The MARTINI force field [25] was utilized for 1500 ns simula-
tions. All-atom peptide structure was converted to CG model using
martinize.py python script. The martini22 force field was used in
model generation. Afterward, the peptide (CG model) and mem-
brane (CG model) interaction were simulated using gromacs soft-
ware.

The peptide molecules were added to the CG system with a
molar ratio of about 0.01. The system was filled with the coarse-
grained water model, and 80 Na+ ions were added to the box to
neutralize the system. A reference pressure equal to 1 bar was ap-
plied using a Parrinello-Rahman barostat. The energy was min-
imized during 1000 steps and equilibrated in an NVT ensemble
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Fig. 1. Interaction between CD147 and CypA proteins based on ClusPro 2.0 docking.
The blue, yellow and red colors are related to CD147, CypA proteins and proline 211.

at 310 K. GC simulation was conducted for 1500 ns simulation.
The hydrophobicity of the peptide was evaluated using ExPASy:
ProtScale tool.

3. Results
3.1. The design of a hybrid peptide

Based on the physicochemical properties of Melittin (GI-
GAVLKVLTTGLPALISWIKRKRQQG), an amino acid region (GLPAL-
ISWIKRKRQQ) with high anticancer activity was selected,
and also nine amino acids from the Tat sequence (MEPVD-
PRLEPWKHPGSQPKTACTSCYCKRCCFHCQVCFITKGLGISYGRKKRRQR-
RRADQDSQNHQVSLSKQPTSQPRGDPTGPKESKKEVERETTTDPGDQW
MAS) was selected based on previous studies regarding high
permeability into cell membrane [26,33].

3.2. The selection of a suitable linker

Six hybrid peptides were constructed using six selected link-
ers and analyzed by AntiCP server and ClusPro docking for inter-
action with CD147 protein. The CD147 /CypA interaction in pro-
line 211 was confirmed by Clus pro docking (Fig. 1). For this, the
3D structure of CD147 and hybrid peptides were made, and Clus
pro docking was performed. The crystal structure of CD147 (PDB
id: 3B5H) related to the extracellular portion of this protein was
used for docking based on previous studies [34, 35]. The best con-
struct was selected based on binding CD147 through proline 211
to the hybrid peptide. Among six hybrid peptides designed, only
one (GLPALISWIKRKRQQGGGSRKKRRQRRR) indicated specific bind-
ing in a defined location (proline 211) by fusing Melittin and TAT
sequences by a GGGS linker (Fig. 2) with SVM score: of 0.67.

3.3. Optimization of the hybrid peptide through inducing point
mutations

In the next step, the AntiCP server was used to make novel
analogs of hybrid peptide with higher anticancer properties by in-
duction point mutations. The best analogs were selected based on
the SVM score (Table 1). The new analogs with the highest score

Journal of Molecular Structure 1272 (2023) 134160

GLPALISWIKRKRQQ

Fig. 2. Clus Pro 2.0 docking results related to the construction of the hybrid peptide
designed by the best linker. The blue, yellow and red colors are related to CD147
protein, peptide and the binding site (proline 211).

were examined by cluspro docking to detect binding sites between
CD147 and peptide.

According to the results, a hybrid peptide with alteration
of the first amino acid (Glycine) to (Serine) amino acid with
SVM: 0.82 was selected, and the specific binding was confirmed
by cluspro docking. The final peptide sequence (TM) was as
follows:(SLPALISWIKRKRQQGGGSRKKRRQRRR) (Fig. 3). The anti-
cancer property of TM was confirmed by the ENNAACT server
(https://research.timmons.eu/ennaact).

3.4. Evaluation of peptide solubility

Based on the results, the solubility of the designed peptide was
equal to 0.729, which was higher than the solubility score deter-
mined by the server for control mode (0.45). Hence, the TM pep-
tide can have high solubility (Fig. 4).

3.5. MD simulation results

The binding energy and interaction between CD147 and Cyp A
proteins and the TM peptide with CD147 were examined by MD
simulation. The RMSD values indicated a range of 0.4 to 3 nm dur-
ing simulation for the CD147/CypA complex, which was stabilized
after 70 ns without undesired fluctuation (Fig. 5). RMSF values for
CypA and CD147 in the CD147/CypA complex were indicated in
Fig. 6a and b, respectively. RMSF values for CD147 in CD147/CypA
complex were in the range of 3.5-4.5 nm. RMSF values for each
TM/CD147 complex component were indicated in Fig. 7a and b
for TM and CD147, respectively. RMSF values for CD147 in the
TM/CD147 complex were in the range of 0.1-0.5 nm. The fluctu-
ation of protein residues in the CD147/CypA and TM/CD147 com-
plexes than a reference position had no undesired fluctuation dur-
ing simulation time. RMSD values for MD simulation between TM
peptide and CD147 were 0.8 to 1.2 nm after 50 ns stabilized
(Fig. 8), indicating more stability of TM/CD147 than CD147/CypA.
Molecular Mechanics/Poisson-Boltzmann Surface Area (MM/PBSA)
method was used to compare the binding energy of two complexes
CD147/CypA and TM /CD147 (Table 2). Based on the results, TM
peptide has a high potential for binding to CD147 protein.

3.6. Interaction between TM peptide with DOPS-DOPC membrane

A DOPS-DOPC membrane model, including 80% DOPC and 20%
DOPS membrane lipid, was constructed. For each lipid, 20 water
molecule was added to the system, and the total lipids number
was equal to 2000 molecules.

A coarse-grained simulation was conducted to examine the in-
teraction of TM peptide with the DOPS-DOPC membrane. During
1500 ns CG model simulation, RMSD results displayed a stable con-
formation related to TM peptide structure inside membrane until
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Table 1
Physicochemical properties of new analogues of hybrid peptide predicted by AntiCP server.
Peptide Sequence Mutation position = Mol wt pl Net charge  hydrophobicity = hydrophilicity =~ Amphipathicity = SVMscore
GLPALISWIKRKQQGGGSRKKRRQRRR 0 337444 1285 12.00 —-0.62 0.93 1.36 0.67
ALPALISWIKRKQQGGGSRKKRRQRRR 1 338846 12.85 12.00 —-0.62 0.91 1.36 0.82
CLPALISWIKRKQQGGGSRKKRRQRRR 1 342052 1249 10.90 -0.62 0.90 1.36 0.82
DLPALISWIKRKQQGGGSRKKRRQRRR 1 343247 1249 11.00 —-0.65 1.04 1.36 0.82
HLPALISWIKRKQQGGGSRKKRRQRRR 1 345453 1285 12.50 —-0.64 0.91 1.41 0.80
NLPALISWIKRKQQGGGSRKKRRQRRR 1 3431.49 12.85 11.00 —0.65 0.94 1.36 0.81
ILPALISWIKRKQQGGGSRKKRRQRRR 1 343055 12.85 12.00 —0.60 0.87 1.36 0.83
SLPALISWIKRKQQGGGSRKKRRQRRR 1 340446  12.85 12.00 —-0.64 0.94 1.36 0.82
RMSD
5
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E’ 35
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2125 N
g7 LY
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Fig. 3. Docking results related to the interaction between hybrid peptide (TM) with
CD147 protein in the specific binding site (proline 211). The blue, yellow and red
colors are related to CD147 protein, TM peptide and the binding site in proline 211.

Solubility

Calculated value

Fig. 4. The results related to solubility prediction by the protein-sol server (https:
/[protein-sol.manchester.ac.uk). PopAvrSOL was selected as a template for solubility
prediction.

Time(ns)

Fig. 5. RMSD values related to MD simulation done for Cyp A/CD147 interaction.
The RMSD values were in the range of 0.4 to 3 nm during the simulation, and after
time 70 ns remained stable.

the end of simulation time (Fig. 9). Based on the results, signifi-
cant destruction was observed during the penetration of TM pep-
tide into the membrane (Fig. 10). In this respect, tree figures (10a-
10c) indicate the penetration of peptide into the membrane during
0 to 1500 ns simulations. In 0 ns simulation, the peptide is located
out of the membrane (Fig. 10a). In 500 ns simulation, peptide is in
contact with membrane surface (figue 10b) and finally in 1500 ns
simulation, peptide has penetrated into membrane (Fig. 10c).

A partial density was also displayed during CG-MD simulation
to indicate density distribution of the membrane and water along
the z-axis during simulation (Fig. 11). While the start configuration
was a mixture of membrane component and water, analysis of the
density distribution of the membrane and water from the z-axis
showed that the water and membrane have separated and water
surrounds the membrane.

3.7. Analysis of peptide hydrophobicity

The peptide hydrophobicity was analyzed by the ProtScale pro-
gram (The SIB Swiss Institute of Bioinformatics, Swiss) (http:
/[www.expasy.ch/tools/protscale.html/) based on Kyte-Doolittle
method (Hphob) [36]. The horizontal axis displayed the location
of amino acids, and the vertical axis indicated the hydropho-
bicity rate, whose values above zero are related to hydrophobic
amino acids in peptides (Fig. 12). Hydrophobicity analysis of pep-
tide sequence by ProtScale tool displayed two individual hydropho-
bic parts (2-7 aa) and hydrophilic (10-15aa) properties related to
Melittin in hybrid peptide hydrophobic part of Melittin have a role
in deeper penetration of peptide to the inner part of the mem-
brane. The C-terminal region of hybrid peptide (TAT) is rich in hy-
drophilic amino acids that play a role in attachment to the mem-
brane’s outer surface. In addition, based on the structure of the TAT
peptide, the presence of the amino acids arginine and lysine has a
strong interaction with the phosphate heads of the bilayer mem-
brane, which leads to disruption of structure and penetration into
the membrane.
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Table 2
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The binding energy results during 100 ns MD simulation for CD147-CypA and TM-CD147 interactions.

Energy CD147-CypA

TM-CD147

van der Waal energy
Electrostattic energy
Polar solvation energy
SASA energy

SAV energy

WCA energy

Binding energy

~516.612 +/- 27.538 kj/mol
—1849.649 +/- 106.725 kj/mol
1326.222 +/- 106.895 kj/mol
~69.130 +/- 9.070 kj/mol
0.000 +/- 0.000 kj/mol

0.000 +/- 0.000 kj/mol
~1109.169 +/- 130.575 kj/mol

—346.800 +/- 28.646 kj/mol
~1069.632 +/- 41.093 kj/mol
879.497 +/- 57.964 kj/mol
—42.517 +/- 1.567 kj/mol
0.000 +/- 0.000 kj/mol

0.000 +/- 0.000 kj/mol
—579.452 +[- 36.709 kj/mol

RMSD

RMSD(nm)
-

0 20 40 60 80 100
Time(ns)

Fig. 8. RMSD values related to MD simulation done for TM/CD147 interaction. The
RMSD values were in the range of 0.8 to 1.2 nm during the simulation, and after
time 50 ns remained stable.

4. Discussion

In addition to the critical role of CD147/ CypA in cancer, it has
been documented that CD147 promotes virus infection via the in-
teraction with the CypA molecule [37]. Hence, blocking of CD147/
CypA complex can be a promising therapeutic candidate for both
cancer and COVID infection [15]. For instance, CD147-antagonist
peptide 9 has an inhibitory effect on the entry of the COVID virus
to host cells indicating the critical role of CD147 in promoting in-
fection [37,38].

The recent promising outcomes regarding the anti-cancer prop-
erties of Melittin have made it an ideal candidate for cancer ther-
apy. One of the critical mechanisms involved in the induction of
apoptosis by Melittin is related to activating caspases by blocking

RMSD

System after Isq fit to System
20 T T T T T

RMSD (nm)
>
|

0 L | L 1 L
0 500 1000 1500

Time (ns)

Fig. 9. During 1500 ns CG model simulation, RMSD results displayed a stable con-
formation related to TM peptide structure inside membrane until the end of simu-
lation time.

the interaction between CypA to CD147 proteins [39]. The TAT pep-
tide is a versatile cell-penetrating peptide for transferring a wide
variety of therapeutic agents [20,40]. This study designed a dual
hybrid peptide by combining melittin and TAT analogs. Based on
bioinformatics results, two peptides indicated no negative inter-
action together spatially structure or biological activity. The anti-
COVID19 and anti-cancer activities of the hybrid peptide(TM) could
be related to blocking CypA | CD147 interaction coupled with a
high penetration rate into tumor cells due to the existence of
the TAT peptide. Studies indicate that 15 terminal amino acids of
Melittin can act as an anti-cancer peptide [19]. In this study, the C-

Fig. 10. The coarse-grained simulation for TM peptide interaction with DOPC/DOPS model membrane during 1500 ns. Fig. 10a: the peptide is out of the membrane in
0 ns simulation. Fig. 10b: the peptide is in contact with the membrane surface during 500 ns simulation. Fig. 10c: the peptide has penetrated the membrane in 1500 ns

simulation. Peptide (blue) and lipid (yellow, red).
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Fig. 12. Hydrophobicity analysis of peptide sequence was done by ProtScale tool.
The horizontal axis indicates the location of the amino acids, and the vertical axis
indicates hydrophobicity rate whose values above zero are related to hydrophobic
amino acids in the peptide.

terminal portion of Melittin was fused to nine amino acids of TAT
peptide by a suitable linker. Based on modeling and docking re-
sults, the GGGS linker can be a suitable selection for constructing
TM peptide [27], and the resulting hybrid peptide was optimized
by replacing glycine with serine in the sequence.

TM'’s stability and binding energy in the interaction with the
CD147 receptor were predicted by MD simulation compared with
the CypA and CD147 interaction. The high solubility and low toxi-
city of TM peptide was also predicted.

Until now, several studies have confirmed the penetration of
Melittin into lipid membranes, such as the dioleoyl phosphatidyl-
choline (DOPC) bilayer [41,42].

According to RMSD and RMSF, the stability of the secondary
structure of TM peptide in interaction with CD147 was confirmed.
According to our findings, TM can be bound to CD147 with suffi-
cient binding energy than the CD147-Cyp A protein complex.

Based on the results of CG-MD simulation, TM peptide has
the potential for attaching to the DOPS | DOPC through its hy-
drophilic part and successfully entering the membrane through
the hydrophobic part due to the permeability characteristic of TAT
peptide. Based on physicochemical, MD and CG simulations re-
sults, the anti-cancer peptide designed can have a high potential
for penetration into the lipid membrane. Therefore, the resulting
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peptide can be a suitable therapeutic candidate with high pene-
trating power into solid tumors.

5. Conclusion

In this study, the multifunctional inhibitory peptide could be an
attractive therapeutic candidate to halter tumor types and COVID-
19 infection.
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