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1. Introduction 
 

Selective action is one of the essential aspects of 

designing anticancer drugs. Current drugs should be not 

only capable of selectively targeting and killing cancerous 

cells but also be able to distinguish between normal and 

cancerous cells. Up to now, attempts have been made to 

design particular drugs to target a specific site found only in 

cancerous cells (Plantefaber and Hynes 1989, Giancotti and 

Ruoslahti 1999, Zitzmann et al. 2002, Bardania et al. 2019, 

Akrami et al. 2021, Mahmoudi et al. 2021). Macro-

molecules such as receptors overexpressed in cancerous 

cells are mostly considered specific targets. We know that 

integrin receptors are expressed in both normal and 

cancerous cells. However, it was observed that certain types 

of integrins have significantly overexpressed in some 

cancers. For example, αvβ3 integrin is highly expressed in 

various tumors, such as bone tumors, glioblastomas, 

neuroblastomas, and lung and breast cancers (Zitzmann et 

al. 2002, Kwakwa and Sterling 2017, Krishn et al. 2019). 

Therefore, integrin receptors could be used as selective 

targets for developing specific cancer diagnoses and 

treatments. Integrin receptors composed of αβ heterodimer 

are responsible for intercellular adhesion and adhesion 

between the extracellular matrix and the cell (Plantefaber 

and Hynes 1989, Chan et al. 1991, Giancotti and Ruoslahti 

1999, Zitzmann et al. 2002, Mezu-Ndubuisi and Maheshwari 

2020). Integrins can provide bi-directional transmembrane  
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signals through interaction with cellular surfaces or 

extracellular matrix, affecting adhesion, proliferation, 

differentiation, growth, migration, and cell survival 

(Zitzmann et al. 2002, Cheah and Andrews 2018, Shimaoka 

et al. 2019). αⅡbβ3, αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, α5β1 

and α8β1 

Integrin receptors, for instance, αⅡbβ3, αvβ1, αvβ3, 

αvβ5, αvβ6, αvβ8, α5β1, and α8β1 have high affinity to 

interact with RGD (arginine-glycine-aspartic acid) motif in 

natural proteins for example fibronectin, vitronectin, 

fibrinogen, and Osteopontin. Numerous studies have revealed 

that integrins with high affinity to interact with the RGD 

motif are highly expressed in malignant cells (Plantefaber 

and Hynes 1989, Chan et al. 1991, Nieberler et al. 2017). 

As an illustration, cells with high metastasis potential 

showed a significant increase in αvβ3 integrin expression 

compared to cells with low metastasis potential (Albelda et 

al. 1990, Gehlsen et al. 1992, Tang et al. 2020). Based on 

these findings, the high expression of RGD-binding 

integrins in cancerous cells may be a specific sign of the 

presence of specific tumors (Albelda et al. 1990, Gehlsen et 

al. 1992, Goligorsky et al. 1998, Aksorn and Chanvorachote 

2019, Mahmoudi et al. 2021). It is indicated that RGD-

based cationic polymers and lipids efficiently target 

cancerous cells (Fu et al. 2019).  

In addition, the crystal structure determination of the 

integrin receptors showed the presence of RGD tripeptide 

binding to the receptor (Xiong et al. 2002, Xiao et al. 2004, 

Nagae et al. 2012). Numerous RGD-containing peptides 

with various origins have been identified with high affinity 

to selectively bind to integrin receptors overexpressed in 

cancerous cells. However, RGD peptide-based drug therapy 

with high efficiency for eliminating human tumor cells has 

yet to be commercially available (Marchini et al. 2012, 

Fanelli et al. 2014, Panzeri et al. 2015, Toum et al. 2015). It 
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is indicated that RGDVF (arginine-glycine-aspartate-

phenylalanine-valine) in cyclic form has strong interaction 

with the integrin receptor. Also, the optimum molar ratio of 

RGD peptide to integrin receptor is 2:1 (Yu et al. 2014). 
Moreover, it has been confirmed that replacing only one 

amino acid in the RGD tripeptide weakens its ability to bind 
to the αvβ3 integrin  (Xiong et al. 2002). Based on structural 
studies performed on ligand-receptor complexes, it has been 
determined that the exchange of aspartic residue with 
glutamate causes a spatial barrier, which in turn prevents 
the formation of chemical bonds for the stability of the 
complex  (Gurrath et al. 1992, Jwad et al. 2020). In 
accordance with structural studies to determine the structure 
of peptides containing RGD motif with high affinity for the 
receptor (Kok et al. 2002, Wu et al. 2017), it was found that 
cyclic polymeric forms of RGD have the highest tendency 
to bind to integrin receptors than linear forms  (Yu et al. 
2014). Previous studies investigated the short sequences of 
RGD peptides  (Yu et al. 2014, Fu et al. 2019). In contrast, 
the peptide conformation needs to have a proper 2D 
structure to effectively interact with RGD-containing 
peptides with integrin receptors (Saudek et al. 1991, 
Wakefield et al. 2015). In the case of the polymeric forms, 
many linear peptide units increase the concentration of 
ligand regions near the receptor. It causes multiple ligand 
interactions with the receptor. This event is one of the 
advantages of the polymeric form over the monomeric form 
of peptides containing the RGD motif (Didier et al.). 
Furthermore, previous studies have shown that RGD dimers 
have a higher affinity than monomers (Yu et al. 2014, 
Sacco et al. 2019). Therefore, in this study, the interaction 
of 55 different RGD dimer motifs with αvβ3 integrin was 
investigated by molecular docking and molecular dynamics 
(MD) simulation. The investigated peptides have 13 amino 
acids and also have a secondary structure, which is the 
innovation of this study in comparison with previous 
studies (Leng and Mixson 2005, Leng et al. 2005, Yu et al. 
2014). 

 

 

2. Model and method 

 
2.1 The structural models 
 
The crystal structure of the extracellular segment of 

integrin αvβ3 (receptor) (PDB ID=1L5G) was obtained 

from the protein data bank (Rose, Beran et al. 2010). To 

investigate the effect of RGD peptide sequence on 

interaction with the receptor, 55 different sequences of 

RGD peptide were generated by the I-TASSER server 

(Yang et al. 2015), which has 13 amino acids. Their 

sequences are shown in Table 1 in Supporting Information. 

 
2.2 Method 
 
In this study, the binding energy between 55 RGD 

peptides and the receptor was obtained with molecular 

docking. Then, the RGD peptides with the strongest binding 

energy with the receptor were selected, and their adsorption 

on the receptor was simulated by the molecular dynamics 

method. 

All of the MD simulations were performed by 

GROMACS 5.1.4 software package (Van Der Spoel et al. 

2005). At first, equilibrated receptor and RGD peptide 

structures should be obtained for docking. For this purpose, 

each of the RGD peptides and receptors was simulated 

separately in pH=5.5 according to the condition of the 

cancer cell. This simulation was performed for 25 ns at a 

temperature of 310 K and 1 bar pressure. The structure of 

the receptor (1L5G (Xiong et al. 2002)) is in the state where 

the RGD is adsorbed on it. Based on the RGD adsorption 

site on receptor, the docking box was selected, which is 

shown in Fig. 1. The grid box of dimension 36 Å  × 26 Å  × 

26 Å  with grid spacing 1 Å  (center 15,50,60) was used for 

docking.  

The binding energy between receptor and 55 RGD 

peptides was calculated using ClusPro server (Comeau et 

al. 2004, Kozakov et al. 2017) where represents the 

interaction energy between two proteins using an 

expression of the form E = w1Erep + w2Eattr + w3Eelec + 

w4EDARS, where Erep and Eattr denote the repulsive and 

attractive contributions to the van der Waals interaction 

energy, and Eelec is an electrostatic energy term. EDARS is a 

pairwise structure-based potential constructed by the 

Decoys as the Reference State (DARS) approach (Lorenzen 

and Zhang 2007), and it primarily represents desolvation 

contributions, i.e., the free energy change due to the 

removal of the water molecules from the interface (Comeau 

et al. 2004). The coefficients w1, w2, w3, and w4 define the 

weights of the corresponding terms and are optimally 

selected for different types of docking problems. The 

coefficients of w1, w2, w3, and w4 are 0.4, -0.4, 600 and 1 

in this study. Docking was performed with Fast Fourier 

Transform (FFT) method with a flexible receptor (Porter et 

al. 2017). The ClusPro server gives a score for each RGD 

peptide based on the interaction energy with the receptor. A 

first approximation of interaction between RGD peptides 

and receptor was obtained by using docking results and 

then, three RGD peptides that have strong interactions with 

receptor were selected for molecular dynamics (MD) 

simulation.  

According to the docking results, three peptides with the 

strongest interaction with the receptor were selected, and 

their adsorption on the receptor was simulated by the 

coarse-grained molecular dynamics simulation method. The 

MARTINI coarse-grained force field (CGFF) (Marrink et 

al. 2007, Monticelli et al. 2008), was used to calculate the 

beads interactions where almost four heavy atoms are 

represented as a single bead. A cutoff radius of 1.2 nm was 

applied for electrostatic and van der Waals interactions. The 

particle mesh Ewald (PME) (Essmann et al. 1995) 

summation method was utilized for electrostatic 

interactions. The periodic boundary conditions (PBC) were 

applied in the simulation box's x, y, and z directions. The 

neighbor searching update frequency was set to 10 steps. 

The time step of all simulations was set to 20 fs. By 

utilizing the Berendsen (Berendsen et al. 1984) coupling 

method, the temperature and pressure of the simulation 

boxes were fixed at 310 K and 1 bar, respectively. Initial 

velocities were randomly generated from the Maxwell-

Boltzmann distribution at the desired temperature. Visual  
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Fig. 1 The schematic of integrin αvβ3 receptor and the 

adsorption site of RGD. The white, green, red and blue 

colors in peptide structure represent nonpolar, polar, acidic 

and basic amino acids, respectively (Xiong et al. 2002) 

 

 

Fig. 2 The model scores of RGD peptides with receptor 

 

 

Fig. 3 The optimized structures of RGD peptides 1,2 and 3 

used for docking and their secondary structures. The white, 

green, red and blue colors in peptide structure represent 

nonpolar, polar, acidic and basic amino acids, respectively 

 

 

molecular dynamics (VMD 1.9.3) (Humphrey et al. 1996) 

was used to visualize the molecules, and all the analyses 

were performed by GROMACS software. For investigating 

the adsorption of peptides on the receptor, first, the receptor 

was placed at the center of the simulation box (11×11×11 

nm3), and then three RGD peptides were randomly  

 

 

 
Fig. 5 The snapshots of final step of simulation for 

interaction of receptor with (a) RGD peptide#1, (b) RGD 

peptide#2 and (c) RGD peptide#3. The violet vdW spheres 

show RGD peptides. The receptor is shown with white, 

green, red and blue surface which represent nonpolar, 

polar, acidic and basic amino acids, respectively 

 

 

distributed around the receptor. The NVT simulation for 10 

ns was performed, and the temperature was set at natural 

body temperature. The pressure was adjusted at atmospheric 

pressure in the NPT ensemble for 10 ns. Then the MD step 

was performed for 100 ns for data collection, and the last 30 

ns were used for analysis. Also, to ensure the adsorption 

sites of the peptides, the simulations were repeated once. 

 
 
3. Results and discussion 

 
3.1 Docking results 
 
The model score of each RGD peptide which is a 

criterion of interaction energy with the receptor is illustrated 

in Fig. 2. The represented results in Fig. 2 demonstrate that 

RGD peptides#1,2 and 3 have strong interaction energy 

with the receptor between 55 peptides and are selected for  
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Fig. 6 (a) electrostatic potential and (b) Lennard-Jones 

between RGD peptides and receptor versus simulation time 
 

 

MD simulation. The structure of the peptides used for 

docking and their secondary structure are shown in Fig. 3.  

The helical wheel plots of RGD peptides# 1, 2 and 3 are 

illustrated in Fig. S1. RGD peptides 1,2 and 3 are different 

in first, fifth, ninth and thirteenth amino acids and also, they 

have RGD at the beginning and end of the sequence. 

Threonine (THR), tryptophan (TRP) and leucine (LEU) are 

different amino acids in RGD peptides# 1,2 and 3, 

respectively. 

 
3.2 Interaction potentials 
 
The initial and final snapshots of the simulation box for 

the adsorption of RGD peptides on the receptor are 

illustrated in Fig. 4. Initially, the RGD peptides are 

randomly distributed around the receptor in the simulation 

box. The RGD peptides are adsorbed during the simulation 

on the receptor due to Lennard-Jones (LJ) and electrostatic 

interactions. Fig. 4 illustrates that in the simulation of RGD 

peptide 1, at first, three peptides are randomly distributed  

 

 

Fig. 7 Radial probability of finding (a) water molecules and 

(b) RGD peptides around the receptor 

 

 

around the receptor. While at the end of simulation time, 

two peptides are adsorbed on different sites of the receptor, 

and one peptide does not adsorb. In the simulation of RGD 

peptide 2, two of three RGD peptides are adsorbed on the 

same receptor sites. The obtained results from a simulation 

of RGD peptide 3 indicated that one of the three RGD 

peptide 3 is absorbed on the extracellular region of the 

receptor. These results elucidate that the optimum ratio 

between peptide and receptor is 2:1, as it is shown in 

previous studies (Yu et al. 2014, Fu et al. 2019). Adsorption 

of all three inserted peptides on the receptor was observed 

only for RGD peptide 2, which elucidates a strong 

interaction between them. 

The adsorption sites of RGD peptides on the receptor 

are illustrated in Fig. 5. Fig. 5(a) indicates that the 

adsorption site of RGD peptide1 on the receptor comprises  
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Fig. 8 (a) The root mean square deviation (RMSD) and (b) 

radius of gyration of the receptor in water medium and 

after RGD peptides adsorption 

 

 

polar and non-polar amino acids. Figs. 5(b) and 5(c) 

demonstrate that RGD peptides 2 and 3 with 2 positive 

charges have been adsorbed on aspartic acid (ASP) and 

glutamic acid (GLU) which are negatively charged amino 

acids. 

The binding energy between RGD peptides and the 

receptor is due to Lennard-Jones (LJ) and electrostatic 

potentials. The LJ potentials between RGD peptides and the 

receptor are shown in Fig. 5(b). As it is seen in this figure, 

at first, RGD peptides are distributed randomly around the 

receptor in simulation box and the LJ potentials are weak. 

As the simulation proceeds, the distance between the RGD 

peptides and the receptor decreases and the LJ potentials 

approaches to an equilibrium value. The negative values of 

LJ potentials reveal attraction energy between RGD 

peptides and the receptors. Decreasing fluctuation of the 

curves in Fig. 5 in the last 70 ns of simulation time confirms 

the equilibration of systems. The electrostatic potentials  

 

Fig. 9 The solvent accessible surface area (SASA) of the 

receptor in water medium and after RGD peptides 

adsorption 

 

 

between RGD peptides and receptor are represented in Fig. 

5(a). It can be seen clearly in Fig. 5(a) that RGD peptides 2 

and 3 with positive charge have strong electrostatic 

potential with receptor which has a negative charge. While 

RGD peptide 1 with zero charge has weak electrostatic 

interaction with the receptor. These obtained values for LJ 

and electrostatic potentials is in accordance with previous 

studies (Leng and Mixson 2005, Leng et al. 2005, Yu et al. 

2014). 

The radial probabilities of finding RGD peptides around 

the receptor have been calculated and plotted in Fig. 7(b). 

The highest peak of RGD peptide 2 in Fig. 5(a) confirms 

strong interactions between RGD peptide 2 and receptor 

which were seen in Fig. 6. Considering the number of 

contacts between RGD peptides and receptor in Fig. S2 

proves the strong interaction between RGD peptide 2 and 

receptor. Two peaks in RDF plot of RGD peptide 1, 

confirms two different adsorption sites of peptides on the 

receptor. The peak of RGD peptide 3 was observed at a 

distance of 4.5 nm from the center of mass of the receptor 

which confirms the weak interaction potential between 

RGD peptide 3 and the receptor as was observed in Fig. 4. 
 

3.3 Conformational changes 
 

The root means square deviation (RMSD) of the 

receptor after RDG peptide adsorption has been calculated 

and depicted in Fig. 8(a). It can be seen in Figure 8a that the 

conformational changes of the receptor after adsorption of 

RGD peptide 2 are remarkable, where the reason for this 

behavior is the strong interaction potentials that were 

discussed before. The radius of gyration of the receptor 

after the adsorption of RGD peptides is represented in Fig. 

8(b). Comparison of the radius of gyration of receptor in a 

water medium and after RGD peptide adsorption confirms 

the significant conformational changes of the receptor after 

the adsorption of RGD peptide 2. 

 

3.4 Hydrophilicity 
 

The conformational changes of the receptor after 

adsorption of RGD peptides alter the hydrophilicity of the 
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receptor. The radial probability of finding water molecules 

around the receptor in water medium and after drug 

adsorption is represented in Fig. 7(a). As it is seen in Fig. 

7(a), each peak shows a layer of water around the receptor 

and the height of peak in water medium is higher than after 

adsorption of RDG peptides. As it is illustrated in Fig. 9, the 

solvent accessible surface area (SASA) of the receptor has 

decreased from 325 to 320 nm2 after adsorption of RGD 

peptides which confirms conformational changes of the 

receptors as discussed in section 3.3. 

 

 
4. Conclusions 

 

Integrin αvβ3 is a transmembrane-spanning receptor in 

cancer cells. The most common integrins recognize the 

tripeptide sequence Arg-Gly-Asp (RGD), found in many 

extracellular matrix adhesive proteins. In This study, the 

adsorption of different RGD peptide sequences integrin 

αvβ3 was investigated. 55 different sequences of RGD 

peptides with 13 Amino acids were considered. The 

selected peptides have a secondary structure that was not 

considered in previous studies. At first, by using molecular 

docking, the binding energy between RGD peptides and the 

receptor was examined. Then, three RGD peptides with 

high binding energy with the receptor were selected for MD 

simulation. The conformational changes of the receptor 

after RGD adsorption were analyzed by RMSD, RDF, the 

radius of gyration, and SASA. The obtained results 

demonstrated that RGD peptides that have two RGD at the 

beginning and end of their sequence have strong interaction 

with the receptor, and also RGD peptides that have 

tryptophan (TRP) have strong LJ and electrostatic 

interactions with the receptor. This optimum sequence is 

effective for designing drug delivery carriers for cancer 

cells which increases the efficiency of targeting cancer 

cells. 
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