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Introduction
The foremost cause of mortality around the world is cancer. 
Despite great advancements in the field of molecular oncol-
ogy—improving both diagnosis and therapy—the mortality rate 
still remains high.1 For the identification of cancer hallmarks, 
many approaches are currently being applied. Among biological 
cancer treatments, one of the features is to prevent the effect of 
tumor-promoting growth factors, hence inhibiting angiogenesis. 
Another aspect is to initiate an antitumor immune response by 
recruiting the immune effector cells around the tumor.2-4 
However, significant advancements in the field of genetic engi-
neering have led to the evolution of fusion proteins. All naturally 
occurring oncogenic fusion proteins are membrane-bound or 
cytoplasmic signaling molecules. No oncogenic fusion protein 
composed of extracellular ligands or cytokines is reported, so the 
fusion of extracellular ligands with signaling molecules, such as 
leukins, is attractive for pharmaceutical drug development. 
Research is in progress concerning the development of fusion 
proteins as a drug which may be administered as an exogenous 
compound acting upon certain target tissues. Different research 

groups have synthesized artificial fusion proteins as immu-
nomodulators to forestall the development and progression of 
autoimmune diseases and cancer.5 Gene fusion techniques are 
employed to produce recombinant proteins bearing the features 
of parental products.6 These fusion proteins have diverse utiliza-
tion in biomedicine, agriculture, pharmaceuticals, the food 
industry, and so on. Among fusion proteins, recombinant recep-
tor decoys are constructed based on the fusion of the extracellu-
lar domain (ECD) of the receptor and Fc-part of the human 
IgG immunoglobulin. This fusion leads to improve the pharma-
cokinetic properties of the fusion protein, and thus is widely used 
in pre-clinical and clinical studies. However, the chimeric decoy 
receptor fusion protein is produced by fusing the two ECD enti-
ties or plasma membrane-associated receptors that may target 
their dedicated components individually (ie, ligands), inhibiting 
tumor-associated angiogenesis processes.7 The study is related to 
the creation of a fusion protein borne of the marriage of two 
compounds; one is a cytokine named IL-2 and the second part 
comprises extracellular domain of VEGFR-1. Both proteins 
have an antiangiogenic effect, so it was proposed that this fusion 
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can alter immune response and function with an enhanced 
antiangiogenic effect.

Shibuya and coworkers discovered VEGFR-1 as fms-like 
tyrosine kinase or Flt-1.8 Flt-1 is a vascular endothelial growth 
factor receptor 1 (VEGFR-1).9 Flt-1, now also known as 
VEGFR-1, was shown to be highly expressed in vascular endothe-
lial cells.10 The VEGFR-1 gene has two alternative polyadenyla-
tion sites: one is present in intron 13, and the other one after exon 
30, which is the last exon of the gene. The alternative transcript 
encodes two isoforms: a soluble VEGFR-1 (sVEGFR-1) which 
lacks cytoplasmic kinase domains and without transmembrane 
domains, and the second isoform comprises a full-length trans-
membrane domain that shows weak kinase activity upon binding 
with VEGFA.11 VEGFR-1 traps ligands through its ligand bind-
ing domain, therefore plays a negative role during angiogenesis. 
The primary function of VEGFR1 is to prevent the initiation of 
signaling cascades through the maintenance of less functional 
VEGFR2. In adults, VEGFR-1 is expressed not solely on the sur-
face of endothelial cells but however conjointly on macrophages 
and promotes the function of macrophages, inflammatory dis-
eases, cancer metastasis, and atherosclerosis via its kinase activity. 
VEGFR-1 as well as its soluble form is involved in a variety of 
human illnesses, making it very important target in the develop-
ment of new strategies to suppress disease.12

Cytokines are small glycoproteins which function by binding 
to the cell surface receptors and ultimately regulate the develop-
ment, survival, and function of immune cells. Cytokines have 
been studied as therapeutic agents to check the response of the 
immune system to tumor cells. IL-2 is among the cytokines that 
exhibit pleiotropic effects on the immune system. After IL2 was 
discovered as “T cell growth factor” (TCGF) in 1976, it revolu-
tionized immunology and immunotherapy.13 IL2 was one of 
the first drug candidates approved by the FDA for cancer 
immunotherapy, for metastatic renal cell carcinoma in 1992 and 
for metastatic melanoma in 1998.14-17 IL-2 is 15.5 kDa, a four 
helical structure cytokine that is predominantly produced by 
antigen-simulated CD4+ T-cells as well as by CD8+ cells, 
natural killer (NK) cells, and activated dendritic cells (DC).18-20 
The important functions of IL-2 are the maintenance of 
CD4+ regulatory T-cells, and differentiation of CD4+ T-cells. 
It can also promote CD8+ T-cell and NK cell cytotoxicity 
activity, and help in T-cell differentiation when exposed to anti-
gen, thus enhancing the differentiation of naive CD4+ T-cell 
into two types: T helper-1 (Th1) and T helper-2 (Th2) cells. 
During this inhibition, differentiation of T helper-17 (Th17) 
takes place.21-23 The IL-2 receptor is composed of the three 
subunits: IL-2Rα (CD25), IL-2Rβ (CD122), and IL-2Rγ 
(CD132). The trimeric complex composed of αβγ subunits 
brings the affinity of the receptor to its highest level.24-28 IL-2 
has displayed many examples of tumor regression, but it is not 
effective in improving patient survival rates due to dual-func-
tional effects on T-cells and the adverse effects of high doses. As 
such, IL-2 monotherapy is insufficient for treatment of both 
metastatic renal cell carcinoma and metastatic melanoma. 

Researchers are now focusing on improving the efficacy of IL-2 
therapy by instead using a combination of IL-2 therapy and 
other anticancer agents.16 As soluble VEGFR-1 receptor can 
act as decoy receptor to scavenge ligands that are involved in 
angiogenesis without initiating an immune response, so we 
decided to fuse this s-VEGFR-1 with IL-2, both of these act as 
antiangiogenic agents, so a step toward developing fusion pro-
tein with enhanced antiangiogenic effect.

The 3D structure of proteins provides information regarding 
their folding pattern, stability, and interaction among domains. In 
designing the recombinant multi-domain proteins, the fusion pro-
teins are more prone to misfolding or assembling in an incorrect 
3D shape when compared with a single-domain protein, as differ-
ent peptide domains interact with each other in different ways.29 
To overcome this limitation, in silico analyses are performed to 
generate the recombinant fusion proteins followed by the protein 
modeling and Molecular Dynamic (MD) simulations. In the cur-
rent report, molecular modeling of an antagonistic angiogenic 
fusion protein—ie, soluble ECD of human VEGFR-1 
(sVEGFR-1) and human IL-2—uses threading assembly refine-
ment to predict the 3D structure and energy minimization. MD 
simulation is done to optimize the model and to observe its struc-
tural fluctuations which might be utilized for cancer therapy.

Materials and Methods
The current study involves the fusion of ECD of sVEGFR-1 
(732 residues) and IL-2 (133 residues) by a flexible linker (10 
residues) to build a fusion protein (875 residues), using struc-
tural modeling and then its characterization by MD simulation 
and molecular docking analyses.

Sequence retrieval and fusion protein modeling

The amino acid sequences of ECD of sVEGFR-1 and human 
IL-2 were retrieved from UniProtKB: VEGFR-1 id: P17948-2 
(https://www.uniprot.org/uniprot/P17948) and Human IL-2 id: 
P60568 (https://www.uniprot.org/uniprot/P60568), respectively. 
The fusion protein consists of two chains, A and B. N-terminal 
A-chain consists of 732 residues and C-terminal B-chain con-
sists of 133 residues. To build a fusion protein, the EC domain of 
VEGFR1 was linked with IL-2 using a hydrophobic and flexible 
(GGGGS)2 amino acid linker. Flexible linkers are used when 
there is requirement of movement at a certain degree or interac-
tion between individual components of fusion protein. They are 
mainly composed of small non polar (eg, Gly) or polar (eg, Ser or 
Thr) amino acid residues.30 The chimeric gene was designed for 
cloning and expression of the fusion protein in E. coli.

Primary structure analysis of fusion protein

ExPASy’s ProtParam server31 was used to observe the physio-
chemical characters of fusion protein inclusive of theoretical 
isoelectric point (pI), molecular weight, molecular formula, total 
number of positive and negatively charged residues, instability 

https://www.uniprot.org/uniprot/P17948
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index,32 aliphatic index,33 and grand average hydropathicity 
(GRAVY).34 The instability index gives an estimate of a pro-
tein’s stability in vitro. The aliphatic index of a protein is 
regarded as a positive factor for the growth of thermostability of 
globular proteins, and specifically defined as the relative volume 
occupied by aliphatic side chains (alanine, valine, isoleucine, and 
leucine). The GRAVY score is calculated as the sum of the 
hydropathy values of all the amino acids, divided by the number 
of residues in the sequence.

Secondary structure prediction

The secondary structure of the ECD of sVEGFR-1 and fusion 
protein were determined using CFSSP (Chou and Fasman 
secondary structure prediction),35 PSIPRED,36 and SOPMA37 
servers. Moreover, the functional characteristics of the designed 
protein including secondary structure, the regions lacking reg-
ular shape, coiled-coil domain names, sections with low-com-
plexity, transmembrane (TM) helices, solvent-on hand surface 
region (SASA), and the sites with disulfide bridges have been 
additionally assessed.

Three-dimensional (3D) model prediction

The RaptorX server was used for 3D structure prediction by 
homology modeling, and PDB ID: 5t89 crystal structure was 
used as a template. Protein molecules achieve maximum stability 
at their lowest energy state (through proper folding) to form a 3D 
structure. The RaptorX,38 structure prediction server was used for 
automated prediction of protein secondary structures, template-
based tertiary structure modeling, and probabilistic alignment 
sampling. Given a target sequence, the RaptorX server can detect 
even distantly related template sequences by using a novel algo-
rithm utilizing probabilistic consistency and nonlinear, context-
specific alignment potential. Raptor X assigns confidence scores 
by which quality of predicted 3D structure can be evaluated. P 
value indicates the quality of the predicted protein model. The 
smaller the p value, higher the quality of the predicted model.

Tertiary structure validation

UCSF Chimera alpha 1.14v was utilized to visualize and ana-
lyze the 3D predicted models, followed by mode assessment 
through the RAMPAGE tool.39 It generates the Ramachandran 
plot which depicts and distributes the residues in favored, 
allowed, and outlier regions.

Molecular dynamics simulation

GROMACS program version 2021.2 was used for molecular 
dynamics of fusion protein.40,41 Optimized potential for liquid 
simulations (OPLS) force field was used and the structure was 
placed in a cubic unit cell with 1.0 nm from the box edge. Simple 
point charge (SPC) water model was used for solvation and then 
neutralization of system was done by Cl- ions that were 

substituted from solvent molecule. After that a maximum of 
50 000 steps of energy minimization was performed of already 
predicted models by using a conjugate gradient algorithm fol-
lowed by steepest descent minimization. The total energy should 
be constant throughout the simulation process, as it is the sum of 
kinetic and potential energy of the molecules. Kinetic energy 
should be constant or following a decreasing trend since the con-
stant increasing of kinetic energy level reflects the general confu-
sion of protein structure. Potential energy level should be 
increasing or constant to show the stability of structure.

After energy minimization, the system was equilibrated 
using the position restrained simulation under an NVT ensem-
ble (constant Number of particles, Volume, and Temperature) 
for 100 picoseconds that stabilizes the temperature at 300 K 
with Berendsen thermostat followed by an NPT ensemble 
(constant Number of particles, Pressure, and Temperature) for 
100 picoseconds to stabilize the pressure at 1.0 bar with 
Parrinello-Rahman pressure coupling factor.

At the end, unrestrained MD simulation was carried out for 
100 nanoseconds with 2 fs per step with Berendsen thermostat 
of 300 K and the pressure at 1.0 bar with Parrinello-Rahman 
pressure coupling factor.

Comparative analysis of the structural deviation such as root 
mean square deviation (RMSD), root mean square fluctuation 
(RMSF), radius of gyration (Rg), and solvent accessible surface 
area (SASA) were computed using GROMACS associated 
utility packages.

Protein-protein interaction (PPI)

After simulation, the molecular docking analysis between fusion 
protein and sVEGFR-1/VEGFA and IL-2/IL-2RA and 
IL-2RB was performed by using the ClusPro 2.0 tool for pro-
tein-protein docking.42 The PPI has three computational steps: 
rigid body docking using the FFT (Fast Fourier Transform) cor-
relation approach; RMSD-based clustering of structures gener-
ated to find the largest cluster that represents the likely models 
of the complex; and refinement of selected structures. The 
ClusPro 2.0 generates four types of output models using the 
scoring algorithms designated as balanced, electrostatic-favored, 
hydrophobic-favored, and van der Waals electrostatic. The first 
10 relatively low-energy docking structures were selected and 
analyzed further for interaction analysis. UCSF Chimera alpha 
1.1v Chimera software was used for visual representation, assess-
ing the complex interactions, and measuring the distances 
among the interacting amino acid residues.

Results
Primary structure analysis

The primary structure of VEGFR-1 (p17948-2) is composed of 
732 amino acid residues, encoded by means of 2196 nucleotides. 
Human IL-2 (Accession number: p60568) is composed of 133 
amino acid residues, encoded by 399 nucleotides. The 732 amino 
acids fragment of VEGFR-1 (mature part) and 133 amino acid 
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fragments of IL-2 were used to design the fusion protein con-
struct. The length of the designed construct is 875 amino acids, 
which between 1 and 732 is VEGFR-1. Amino acids 733-743 
(10 aa) are linker sequences, (GGGGS)2. Amino acids 744 to 
875 (133 aa) are IL-2 (Figure 1A). Figure 1B shows a schematic 
view of the designed fusion protein. The primary structural fea-
tures of the designed fusion protein determined with the help of 
ProtParam are summarized in Table 1. ProtParam is an applica-
tion that lets in the computation of various physical and chemi-
cal parameters for a given protein. The calculated isoelectric 
point (pI) for VEGFR-1, IL-2, and fusion protein were calcu-
lated to be 9.15, 7.05, and 9.04, respectively, suggesting the pres-
ence of greater negatively charged residues. The value of the 
aliphatic index for VEGFR1, IL-2, and fusion protein were 
84.29, 103.38, and 86.23, respectively, while that of the instabil-
ity index were 48.62, 47.37, and 52.75. GRAVY (grand average 
hydropathy) values of VEGFR1, IL-2, and VEGFR1 
(GGGGS)2 IL-2 were −0.348, −0.378, and −0.171, respectively.

Physiochemical properties of the fusion protein

The physiochemical properties of the fusion protein sequence 
were revealed using the ProtParam webserver. It was found that 
fusion protein is composed of 875 amino acid residues, the 
average molecular weight 98 kDa, and pI 9.04. The total num-
ber of negatively charged residues (Asp + Glu) was 85 and the 
total number of positively charged residues (Arg + Lys) 106. 
Percentage of different amino acid residues is shown in Table 1. 
The instability index of the fusion protein was computed by 
the ProtParam webserver (Table 2).

Prediction of secondary structure of fusion protein 
[sVEGFR-1-(GGGGS)2-IL-2]

The secondary structure of fusion protein [sVEGFR-
1-(GGGGS)2-IL-2] predicted by CFSSP,35 PSIPRED,36 and 

SOPMA37 tools was found to consist of 14.17% helices, 
29.71% extended strands, 4.69% beta turns, and 51.43% ran-
dom coils. The location of flexible linker (GGGGS)2 reside 
within amino acids 733-742 in the fusion protein (Figure 2).

Figure 1. (A) A Schematic view of the designed fusion protein, (B) A proposed model showing mode of action of the sVEGFR1-linker-IL2 fusion protein.

Table 1. Amino acid composition.

AMINO AcId NO. OF RESIdUES PERcENTAGE OF RESIdUES

Ala (A) 42 4.8%

Arg (R) 41 4.7%

Asn (N) 51 5.8%

Asp (d) 31 3.5%

cys (c) 20 2.3%

Gln (Q) 33 3.8%

Glu (E) 54 6.2%

Gly (G) 47 5.4%

His (H) 24 2.7%

Ile (I) 67 7.7%

Leu (L) 80 9.1%

Lys (K) 65 7.4%

Met (M) 18 2.1%

Phe (F) 26 3.0%

Pro (P) 36 4.1%

Ser (S) 73 8.3%

Thr (T) 80 9.1%

Trp (W)  9 1.0%

Tyr (Y) 30 3.4%

Val (V) 48 5.5%
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Table 2. Parameters calculated by ExPSy’s ProtParam tool.

GRAVY AI II Ec + R −R TPI MW SEQUENcE LENGTH

–0.348 86.23 48.62 95450 106 85 9.04 98454.89 875

Abbreviations: AI, aliphatic index; Ec, extinction coefficient at 280 nm; GRAVY, grand average hydropathy; II, instability index; Mw, molecular weight; −R, number of 
negative charged residues; +R, number of positive charged residues; TpI, theoretical Isoelectric point.

Figure 2. Schematic illustration of secondary structure prediction of fusion protein [sVEGFR-1-(GGGGS)2-IL-2] by PSIPREd.
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Prediction and validation of tertiary structure of 
fusion protein

The RaptorX server was used for 3D structure prediction 
(Figure 3) by homology modeling, using crystal structure PDB 
ID: 5t89X as a template. The fusion protein consisted of 3 
domains, comprising 875 amino acids, out of which 26 (2%) 
positions were predicted as disordered. The best template was 
5t89X with P value 2.35e-32, which was low and statistically 
significant. Overall uGDT (GDT) was 702(80). Solvent access 
values were 47% E, 34% M, and 18% B.

Analysis of simulation

After completing the simulation, energy (kinetic, potential 
& total energy), RMSD, RMSF, solvent accessible surface 

area (SASA), and Gyration radius were analyzed with  
output data.

Structural model ref inement

Molecular dynamics simulation was used for structural refine-
ments described in Materials and Methods. Simulation serves 
as a bridge between theory and experimentation. The theory 
was tested by simulation using computer-generated models 
that gave an idea about the possible strong interactions between 
molecules.42-45 Gromacs is an application of molecular dynam-
ics simulation developed by Groningen University. Gromacs is 
specialized to perform MD simulation and energy minimiza-
tion. The MD simulation output data were analyzed based on 
energy (kinetic, potential, & total energy), RMSD, RMSF, 
SASA, and Gyration radius.

Root mean square deviation

RMSD is the measure of the average distance between the 
backbone atoms of proteins. The structural refinement was 
carried out using molecular dynamics simulation over the 
equilibration course and exhibited RMSD plots for predicted 
models of fusion protein that flattened after 10-100 ns (Figure 
4). RMSD plots indicated that there is very small deviation in 
the backbone of protein structure and is stable during 
simulation.

Root mean square fluctuation

To analyze the mean atomistic motions of separate residues, 
root mean square fluctuation (RMSF) of Cα atoms in fusion 
protein was calculated using final trajectories. High RMSF val-
ues denote more flexibility (more conformational fluctuation), 
while low values show less fluctuations in the structure. As 

Figure 3. Predicted 3d structure of fusion protein [sVEGFR-1-

(GGGGS)2-IL-2] showing α-helices, extended strands, β-turns and 

random coils, VEGFR1(green), IL2 (yellow), linker (black), VEGF (orange).

Figure 4. Root Mean Square deviation plot of sVEGFR-1, IL-2 and fusion protein [sVEGFR-1-(GGGGS)2-IL-2], showing the deviations of cα-atoms of 

proteins. The fluctuations of sVEGFR-1, IL-2 and fusion protein [sVEGFR-1-(GGGGS)2-IL-2] are highlighted in red, black and blue colors respectively. 
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shown in Figure 5, the fluctuations in the fusion protein struc-
ture suggested that the orientation of the individual proteins in 
the fusion protein is quite stable, with less structural changes.

Solvent accessible surface area

In addition to other interactions within the protein, very 
important intermolecular interaction is hydrophobic interac-
tion. Hydrophobic interactions are present between non-polar 
amino acids and ensure the stability of proteins in solution by 
masking the non-polar amino acids present in the core.46 UV 
fluorescence spectroscopy has been used to monitor hydration 
of hydrophobic core during protein unfolding and hydrophobic 
collapse during the start of protein folding.47,48 This spectros-
copy technique exploits the intrinsic fluorescence property of 
proteins to provide sensitive indications of variation in the sol-
vent accessibility of the hydrophobic core caused by changes in 
tertiary structure.49-52 During denaturation, unfolding of pro-
teins inevitably causes the hydrophobic core to be exposed to 

the aqueous surrounding leading to the loss of hydrophobic 
interactions among non-polar amino acid clusters. Theoretically, 
changes in the accessibility of protein to solvent can be deter-
mined by computing solvent accessible surface area (SASA). 
During the course of the simulations conducted, the SASA of 
the fusion protein will naturally get larger as hydration of the 
hydrophobic core occurs during unfolding causing the inter-
ruption of hydrophobic interactions among non-polar residues. 
The plot of SASA (Figure 6) of the fusion protein showed 
decreasing trends indicating less exposure of the hydrophobic 
core to solvation as unfolding proceeds, making protein highly 
stable.

Gyration radius

Gyration radius is an indicative of the level of compaction in 
the structure, ie, how folded or unfolded is the protein. During 
100 ns of simulation, this number was almost constant indicat-
ing the stability of the molecular structures. Figure 7 represents 

Figure 5. 5 Root Mean Square fluctuation graph of sVEGFR-1, IL-2, and fusion protein [sVEGFR-1-(GGGGS)2-IL-2] to represent the residual fluctuations 

with time. The deviation lines of sVEGFR-1, IL-2 and fusion protein [sVEGFR-1-(GGGGS)2-IL-2] are highlighted in black, red and blue colors respectively.

Figure 6. Solvent accessible surface area of sVEGFR-1, IL-2, and fusion protein [sVEGFR-1-(GGGGS)2-IL-2].
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simulation analysis of fusion protein that validated the accu-
racy of our designed fusion protein structure.

Ramachandran plot assessment

The 3D structure of fusion protein [sVEGFR-1-(GGGGS)2-
IL-2] was validated by the Ramachandran plot before and after 

MD simulation, and structures were assessed by using RAMPAGE. 
The data showed the overall refinement of modeled structures as 
the number of amino acids in favored and allowed regions were 
improved, while residues in outlier region were reduced after a 
100 ns simulation. The Ramachandran plot analysis obtained by 
RAMPAGE Ramachandran Plot Assessment is summarized in 
Table 3 and the plots are provided in Figure 8.

Figure 7. Gyration radius graph of sVEGFR-1, IL-2, and fusion protein [sVEGFR-1-(GGGGS)2-IL-2].

Table 3. Ramachandran plot analysis of fusion protein before and after Md simulation obtained by RAMPAGE Ramachandran Plot Assessment.

PROTEIN FAVOREd REGION ALLOWEd REGION OUTLIER REGION

sVEGFR-1-(GGGGS)2-IL-2 Pre-Md 89.3% 7.1% 3.6%

Post-Md 90.5% 7.2% 2.3%

Abbreviation: Md, molecular dynamic.

Figure 8. Ramachandran plot analysis of fusion protein [sVEGFR-1-(GGGGS)2-IL-2] before and after Md simulations. The general favored region and 

Pre-Pro favored region are indicated with dark blue color. The generally allowed region and Pre-Pro allowed region is shown in pale blue. The glycine 

favored and allowed regions are shown in dark and pale orange, respectively. The disallowed region is in white color.
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Comparison of modeled structures before and after 
MD simulation

The 3D structure of fusion protein was also assessed after 
MD simulation for accuracy. By overlaying 3D structure of 
the fusion protein before and after MD simulation depicted 
that the predicted structure is stable, and the linker is able 
to separate the individual domains of the fusion protein. 
Structural comparison of predicted models of fusion pro-
tein before and after MD simulation is shown in Figure 8 
and confirms the proper folding of fusion protein.  
The results of the Ramachandran plot suggested that over-
all, the quality of the predicted fusion protein model is 
satisfactory.

Protein-protein interaction of fusion protein 
[sVEGFR-1-[GGGGS)2-IL-2] with VEGFA, 
IL-2RA and IL-2RB

Docked complexes (ie, fusion protein with VEGFA and fusion 
protein with IL-2RA and IL-2RB) were analyzed by PDBSum53 
and then protein-protein interactions were interpreted by using 
visualization tools. A total of 21 hydrogen bonds and 4 salt 
bridges were found between IL-2RB and IL-2 (Figure 9). Five 
hydrogen bonds were observed between IL-2RA and IL-2, 
among them 3 amino acid residues were found to be involved in 
salt bridge formation (Figure 10). Moreover, the full docked 
complex of the fusion protein showed the presence of one salt 
bridge and 10 hydrogen bonds; of which, one of the hydrogen 

Figure 9. (A) Interacting residues of IL-2RB are highlighted in red, sVEGFR-1 in blue and IL-2 in dark green color. (B) chain A is showing IL2RB and chain 

B represents IL2. (c)  The focused image of interacting residues having salt bridges, disulphide bonds and hydrogen bonds between IL-2RB and IL-2.

Figure 10. (A) Interacting residues of IL-2RA are highlighted in red, sVEGFR-1 in blue and IL-2 in dark green color. (B) chain A is showing IL2RA and 

chain B represents IL2. (c)  The focused image of residues having salt bridges, disulphide bonds and hydrogen bonds between IL-2RA and IL-2.
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bonds was present between THR123 and GLN 37 (Figure 11). 
These results showed that even after the formation of the fusion 
protein, the interactions between IL-2RB/IL-2, IL-2RA/IL-2, 
and sVEGFR-1/VEGFA are still present. The detailed atomic 
interaction of IL-2RB/IL-2 (Table S1, S2, S3), IL-2RA/IL-2 
(Table S4, S5, S6), and sVEGFR-1/VEGFA (Table S7, S8, S9) 
are mentioned in Supplementary data.

Discussion
Cancer is the leading cause of death around the world. 
Immunotoxins are used in targeted therapies which target spe-
cific antigens or receptors on the surface of tumor cells. Targeted 
therapies where ligands are specifically targeted show more 
specificity to tumor cells as well as less toxic reaction.54-61 
Recombinant DNA techniques have permitted fusions of genes 
in a simple way. In our work, in silico analysis of a chimeric 
fusion protein comprising sVEGFR1 and IL-2 is described.

Cytokines are the molecular messengers through which 
communication between different cells of the immune system 
is accomplished. They generate a synchronized, robust, and 
self-limited response to the targeted antigen. They act by effi-
ciently propagating immune signals. Over the last two decades, 
scientific interest has piqued over the possibility of eradicating 
cancer by harnessing the immune system, exploring the 
cytokine characteristics and their signaling networks for cancer 
treatment.62 The fusion of two or more cytokines with diverse 
biological activities may produce a unique fusokine with unher-
alded biopharmaceutical and therapeutic synergy properties 
that are not observed by individual moiety.5 Keeping in view 
the antiangiogenic effect of both IL-2 and sVEGFR-1, it was 
hypothesized that the fusion of IL-2 and sVEGFR-1 could 
not only promote activation of IL-2 receptor-expressing cells, 
but also scavenge VEGFA and B ligands in these cell 
compartments.

Molecular modeling and simulation methods are used to 
predict conformation of a molecule at equilibrium, and how 
molecules change their configuration from one to another.63 
The 3D structure of sVEGFR-1 is not available in the protein 
database, so in silico analysis could be helpful to determine its 
3D structure. Molecular modeling was performed to find the 
structure and properties of sVEGFR-1, and then fused with 
IL-2 by a flexible linker. Afterward, in silico analysis was car-
ried out to confirm the proper folding of each domain in 
designed fusion protein. A linker fragment VEGFR-1-
(GGGGS)2-IL-2 was designed to link both genes. The length 
of the designed construct was 875 amino acids, which between 
1 and 732 is VEGFR1. Amino acids 733-743 (10 aa) are linker 
sequences, which is (GGGGS)2. Amino acids 744 to 875 (133 
aa) are IL-2. Based on previous studies, N-terminal of VEGFR-
164 and C-terminal of IL-265 seem more important in their 
biological function than the other end. Therefore, we designed 
the fusion protein in a way to make free the N-terminal of 
VEGFR-1 and C-terminal of IL-2. The primary structural 
features of the designed fusion protein were determined by 
ProtParam. The calculated isoelectric points (pI) for VEGFR1, 
IL-2, and VEGFR1 (GGGGS)2 IL-2 suggested the presence 
of more negatively charged residues. The value of the aliphatic 
index, instability index and GRAVY (Grand average hydropa-
thy) values suggested a hydrophilicity pattern and better inter-
action with water.

The RaptorX server was used for 3D structure prediction by 
homology modeling. The fusion protein consisted of 3 domains, 
comprising 875 amino acids, out of which 26 (2%) positions 
were predicted as disordered. The best template was 5t89X with 
P value 2.35e-32, which was low and statistically significant. 
Solvent access values were 47% E, 34% M, and 18% B. The 
glycine-rich peptide linker in the fusion protein [(GGGGS)2] 
confers the flexibility and allows the two proteins (sVEGFR 

Figure 11. (A) Full docked complex of fusion protein [sVEGFR-1-(GGGGS)2-IL-2], IL-2 in dark green and VEGFR-1 in blue. (B) chain A is showing 

sVEGFR-1 and chain B represents VEGFA. (c) The focused image of residues having salt bridges, disulphide bonds and hydrogen bonds between 

sVEGFR-1 and VEGFA.
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and IL-2) to move independent of one another by retaining 
their distinct 3D structure.44 The linker fragment between two 
domains of the fusion protein can provide proper flexibility and 
separation, and the fusion protein after expression can provide 
proper accumulation in the periplasmic space of suitable host 
cell, because signal peptide is presented at the N-terminal of 
fusion protein which will permit it to cross the cytoplasmic 
membrane. Thus, the fusion protein will be secreted to the cul-
ture media and inclusion body formation would not occur.66

The 3D structure of fusion protein [sVEGFR-
1-(GGGGS)2-IL-2] was validated by the Ramachandran plot 
before and after MD simulation, and structures were assessed 
by using RAMPAGE. This showed the validation and accu-
racy of post-molecular dynamics (MD) modeled structures 
over pre-MD modeled structures. Considering all above 
model evaluations, it was inferred that the post-MD structures 
were of good quality and suitable for further analysis. MD 
simulations were carried out to predict the core factors respon-
sible for the stability of fusion protein. The RMSD, RMSF, 
and SASA plots identified the fusion protein as stable struc-
ture. The radius of gyration plot confirms the fusion protein as 
a stable and compacted construct with very few fluctuations in 
its overall structure. The results of the Ramachandran plot 
suggested that, overall, the quality of the predicted fusion pro-
tein model is satisfactory. Docked complexes (ie, fusion pro-
tein with VEGFA and fusion protein with IL-2RA and 
IL-2RB) were analyzed, which showed that even after the 
formation of the fusion protein, the interactions between 
IL-2RB/IL-2, IL-2RA/IL-2, and sVEGFR-1/VEGFA are 
still present.

Conclusion
This study will be helpful for rapid analysis of the computa-
tionally designed fusion protein before initializing the wet lab 
experiments. It could be concluded that this procedure is fast, 
simple, and inexpensive, especially for the users that are new in 
this field. In silico analysis of the fusion protein [sVEGFR-
1-(GGGGS)2-IL-2] structure revealed that the interaction 
remains between individual proteins after fusion. Flexible 
linker separates sVEGFR-1 and IL-2 domains effectively to 
maintain their proper folding and allows them to move inde-
pendently of each other. The individual components of fusion 
protein act like bispecific ligands to drive unique downstream 
signaling events. The interaction that results from the fusion 
has shown great potential in the stability of the protein. 
Furthermore, the fusion protein may modulate immune 
response by overcoming maladaptive biological processes that 
underlie deadly diseases like cancer.

Author Contributions
Q.S. and R.G. designed the experiments. T.Z., H.M.R., and 
M.A.B. performed molecular modeling and docking analyses. 
R.A.T. and H.M.R. performed the molecular dynamic simu-
lation analysis. Q.S. wrote the first draft. R.G. and M.S. 

conceived the idea and critically reviewed the manuscript. All 
the authors reviewed and approved the final manuscript.

ORCID iDs
Mahjabeen Saleem  https://orcid.org/0000-0001-8944-8714
Qurrat ul Ain Shafique  https://orcid.org/0000-0001-6994 
-5107

Availability of Data and Material
The data used to support the findings of this study are included 
within the article.

Supplemental Material
Supplemental material for this article is available online.

RefeRenCeS
 1. Hu Y, Fu L. Targeting cancer stem cells: a new therapy to cure cancer patients. 

Am J Cancer Res. 2012;2:340-356.
 2. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57-70.
 3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 

2011;144:646-674.
 4. Colotta F, Allavena P, Sica A, Garlanda C, Mantovani A. Cancer-related 

inflammation, the seventh hallmark of cancer: links to genetic instability. Carci-
nogenesis. 2009;30:1073-1081.

 5. Williams P, Galipeau J. GM-CSF-based fusion cytokines as ligands for immune 
modulation. J Immunol. 2011;186:5527-5532.

 6. Uhlén M, Forsberg G, Moks T, Hartmanis M, Nilsson B. Fusion proteins in bio-
technology. Curr Opin Biotechnol. 1992;3:363-369. doi:10.1016/0958-1669(92) 
90164-E.

 7. Weidle UH, Schneider B, Georges G, Brinkmann U. Genetically engineered fusion 
proteins for treatment of cancer. Cancer Genomics Proteomics. 2012;9:357-372.

 8. Shibuya M, Yamaguchi S, Yamane A, et al. Nucleotide sequence and expression 
of a novel human receptor-type tyrosine kinase gene (flt) closely related to the 
fms family. Oncogene. 1990;5:519-524.

 9. de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT. The fms-
like tyrosine kinase, a receptor for vascular endothelial growth factor. Science. 
1992;255:989-991.

 10. Dumont DJ, Fong GH, Puri MC, Gradwohl G, Alitalo K, Breitman ML. Vas-
cularization of the mouse embryo: a study of flk-1, tek, tie, and vascular endothe-
lial growth factor expression during development. Dev Dyn. 1995;203:80-92.

 11. Kendall RL, Thomas KA. Inhibition of vascular endothelial cell growth factor 
activity by an endogenously encoded soluble receptor. Proc Natl Acad Sci USA. 
1993;90:10705-10709.

 12. Shibuya M. Vascular endothelial growth factor receptor-1 (VEGFR-1/Flt-1): a 
dual regulator for angiogenesis. Angiogenesis. 2006;9:225-230; discussion 231. 
doi:10.1007/s10456-006-9055-8.

 13. Morgan DA, Ruscetti FW, Gallo R. Selective in vitro growth of T lymphocytes 
from normal human bone marrows. Science. 1976;193:1007-1008. doi:10.1126/
science.181845.

 14. Malek TR. The biology of interleukin-2. Annu Rev Immunol. 2008;26:453-479. 
doi:10.1146/annurev.immunol.26.021607.090357.

 15. Wang X, Lupardus P, Laporte SL, Garcia KC. Structural biology of shared cyto-
kine receptors. Annu Rev Immunol. 2009;27:29-60.

 16. Jiang T, Zhou C, Ren S. Role of IL-2 in cancer immunotherapy. Oncoimmunol-
ogy. 2016;5:e1163462. doi:10.1080/2162402X.2016.1163462.

 17. Skrombolas D, Frelinger JG. Challenges and developing solutions for increasing 
the benefits of IL-2 treatment in tumor therapy. Expert Rev Clin Immunol. 
2014;10:207-217. doi:10.1586/1744666X.2014.875856.

 18. Paliard X, de Waal Malefijt R, Yssel H, et al. Simultaneous production of IL-2, 
IL-4, and IFN-gamma by activated human CD4Cand CD8CT cell clones. J 
Immunol. 1988;141:849-855. doi:10.0022-l767/88/1413-0849$02.00.

 19. Leonard WJ. Cytokines and immunodeficiency diseases. Nat Rev Immunol. 
2001;1:200-208. doi:10.1038/35105066.

 20. Yui MA, Sharp LL, Havran WL, Rothenberg EV. Preferential activation of an 
IL-2 regulatory sequence transgene in TCR gamma delta and NKT cells: subset-
specific differences in IL-2 regulation. J Immunol. 2004;172:4691-4699. 
doi:10.4049/jimmunol.172.8.4691.

 21. Paul WE, Zhu J. How are T(H)2-type immune responses initiated and ampli-
fied? Nat Rev Immunol. 2010;10:225-235. doi:10.1038/nri2735.

https://orcid.org/0000-0001-8944-8714
https://orcid.org/0000-0001-6994-5107
https://orcid.org/0000-0001-6994-5107


12 Bioinformatics and Biology Insights 

 22. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms regu-
lating Th1 immune responses. Annu Rev Immunol. 2003;21:713-758. doi:10.1146/
annurev.immunol.21.120601.140942.

 23. Littman DR, Rudensky AY. Th17 and regulatory T cells in mediating and 
restraining inflammation. Cell. 2010;140:845-858. doi:10.1016/j.cell.2010.02.021.

 24. Rudensky AY. Regulatory T cells and Foxp3. Immunol Rev. 2011;241:260-268. 
doi:10.1111/j.1600065X.2011.01018.x.

 25. Leonard WJ, Kronke M, Peffer NJ, Depper JM, Greene WC. Interleukin 2 
receptor gene expression in normal human T lymphocytes. Proc Natl Acad Sci 
USA. 1985;82:6281-6285. doi:10.1073/pnas.82.18.6281.

 26. Brisslert M, Bokarewa M, Larsson P, Wing K, Collins LV, Tarkowski A. Phe-
notypic and functional characterization of human CD25C B cells. Immunology. 
2006;117:548-557. doi:10.1111/j.1365-2567.2006.02331.x.

 27. Kronin V, Vremec D, Shortman K. Does the IL-2 receptor alpha chain induced 
on dendritic cells have a biological function? Int Immunol. 1998;10:237-240. 
doi:10.1093/intimm/10.2.237.

 28. Krieg C, Letourneau S, Pantaleo G, Boyman O. Improved IL-2 immunotherapy 
by selective stimulation of IL-2 receptors on lymphocytes and endothelial cells. 
Proc Natl Acad Sci USA. 2010;107:11906-11911. doi:10.1073/pnas.1002569107.

 29. Ghorbani Aghdam A, Moradhaseli S, Jafari F, et al. Therapeutic Fc fusion pro-
tein misfolding: a three-phasic cultivation experimental design. PLoS ONE. 
2019;14:e0210712. doi:10.1371/journal.pone.0210712.

 30. Argos P. An investigation of oligopeptides linking domains in protein tertiary 
structures and possible candidates for general gene fusion. J Mol Biol. 
1990;211:943-958.

 31. Gasteiger E, Hoogland C, Gattiker A, et al. Protein identification and analysis 
tools on the ExPASy server. In: Walker JM, ed. The Proteomics Protocols Handbook 
(Springer Protocols Handbooks). Totowa, NJ: Humana Press; 2005:571-607. 
doi:10.1385/1-59259-890-0:571.

 32. Guruprasad K, Reddy BB, Pandit MW. Correlation between stability of a pro-
tein and its dipeptide composition: a novel approach for predicting in vivo stabil-
ity of a protein from its primary sequence. Protein Eng. 1990;4:155-161.

 33. Ikai A. Thermostability and aliphatic index of globular proteins. J Biochem. 
1980;88:1895-1898.

 34. Kyte J, Doolittle RF. A simple method for displaying the hydropathic character 
of a protein. J Mol Biol. 1982;157:105-132.

 35. Kumar AT. CFSSP: Chou and Fasman Secondary Structure Prediction server. 
Wide Spectr. 2013;1:15-19. doi:10.5281/zenodo.50733.

 36. McGuffin JL, Kevin B, David JT. The PSIPRED protein structure prediction 
server. Bioinformatics. 2000;6:404-405. doi:10.1093/bioinformatics/16.4.404.

 37. Combet C, Blanchet C, Geourjon C, Deléage G. NPS@: network protein sequence 
analysis. Trends Biochem Sci. 2000;25:147-150. doi:10.1016/s0968-0004(99)01540-6.

 38. Xu J, Li M, Lin G, Kim D, Xu Y. Protein threading by linear programming. Pac 
Symp Biocomput. 2003;8:264-275.

 39. Lovell SC, Davis IW, Arendall WB III, et al. Structure validation by Cα geom-
etry: φ, ψ and Cβ deviation. Proteins. 2003;50:437-450.

 40. Hess BD, van der Spoel Lindahl E. GROMACS Groningen machine for chemi-
cal simulations. User manual, version 4.5.4. https://ftp.gromacs.org/pub/man-
ual/manual-4.5.4.pdf.

 41. Abraham M, Hess B, Spoel D, Lindahl E. GROMACS user manual, version 
5.0. 1. http://www.gromacs.org. Published 2014.

 42. Wriggers W, Chakravarty S, Jennings PA. Control of protein functional dynam-
ics by peptide linkers. Biopolymers. 2005;80:736-746. doi:10.1002/bip.20291.

 43. Allen MP. Introduction to molecular dynamics simulation. In: Attig N, Binder 
K, Grubmuller H, Kremer K, eds. Computational Soft Matter: From Synthetic 
Polymers to Proteins. Vol. 23. Julich, Germany: John von Neumann Institute for 
Computing; 2004:1-28.

 44. Ju G, Collins L, Kaffka KL, et al. Structure-function analysis of human inter-
leukin-2. Identification of amino acid residues required for biological activity.  
J Biol Chem. 1987;262:5723-5731.

 45. Astuti A, Mutiara A. Performance analysis on molecular dynamics simulation of 
protein using GROMACS. arXiv preprint arXiv. 2009:0912.0893.

 46. Pace CN, Shirley BA, McNutt M, Gajiwala K. Forces contributing to the con-
formational stability of proteins. FASEB J. 1996;10:75-83.

 47. Luo YZ, Baldwin RL. How Ala → Gly mutations in different helices affect the 
stability of the apomyoglobin molten globule. Biochemistry. 2001;40: 
5283-5289.

 48. Choi HS, Huh J, Jo WH. Similarity of force-induced unfolding of apomyoglobin 
to its chemical-induced unfolding: an atomistic molecular dynamics simulation 
approach. Biophys J. 2003;85:1492-1502.

 49. Tcherkasskaya O, Bychkova VE, Uversky VN, Gronenborn AM. Multisite fluo-
rescence in proteins with multiple tryptophan residues. J Biol Chem. 
2000;275:36285-36294.

 50. Glandières JM, Twist C, Haouz A, Zentz C, Alpert B. Resolved fluorescence of 
the two tryptophan residues in horse apomyoglobin. Photochem Photobiol. 
2000;71:382-386.

 51. Twist C, Royer C, Alpert B. Effect of solvent diffusion on the apomyoglobin-
water interface. Biochemistry. 2002;41:10343-10350.

 52. Xu M, Beresneva O, Rosario R, Roder H. Microsecond folding dynamics of apo-
myoglobin at acidic pH. J Phys Chem. 2012;116:7014-7025.

 53. Laskowski AR. PDBsum: summaries and analyses of PDB structures. Nucleic 
Acids Res. 2001;299:221-222.

 54. Shaw J, Akiyoshi DE, Arrigo DA, et al. Cytotoxic properties of DAB486EGF 
and DAB389EGF, epidermal growth factor (EGF) receptor targeted fusion tox-
ins. J Biol Chem. 1991;266:21118-21124.

 55. Cawley DB, Herschman HR, Gilliland DG, Collier RJ. Epidermal growth fac-
tor-toxin A chain conjugates. EGF ricin A is a potent toxin while EGF-diphthe-
ria fragment A is nontoxic. Cell. 1980;22:563-570. doi:10.1016/00928674(80) 
90366-9.

 56. Takahashi T, Umata T, Mekada E. Extension of juxtamembrane domain of 
diphtheria toxin receptor arrests translocation of diphtheria toxin fragment A 
into cytosol. Biochem Biophys Res Commun. 2001;281:690-696. doi:10.1006/
bbrc.2001.4427.

 57. Akin S, Babacan T, Sarici F, Altundag K. A novel targeted therapy in breast can-
cer: cyclin dependent kinase inhibitors. J BUON. 2014;19:42-46.

 58. Alewine C, Hassan R, Pastan I. Advances in anticancer immunotoxin therapy. 
Oncologist. 2015;20:176-185. doi:10.1634/theoncologist.2014-0358.

 59. Allahyari H, Heidari S, Ghamgosha M, Saffarian P, Amani J. Immunotoxin: a 
new tool for cancer therapy. Tumour Biol. 2017;39:1010428317692226. 
doi:10.1177/1010428317692226.

 60. Chandramohan V, Sampson JH, Pastan I, Bigner DD. Toxin-based targeted 
therapy for malignant brain tumors. Clin Dev Immunol. 2012;2012:480429. 
doi:10.1155/2012/480429.

 61. Tinoco G, Warsch S, Glück S, Avancha K, Montero AJ. Treating breast cancer 
in the 21st century: emerging biological therapies. J Cancer. 2013;4:117-132. 
doi:10.7150/jca.4925.

 62. Lee S, Margolin K. Cytokines in cancer immunotherapy. Cancers. 
2011;3:3856-3893.

 63. Penafuerte C, Galipeau J. FIST, a sword and shield fusokine for cancer immuno-
therapy. Oncoimmunology. 2012;1:224-226. doi:10.4161/onci.1.2.18458.

 64. Han KY, Dugas-Ford J, Lee H, Chang JH, Azar DT. MMP14 cleavage of 
VEGFR1 in the cornea leads to a VEGF-trap antiangiogenic effect. Invest Oph-
thalmol Vis Sci. 2015;56:5450-5456. doi:10.1167/iovs.14-16248.

 65. Adcock SA, McCammon JA. Molecular dynamics: survey of methods for simu-
lating the activity of proteins. Chem Rev. 2006;106:1589-1615. doi:10.1021/
cr040426m.

 66. Haghroosta A, Goudarzi H, Faghihloo E, et al. In silico analysis of a chimeric 
fusion protein as a new vaccine candidate against Clostridium perfringens type A 
and Clostridium septicum alpha toxins. Comp Clin Pathol. 2020;29:981-989. 
doi:10.1007/s00580-020-03136-6.

https://ftp.gromacs.org/pub/manual/manual-4.5.4.pdf
https://ftp.gromacs.org/pub/manual/manual-4.5.4.pdf
http://www.gromacs.org

