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Abstract

The primary challenge to improving existing cancer treatment is to develop drugs that specifically target tumor
cell. NGR peptide is tumor homing peptide that selectively target cancer cells while interleukin 15 is a pleiotropic
cytokine with anticancer properties. This study computationally engineered a IL15-NGR fusion peptide by linking
the homing peptide NGR with the targeting peptide IL-15. After evaluating and validating the chimeric peptide,
we docked it to the IL-15Ra/IL-15RB/yc heterodimer receptor, examining the interactions and binding energy

and lastly, molecular dynamics simulations were performed. The secondary and tertiary structures, along with
physicochemical properties of the designed IL-15-NGR chimeric protein, were predicted using GOR 1V, trRosetta
and ProtParam online servers respectively. The quality and 3D structure validation were confirmed via ProSA-web
and SAVES 6.0 analysis which predicted an ERRAT score of 96.72%, with 97.6% of residues in the Ramachandran
plot, validating its structure. Finally, Docking, MD simulations and interaction analysis were performed using ClusPro
2.0 and GROMACS and PDBsum, which exhibited significant hydrogen bonding and salt bridges, confirming the
formation of a stable docked complex. These results were further corroborated by simulation analysis, which
demonstrated a stable and dynamic behavior of the docked complex in a biological environment. The predicted
high expression value of fusion protein was 0.844 in E.coli using SOLUPROT tool. These findings suggest efficient
expression of the IL15-NGR fusion protein if its gene is inserted into E. coli and indicates its potential as a safe and
effective anticancer treatment, paving the way for targeted therapeutic interventions.
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Introduction

By 2040, the World Health Organization predicts
28.9 million new cancer cases and 16.2 million deaths
annually, highlighting the critical need for global action
in prevention, detection, and treatment strategies (Jallow
et al. 2022). Hepatocellular carcinoma, the primary liver
cancer most frequently diagnosed globally, ranks as the
second leading cause of cancer-related deaths (Siracu-
sano et al. 2020). Hepatocellular carcinoma’s varied risk
factors and etiology contribute to its complex disease
heterogeneity, posing challenges in diagnosis and treat-
ment strategies worldwide (Liang et al. 2018). Over the
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last decade, advancements in hepatocellular carcinoma
prevention, diagnosis, and therapy have been notable,
emphasizing risk factor avoidance to potentially decrease
incidence. However, conventional treatments face limi-
tations due to tumor size and intra-hepatic metastases,
constraining surgical and other therapeutic interven-
tions (de Lope et al. 2012). Cancer chemotherapy induces
tumor cell death while potentially stimulating antitumor
immunity through mechanisms like “immunogenic cell
death” and reduction of immunosuppressive cells within
the tumor microenvironment (REHMAN et al. 2023).
While chemotherapy can induce tumor cell death and
contribute to antitumor immunity, it may not prevent the
development of drug resistance genes in certain individu-
als (Le Grazie et al. 2017). The liver’s immunosuppressive
microenvironment and the absence of unique tumor-
associated antigens in hepatocellular carcinoma limit
the efficacy of existing therapies, necessitating the devel-
opment of more potent approaches. Recent research
suggests that immunotherapy could offer a promising
therapeutic avenue for hepatocellular carcinoma patients,
potentially addressing these challenges and improving
treatment outcomes (Breous and Thimme 2011). Certain
tumors have exhibited favorable responses to immuno-
therapy through oral administration of cytokines, which
stimulate immune responses (Aslam et al. 2023). In

addition to IL-21, IL-7, IL-6, IL-3, IL-2, GM-CSF (granu-
locyte-macrophage colony stimulating factor) and G-CSF
(granulocyte-colony stimulating factor), IL-15 belongs
to 4 alpha helix bundle family of cytokines (Burton et al.
1994). High levels of IL-15 mRNA expression are found
in monocytes, skeletal muscle, thymus, bone marrow
stroma, heart, macrophages, lung, liver, thymic epithe-
lium, kidney, and placenta. It is a multifunctional cyto-
kine that plays a crucial role in the formation, activation,
survival of immune effector cells, homing, and particu-
larly CD8+T cells and natural killer (NK), contributing
significantly to immune system function and response
(Alpdogan and van den Brink 2005). Interleukin-15
(IL-15) has emerged as a promising immunotherapeu-
tic agent for both hematological malignancies and solid
tumors due to its potent immunostimulatory properties
(Leonard et al. 2019; Shourian et al. 2019). As a member
of the common gamma chain (yc) receptor family, IL-15
shares signaling pathways with cytokines like IL-2 and
IL-4 but distinguishes itself by acting as a critical sig-
naling molecule in the immunological synapse (Dubois
et al. 2002). Administering IL-15 through continuous
intravenous infusion at a dose of 20 mg/kg per day for
10 days resulted in a 7-fold increase in the number of
circulating NK cells and an astounding 80- to 100-fold
increase in the number of circulating effector memory T
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cells (Sneller et al. 2011). Unlike IL-2, IL-15 administra-
tion significantly enhances NK cell activity, upregulates
NKG2D receptor signaling (Decot et al. 2010; Zhang et
al. 2008), and promotes the development and survival
of CD8+cytotoxic T lymphocytes, crucial for long-term
anti-tumor immunity, without inducing regulatory T cell
expansion, thereby preserving immune effector function
and reducing toxicity (Munger et al. 1995; Sneller et al.
2011; Waldmann et al. 2011). Furthermore, IL-15 pre-
vents activation-induced cell death (AICD) and shows
potential in targeting cancer stem cells, making it a supe-
rior candidate for cancer immunotherapy (Marks-Konc-
zalik et al. 2000).

Liver-targeted gene delivery of IL-15 significantly
enhances the immune response against hepatocellu-
lar carcinoma (HCC) by expanding CD8+T cells and
NK cells, with a particularly prolonged accumulation of
CD8+T cells in the liver lasting over 40 days. This tar-
geted IL-15 treatment has demonstrated remarkable
therapeutic effects on both well-established liver meta-
static tumors and DEN-induced autochthonous HCC,
underscoring its potential as an effective treatment for
liver cancer. The therapeutic benefits of IL-15 were spe-
cifically attributed to the presence of CD8+T cells, as
their depletion nullified the treatment effects, whereas
NK cell depletion did not. This highlights the crucial role
of CD8+T cells in mediating IL-15s anti-tumor activity
(Cheng et al. 2014).

When IL-15 binds to a heterodimer receptor com-
posed of yc chain along with IL-15Ra, IL-2Rp, it triggers
signaling pathways that involve STAT (signal transducer
and activator of transcription) molecules and Janus
kinase (Jak). This activation cascade involves in mediat-
ing the cellular responses to IL-15, including prolifera-
tion, differentiation, and survival of immune cells such
as CD8+T cells and natural killer cells (Grabstein et al.
1994; Giri et al. 1995). The Asn-Gly-Arg (NGR) peptide
interacts with the APN/CD13) (aminopeptidase N recep-
tor) and this receptor frequently upregulated on the cel-
lular membranes of endothelial cancer cells. This high
tumor selectivity enables the NGR peptide to enhance
drug delivery when conjugated with therapeutic proteins,
resulting in lower toxicity compared to the adminis-
tration of the drug alone (Arap et al. 1998). The tumor-
homing property of the NGR peptide enables the direct
delivery of therapeutic drugs to the targeted site, facili-
tating their internalization into tumor cells and passage
through tumor vasculature (Wang et al. 2012). The NGR
peptide demonstrates selective affinity for CD13, a trans-
membrane protein that is overexpressed on liver tumor
cells and neovasculature, making it a valuable tool for
targeted cancer therapy (Wang et al. 2012). By conjugat-
ing therapeutics with NGR peptides, these compounds
can be specifically delivered to tumors, enhancing their
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effectiveness while minimizing off-target effects. The
CNGRC domain within the NGR peptide acts as a pre-
cise targeting moiety, directing conjugated therapeutics
to the tumor vasculature and facilitating their penetra-
tion into the tumor. This targeted delivery system has
shown promise in tumor and angiogenesis imaging as
well. For instance, studies involving NGR-peptide con-
jugates like Oregon Green (OG) have demonstrated effi-
cient cellular uptake at body temperature (37 °C) and
enabled the targeted visualization of tumors through
fluorescence imaging, highlighting the peptide’s potential
in cancer targeting and diagnostics (Negussie et al. 2010).
The NGR peptide demonstrates exceptional selectivity
for HepG2 tumor cells, minimizing off-target effects on
healthy tissues. This targeted approach, coupled with its
broad-spectrum efficacy against various cancers, posi-
tions the NGR peptide as a promising therapeutic strat-
egy (Ng and Lee 2020).

The fusion of anti-cancer cytokines with tumor-hom-
ing peptides offers a promising therapeutic strategy for
selectively targeting and treating cancerous cells. By
leveraging the specificity of tumor-homing peptides, cou-
pled with the cytotoxic effects of anti-cancer cytokines,
this approach enhances the precision and effectiveness
of cancer therapy while minimizing damage to healthy
tissues. In this study, we aimed to theoretically design a
bifunctional peptide comprising a targeting domain and
a tumor homing domain. Specifically, we computation-
ally joined the homing peptide NGR with the targeting
peptide IL-15 to design a IL15-NGR fusion peptide. The
design principle involved the selection of a rigid linker
to fuse IL-15 and NGR, ensuring proper spatial orienta-
tion and functionality of both peptides. The rigid linker
was chosen to maintain a certain distance between the
functional domains of both peptides, allowing them to
perform their functions independently without steric
hindrance. Subsequently after quality assessment and
validation of chimeric peptide, we docked this peptide to
the heterodimer receptor (IL-15Ra/IL-15RB/yc) and ana-
lyzed the interactions and binding energy. Finally, molec-
ular dynamics simulation was conducted on the docked
complex to predict its stability, compactness, and behav-
ior in a biological environment.

Materials and methods

Construction of IL-15/NGR chimeric protein

The mature peptide amino acid sequence of Interleukin
15 was retrieved with (accession no AF031167.1) from
NCBI Database (https://www.ncbi.nlm.nih.gov/). The
FASTA amino acid sequence of NGR (tumor homing
peptide) was obtained from previously published data
(Lei et al. 2010) and retrieved from NCBI Database. In
order to construct the chimeric protein the mature pep-
tide of IL-15 was fused with NGR peptide at C terminal
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via a rigid linker. Table 1 shows FASTA sequence of
fusion protein.

Prediction of secondary structure of designed fusion
protein

The FASTA amino acid sequence of newly constructed
fusion protein was submitted in GOR IV (https://
npsapbil.ibcp.fr/cgibin/npsa_automat.pl?page=/NPSA/
npsa_gor4.html) which can predict the secondary struc-
ture of chimeric protein (Sen et al. 2005). We access the
functional features such low complexity sections, solvent
accessibility surface area coiled-coil domain, second-
ary structure, and disulphide bond position as described
(Rezaie et al. 2020). The total number of beta sheets and
alpha helix in constructed fusion protein were also be
predicted via online server.

Homology modelling of the chimeric IL-15- NGR protein

In order to predict a reliable 3D model (three-dimen-
sional structure) of IL-15- NGR fusion protein, the pri-
mary sequence of protein submitted to I-TASSER online
server (https://zhanggroup.org/I-TASSER/) and trRosetta
(https://yanglab.qd.sdu.edu.cn/trRosetta/). 'The struc-
ture validation and quality assessment of constructed 3D
models were evaluated by using different online software
such as ERRAT?2 (https://saves.mbi.ucla.edu/), that can
predict the overall quality factor, ProSA-web server for
z-score assessment along with local quality estimate and
finally Rampage online (https://saves.mbi.ucla.edu/resu
Its?job=1553129&p=procheck) server was used which
constructed a Ramachandran plot through PROCHECK
for structure validation (Pourhadi et al. 2019).

The physiochemical features of the chimeric IL-15/NGR
protein

ProtParam tool online server (https://web.expasy.org/
protparam/) was used for analyzing physiochemical
properties including aliphatic index, molecular weight,
half-life, grand average of hydropathicity (GRAVY), iso-
electric point and amino acid composition of chimeric
IL-15-NGR protein (Gasteiger et al. 2005). The solubil-
ity of designed chimeric IL-15-NGR fusion protein was

Table 1 Primary sequence of IL-15/NGR fusion protein

Peptide FASTA Sequence Amino References
acids
no.

IL-15 NWVNVISDLKKIEDLIQSMHIDATLYTES- 342 NCBI acces-
DVHPSCKVTAMKCFLLELQVISLESGDA- sion no
SIHDTVENLIILANNSLSSNGNVTESGCK- AF031167.1
ECEELEKKNIKEFLQSFVHIVQMFINTS

Linker AEAAAKEAAAKA 12 Zhao et al.

(2008)

NGR CNGRCGG 7 Leietal.

(2010)

Page 4 of 15

predicted by using Protein-sol (https://protein-sol.man-
chester.ac.uk/) online server (Hebditch et al. 2017).

Assessment of toxicity, allergenicity, and antigenicity

To evaluate the allergic, antigenic, and toxic properties
of the chimeric protein, its amino acid sequence was
subjected to analysis using three web servers: AlgPred,
VaxiJen, and Toxinpred. AlgPred2, a tool for predicting
allergenicity, was employed to identify regions within
the protein sequence that correspond to known epit-
opes. VaxiJen, on the other hand, determined antigenic-
ity based on the chemical and physical characteristics of
the protein. A threshold value of 0.5 was utilized to dis-
tinguish between antigenic and non-antigenic proper-
ties. Lastly, the Toxinpred server was utilized to predict
potentially toxic amino acid regions in the chimeric pro-
tein sequence.

Molecular docking and protein-ligand interaction

The docking of the IL-15-NGR fusion protein with the
IL15Ra/IL15RB/yc receptor was performed using two
different software tools, Hdock and ClusPro 2.0, to com-
pare and validate the docking results. By utilizing both
platforms, we aimed to ensure the reliability and consis-
tency of the docking predictions. This comparative analy-
sis allowed us to cross-verify the interaction patterns
and binding energies obtained from each tool, thereby
increasing confidence in the accuracy of our findings. For
docking purpose tertiary structure of IL15Rafy recep-
tor was downloaded from Protein Data Bank with PDB
ID: 4GS7. Prior proceeding to docking, Pymol (https://
pymol.org/2/) tool was used for removing the impurities
(water molecule and ligands) and attached IL15 molecule
present in PDB structure of the IL15Rafy receptor mol-
ecule. The protein-protein interactions of the obtained
docked complex were analyzed on PDBsum server, the
server provide the information of complex such as inter-
acting interfaces, hydrogen bonds, nonbonded contacts,
pores, salt bridges and tunnels (Laskowski 2009). Finally,
the binding affinity and binding energy of the docked
complex was calculated using the PRODIGY (Vangone
and Bonvin 2015) and HawkDock (Chen et al. 2016)
online servers.

Soluble expression prediction in Escherichia coli

For predicting the soluble protein expression level in
Escherichia coli, SoluProt bioinformatics tool was used. A
bioinformatics tool called SoluProt is used to predict the
production of soluble proteins in E. coli on the basis of
sequence. The tool predicts the expressibility and solubil-
ity of the proteins under study concurrently (Hon et al.
2021) (Ghomi et al. 2020).
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Molecular dynamic simulation studies

The chimeric protein in complex with its receptor was
studied for MD simulations by using GROMACS version
2022.4. The CHARMM36 jul-2021 force field (Vanom-
meslaeghe et al. 2010) and the standard TIP3P water
model (Izadi et al. 2014) were chosen for MD simula-
tions. A complex was embedded in the center of a cubic
water box with a minimum distance from the complex
to the box boundary of 10 A. The complex was solved
with water modeled by the TIP3P force field. The system
was further neutralized by proper NaCl solution. Energy
minimization was carried out for each complex using a
steepest-descent integrator to reach negative potential
energy and the maximum force for less than 1,000 kJ/
mol/nm on any atom (Helal et al. 2022). To relax the pro-
tein complex, the equilibration was performed with posi-
tional restraints on all heavy atoms of complex under two
ensembles, NVT (constant number of particles, volume
and temperature) under constant temperature at 300 K
for 100 picoseconds (ps), and NPT (constant number of
particles, pressure, temperature) under constant pres-
sure at 1 bar for 100 ps and trajectories were saved every
2 fs time step (Golo and Shaitan 2002). The MD simula-
tion was then performed for 100 ns. Changes in the track
during simulation were evaluated and analyzed using fol-
lowing parameters: root mean square deviation (RMSD),
root mean square fluctuation (RMSEF), radius of gyration
(Rg) and solvent accessible surface area (SASA).

Results

Construction of IL15-NGR chimeric protein

In order to construct a chimeric IL-15-NGR protein,
amino acid sequence of IL15 and NGR was retrived from
the from NCBI database. Both the sequence were fused
through the rigid linker that results in a chimeric protein
with a single chain of 133 Amino acids (Fig. 1). A rigid
linker was used to ensure the cleavage of fusion protein
in two functional peptides and to prevent the disulphide
bridge formation between peptides.

Secondary structure prediction

The amino acid sequence dictates the shape, structure,
and function of a protein. GOR IV analysis predicted
the secondary structure of the submitted chimeric pro-
tein, specifying the distribution of alpha helices and beta
sheets. The predicted structure unveiled that the con-
struct comprises 50.38% (67 residues) organized into
alpha helices, 12.03% (16 residues) forming extended
strands, and 37.59% (50 residues) adopting random coil

NGNV KE EKKNIKEFLQSFV JMFINTSAEAAAKEAAAKACNGRCGG

Fig. 1 Schematic representation of IL-15 fusion with NGR
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conformations (Fig. 2). The higher percentage of alpha
helix in chimeric construct ensures structural stability of
IL15-NGR (Sakurai et al. 2005).

Evaluation of tertiary structure of chimeric IL-15-NGR
protein

Tertiary structure of designed chimeric protein was pre-
dicted by homology modeling using I-TASSER and trRo-
setta online servers. The top 5 models predicted by both
servers were evaluated for selecting the most accurate
configuration of designed chimeric protein on the basis
of highest C-score and TM-score. The finalized model
among I-TASSER was having C-score —1.50 and TM-
score 0.53%0.15 while the finalized model from trRosetta
was having TM-score of 0.915. The selected most stable
models were evaluated further for making comparison
among the models predicted by two softwares I-TASSER
and trRosetta.

Suitable 3D structure selection, validation, and quality
assessment

To determine the stereochemistry of designed chime-
ric protein, the final IL15-NGR 3D structure obtained
from I-TASSER and trRosetta was uploaded on SAVES
online server. The most reliable structure among the two
selected models from different softwares (I-TASSER and
trRosetta) was selected on the basis of Verify 3D, Ram-
achandran plot and ERRAT value (Table 2).

The results indicate that the most stable and reliable
structure was predicted by trRosetta (as shown in Fig. 3)
that shows 97.6% residues in most favored region and
ERRAT value of 96.72 as shown in Fig. 4B. Through Gal-
axyRefine tool, trRosetta predicted IL15-NGR 3D struc-
ture was refined and validated by Ramachandran plot,
ERRAT analysis. Ramachandran plot analysis was done
by PROCHECK which shows that the IL15-NGR model
contains 99 residues in Ramachandran most favored
region (Fig. 4A). For analyzing the non-bonded interac-
tions statistics among various atom typesIL15- NGR
3D structure was uploaded on ERRAT program. Higher
ERRAT value indicates high quality of 3D structure.
ERRAT value of final model was predicted to be 96.72
(Fig. 4C).

Figure 5A illustrates the model quality, with black dots
representing the IL-15/NGR fusion protein’s data points.
These dots, situated among dense clusters of X-ray and
NMR data, signify a negative Z-score of -6.2 which is
consistent with high-quality structures, affirming the
fusion protein’s reliable folding. The broad distribution
of data points justify structural variability, yet the fusion
protein’s proximity to these clusters reinforces confidence
in its computationally generated model. In Fig. 5B, the
energy profile graph from ProSA-web for the IL-15/NGR
fusion protein indicates predominantly negative values
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Fig. 2 Secondary structure prediction of IL-15/NGR via GOR IV
Table 2 Comparison of the quality of 3D models predicted by

different software
3D model generated on

Percentage residues in most ERRAT

favored RC region qual-
ity
score
I-TASSER 79.2 89.6
trRosetta 97.6 96.72

across most sequence positions, suggesting structural
stability. Fluctuations, particularly with a smaller window
size, reveal localized variations in stability, smoothed
out in larger window sizes, implying overall structural
integrity.

100 120

Prediction of the physiochemical properties of chimeric
protein

Using the Protparam web service, the physical and
chemical characteristics of the protein were estimated
after submitting amino acid sequence. Table 3 summa-
rized all the Parameters of chimeric protein. The chime-
ric protein has calculated theoretical PI value 4.89 and
estimated molecular weight 14503.49. The ratio of nega-
tively charged residues (Asp+Glu) in chimeric protein is
19 and positively charged residues (Arg+lys) in chime-
ric protein is 11, this imparts that this chimeric protein
(IL-15/NGR) has Acidic properties. For protein-protein
interaction studies, the extinction coefficient value of chi-
meric protein plays a very important role. The estimated
half-life of chimeric protein in vitro among mammalian
reticulocytes is 1.4 h and in E.coli the estimated half-life
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Fig. 3 PYMOL illustration of IL-15/NGR fusion protein

is more than 10 h. The value of instability index estimated
is 50.38 and aliphatic index value is 96.09 which indicates
the protein stability over wide range of temperature. The
value of gravity index indicates the reactivity of chimeric
protein. The Protparam server generated —0.047 GRAVY
value of chimeric protein. This fusion protein’s extremely
low GRAVY index suggests that IL-15 NGR may lead to a
more effective interaction with water.

PROCHECK

Ramachandran Plot A

Psi (degrees)

Phi (degrees)

Plot statistics

Fig. 4 Structure validation and quality index of IL15-NGR fusion protein
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Solubility prediction in chimeric protein

The FASTA amino acid sequence was processed using
the protein-sol programme in order to evaluate solube
expression of fusion protein in E.coli. The prosol web
server determines the solubility of proteins by contrast-
ing the average solubility of the population dataset in E.
coli with the anticipated solubility of the query sequence
(Hebditch et al. 2017). The threshold value for protein
solubility set by protein-sol server is 0.45. As value of
predicted chimeric protein is 0.844 (Fig. 5C) which is
greater than threshold value, this indicates that designed
protein is highly soluble. The PI value of the designed
protein is 4.880.

Evaluation of toxicology, allergenicity, and antigenicity
According to predictions made by Toxinpred, Algpred
Vaxigen servers, Algpred, Vaxigen servers, the engi-
neered chimeric protein IL-15-NGR is nontoxic. The
protective antigen score was 0.5 overall. The finding
imply that chimeric protein is non-immunogenic and can
be used as a promising therapeutic target for cancer.

Docking analysis

In order to predict interaction between designed chime-
ric protein and its IL-15Ra/IL-15RB/yc receptor, molecu-
lar docking was performed by using the Cluspro online
server. ClusPro operates on the Fast Fourier Transform
Correlation technique, it assess the docked complexes
in three stages. First, the rigid docking is carried out by

Plot statistics

Residues in most favoured regions [A,B,L] B 122 97.6%
Residues in additional allowed regions [a,b,l,p] 3 2.4%
Residues in generously allowed regions [~a,~b,~l,~p] 0 0.0%
Residues in disallowed regions 0 0.0%
Number of non-glycine and non-proline residues 125 100.0%

Number of end-residues (excl. Gly and Pro)

1
Number of glycine residues (shown as triangles) 6
Number of proline residues 1

Total number of residues 133

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected

to have over 90% in the most favoured regions.
C
3
T 99%
>
i
(=]
E 95%

Residue # (window center)
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Fig. 5 Quality assessment graphs and solubility prediction of IL-15/NGR fusion protein

Table 3 Physiochemical properties of IL15-NGR fusion peptide

Physiochemical parameters Values
Total No of amino acids 133
Theoretical Pl value 4.89
Total negatively charged amino acid residues 19
Total positively charged amino acid residues 11
Extinction coefficient value 7365 M~ cm™
GRAVY —0.047
Stability prediction 5338
Aliphatic index value 96.09
Table 4 Cluster score of docked complexes
Cluster Members Representative Weighed score
0 189 Center -617.2
Lowest energy -801.0
1 58 Center —676.0
Lowest energy -729
2 53 Center —-815
Lowest energy —833
3 44 Center - 6339
Lowest energy - 6593
4 40 Center - 6336
Lowest energy - 6750
5 39 Center - 6375
Lowest energy —7105
6 37 Center —609.1
Lowest energy —663.0
7 36 Center - 6949
Lowest energy —694.9
8 30 Center —706.8
Lowest energy —706.8
9 30 Center —-681.8
Lowest energy —681.8
10 28 Center - 6620
Lowest energy —662.0

analysing the conformations in billions with the aid of
PIPER.Second, it predicts the biggest cluster and displays
the most probable docked complex by creating clusters of
one thousand lowest energy structures based on RMSD
(root mean square deviation). The third stage involves
energy reduction to stabilise the chosen docked model
(Kozakov et al. 2017). Among 10 models generated by
ClusPro server (Table 4), the selection of the best struc-
ture for protein-protein interaction studies was guided
by factors such as model scores, electrostatic energies,
and van der Waals attraction as described previously
(Muhammad Rehman et al. 2023). Cluster 0 stands out
with 189 members, the highest among all clusters, indi-
cating a robust and consistent set of docking poses that
suggest a reliable interaction model. The weighted score
of -617.2 and the lowest energy score of — 801.0 for
Cluster 0 highlight a highly favorable and stable binding
affinity, essential for effective therapeutic targeting. The
lowest energy score indicates the most stable confor-
mation of the protein complex, signifying that Cluster
0 (Fig. 6B) can achieve a highly stable interaction with
the receptor, which is crucial for the therapeutic efficacy
of the fusion protein. In comparison, Cluster 1, with 58
members and a weighted score of — 676.0, and Cluster
2, with 53 members, also show strong interactions with
a weighted score of -815 and a lowest energy of — 833.
A more negative docking score indicates a higher likeli-
hood of binding, while a higher cluster number enhances
confidence in the binding model. Despite the favorable
scores of Cluster 2, the significantly lower member count
reduces its reliability. Clusters 3 to 10 have progres-
sively fewer members and varying energy scores, which,
while sometimes favorable, do not match the reliability
of Cluster 0 due to their lower frequency of occurrence.
The selection of Cluster 0 is further justified by the bal-
ance between a high member count and excellent energy
scores, highlighting its potential as the most stable and
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Fig.6 Docked complex and interacting residues involved hydrogen bonds (blue lines), salt bridges (red line) and disulphide bonds (yellow lines), in bind-

ing of IL15-NGR fusion peptide with its cognate receptor

Table 5 Top 10 docked models summary on Hdock server
Sr. # Docked complex

Docking score  Confidence Li-

score gand
rmsd

(R)
1 Model 1 —245.18 0.8703 39.69
2 Model 2 —243.35 0.8661 5241
3 Model 3 —236.63 0.8497 4133
4 Model 4 —229.94 0.8319 48.83
5 Model 5 — 22381 0.8140 53.14
6 Model 6 —22237 0.8096 411
7 Model 7 —219.95 0.8020 45.53
8 Model 8 -219.70 0.8012 26.01
9 Model 9 —-21876 0.7982 41.13
10 Model 10 —217.88 0.7954 33.67

reproducible interaction between the fusion protein and
the IL-15Ra/IL-15Rp/yc receptor.

The docking of the IL-15-NGR fusion protein with
the IL15Ra/IL15RB/yc receptor using Hdock yielded
notable results. The top ten models displayed docking
scores ranging from —245.18 to — 217.88 (Table 5), with
the highest confidence score being 0.8703. These nega-
tive docking scores suggest favorable binding interactions
between the fusion protein and the receptor. The ligand

RMSD values ranged from 26.01 A to 53.14 A, indicating
variability in the predicted binding poses and suggest-
ing flexibility in the interaction sites. The ProQ quality
assessment of the input models showed an LGscore of
2.288 and a MaxSub score of 0.205 for the receptor, and
an LGscore of 2.944 and a MaxSub score of 0.341 for the
ligand. These scores fall into the “good” to “very good”
range, indicating that the structural models used for
docking were of high quality. The selection of ClusPro-
generated docked model was based on binding energy,
the number of interactions, and the stability of the
docked complex. These factors made the ClusPro gener-
ated complex superior, prompting its selection for further
interaction analysis and molecular dynamics simulation
studies.

Protein-protein interaction studies

Estimating the theoretical binding energies among amino
acid residues at protein-protein interfaces presents a
challenging task. With advancements in bioinformat-
ics computations, a variety of software and online serv-
ers are now available, employing empirical and analytical
approaches. However, it’s important to note that results
from each module may vary, influenced by the sub-
mitted 3D structure of the protein under investigation



Fatima et al. AMB Express (2024) 14:91

(Lubkowski et al. 2018). We utilized the PDBsum pro-
gram to gain insights into the docked complexes and ana-
lyze the forces of attraction at the molecular level. The
PDBsum server facilitated the analysis of interactions
within the docked complex. The PDB file of the docked
complex was submitted to the PDBsum online server for
analysis. The length of the interface area and the number
of residues therein determine the strength of binding; a
higher percentage of amino acids with a longer interface
area indicates greater binding strength and a stable con-
formation (Khan et al. 2021). In the docked complex, a
total of 21 hydrogen bonds and 6 salt bridges were identi-
fied (Table 6). In the Fig. 6A and B, C, chain D represents
the newly designed fusion peptide, chain A represents
the IL-2/IL-15Rp receptor subunit, chain C represents
the IL-15Ra receptor subunit, and chain B represents
the IL-2/1L-15yc receptor subunit. Between chain D and
chain B, hydrogen bonds of chain D are contributed by
Glu®, His®, Asp®, Ser®, Thr®!, Asp®S, Ser®!, Ser™, Glu®3,
Leu®?, GIn*8, Leu®, Glu®’, and GIu®’. Hydrogen bonds of
chain B are contributed by Arg167, Asn™®, Asn%, Tyrls,
Asn®®, Lys®™, Arg'®®, Arg'”!, Arg'’?, and Trp'®. Addi-
tionally, hydrogen bonds of chain D are contributed by
Asp22, while the hydrogen bond of chain C is contrib-
uted by Lys51. Furthermore, between chain D and chain
B, salt bridges of chain D are contributed by Glu®, Glu®,
Glu¥, and Lys*, while salt bridges of chain B are contrib-
uted by Arg'®’, Arg'”!, Arg'”?, and Glu'®. These hydro-
gen bonds and salt bridges play central roles in stabilizing
the interaction between the fusion peptide and the recep-
tor subunits, providing insights into the molecular mech-
anisms underlying their binding affinity. The binding
energy calculation of the IL-15-NGR fusion protein with
the IL15Ra/IL15RB/yc receptor, as predicted using the
HawkDock online server, is — 2.98 kcal/mol. This negative
binding energy indicates a favorable interaction between
the fusion protein and the receptor, suggesting that the
IL-15-NGR fusion protein can effectively bind to the
IL15Ra/IL15RpB/yc receptor. The magnitude of the bind-
ing energy, while modest, supports the stability of the
complex formed. This binding energy is crucial for the
therapeutic potential of the fusion protein, as it under-
lines its ability to target and engage the receptor with
sufficient affinity. However, while computational predic-
tions provide valuable insights, these results should be
further validated through experimental binding assays to
confirm the interaction strength and to refine the binding

Table 6 Interface statistics of chain A, B, C, D
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efficiency. Finally the results of binding affinity prediction
on PRODIGY server suggest that the IL-15/NGR fusion
protein binds to its receptor with high affinity at 37 °C.
The strongly negative AG value of — 12.6 kcal mol™ and
the low Kd (constant of dissociation) of 1.2e-09 M, both
indicate a strong and stable interaction, suggesting that
the fusion protein is likely to effectively engage its recep-
tor under physiological conditions.

MD simulation analysis

Molecular Dynamics (MD) simulations are performed
to refine docking results by allowing for conformational
flexibility and dynamic adjustments. It helps to assess the
stability of the complex over time, investigate key bind-
ing interactions, and observe conformational changes
that affect binding affinity. The graph in Fig. 7A depicts
the radius of gyration (Rg) of a docked complex over a
100-nanosecond (ns) simulation period, indicating
changes in the compactness of the molecular structure.
Initially, from O to 20 ns, the Rg increases from approxi-
mately 3.1 nm to around 3.3 nm, suggesting an initial
expansion of the complex. Between 20 and 60 ns, the Rg
continues to rise and fluctuates around 3.4 nm, indicat-
ing further expansion and structural adjustments within
the complex. In the later phase, from 60 to 100 ns, the
Rg stabilizes and fluctuates between 3.2 nm and 3.4 nm,
reflecting a balance between expansion and contrac-
tion as the complex reaches a more equilibrated state.
These observations suggest that the complex undergoes
significant initial conformational changes and expan-
sion, followed by a period of relative stability with minor
fluctuations in its compactness, indicative of the com-
plex’s dynamic adaptation and stabilization during the
simulation. The Fig. 7B illustrates the Root Mean Square
Deviation (RMSD) of molecular system over a simulation
period of 100 nanoseconds (ns), depicting the structural
changes relative to the initial configuration. Initially, from
0 to 20 ns, the RMSD increases sharply from close to 0
to about 0.8 nm, indicating significant structural adjust-
ments as the system moves away from its starting confor-
mation. Between 20 and 60 ns, the RMSD continues to
rise but at a slower rate, suggesting ongoing but less dra-
matic changes in the structure. In the final phase, from
60 to 100 ns, the RMSD stabilizes, fluctuating around 1.0
to 1.2 nm, which signifies that the system has reached a
more equilibrated state with only minor fluctuations.
This trend reflects the typical behavior in MD simulation

Chains 1A IR SB DS HB NBC
B:D 1019:1014 22:22 - - 19 127
CD 42:34 1:1 1 - 2 4
AB 574:553 11:10 - - 3 90
B:C 757:922 26:20 3 - 14 491
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Fig. 7 MD simulation graphs of RMSD, Rg, RMSF and SASA generated by GROMACS for IL15-NGR fusion peptide

where system undergoes an initial period of rapid struc-
tural changes before settling into a stable conformation.
The graph in Fig. 7C illustrates the area of the interac-
tion interface (in nm?®) between two molecules over
time (ns). Initially, during the first 20 ns, the interface
area fluctuates between approximately 350 and 370 nm?,
indicating that the complex is undergoing initial adjust-
ments and conformational changes to find a more stable
binding orientation. From 20 to 60 ns, the interface area
shows a slight downward trend, fluctuating around 350 to
360 nm?, suggesting that the complex is becoming more
stable as the interacting surfaces of the molecules adjust
to form a tighter interface. In the final phase of the sim-
ulation, from 60 to 100 ns, the interface area continues
to decrease slightly, with fluctuations between 330 and
350 nm? indicating that the complex is reaching a more
stable conformation. The overall decrease in the interface
area over time suggests that the molecules are coming
closer together, enhancing their interactions, while the
fluctuations highlight the dynamic nature of the molecu-
lar interactions. The graph in Fig. 7D illustrates the Root
Mean Square Fluctuation (RMSF) of a docked complex
over a 600-nanosecond (ns) simulation period, provid-
ing insights into the flexibility of different regions within
the complex. Initially, from 0 to 100 ns, the RMSF val-
ues show significant fluctuations, reaching up to approxi-
mately 0.8 nm, indicating that certain regions of the
complex exhibit considerable movement. In the middle
phase, between 100 and 400 ns, the RMSF values display

periodic peaks and troughs, with a pronounced spike
around 200 ns where the RMSF peaks at about 1.4 nm,
suggesting that specific regions of the complex experi-
ence increased flexibility, possibly due to conformational
adjustments or interactions with the receptor. In the later
phase, from 400 to 600 ns, the RMSF values generally
remain below 0.6 nm with occasional fluctuations, except
for a notable increase towards the end, peaking again
around 1.4 nm, indicating that while most regions of the
complex remain relatively stable, certain areas experience
heightened flexibility. These observations suggest that the
docked complex undergoes dynamic structural changes,
with specific regions exhibiting significant flexibility,
reflecting its interaction and adaptation processes dur-
ing the simulation. The MD simulation results indicate
that the docked complex undergoes significant confor-
mational adjustments initially, achieving greater stability
over time. Overall, these observations reflect the com-
plex’s dynamic adaptation and eventual stabilization dur-
ing the simulation.

Discussion

Hepatocellular carcinoma, the most prevalent primary
liver cancer, contributes to up to 1 million fatalities annu-
ally worldwide (Befeler and Di Bisceglie 2002). While
various treatment modalities exist for hepatocellular
carcinoma, including chemotherapy, the emergence of
drug resistance necessitates the exploration of novel
therapeutic approaches. Ongoing clinical cancer research
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emphasizes cytokine therapy’s significant role in stimu-
lating the immune system of cancer patients, offering
promise as an adjunct or alternative treatment strategy to
combat drug resistance and improve outcomes in hepa-
tocellular carcinoma management (Hafiz Muhammad et
al. 2024). The discovery that elevated IL-15 levels in peri-
tumoral liver cells correlate with improved prognosis in
patients with hepatocellular carcinoma supports the idea
of targeting the IL-15 pathway for liver cancer treatment
(Zhou et al. 2010). IL-15 exhibits no harmful side effects
in vivo, such as the proliferation of T regulatory cells or
T-cell activation-induced cell death (Waldmann 2006).
In mouse models using recombinant IL-15 (Munger et
al. 1995) (Tang et al. 2008), antibody-IL-15 fusion pro-
tein (Kaspar et al. 2007), IL-15 gene-modified tumor
cells (Kimura et al. 1999) (Meazza et al. 2000), and IL-15
transgenic mice the anticancer potential of IL-15 was
reported. Despite advancements in identifying new onco-
logical treatments, the selectivity and efficacy of cancer
treatment remain significant barriers. While progress has
been made in discovering novel oncological medicines,
challenges persist in achieving optimal selectivity and
effectiveness. NGR peptide, functioning as a tumor hom-
ing peptide, works by internalizing into tumors and blood
vessels within the tumor parenchyma, offering promise in
addressing these challenges. In the current study, human
IL15 was computationally fused with the tumor homing
peptide NGR to construct a fusion protein with potential
efficacy in treating hepatocellular carcinoma. Tertiary
structure prediction, crucial for protein functionality,
was performed using two bioinformatics tools: ITASSER
and trRosetta. Given the critical importance of properly
folded proteins in the human body, accurate prediction
of 3D structure is essential. Comparison of models gener-
ated by ITASSER and trRosetta revealed that the model
predicted by trRosetta exhibited greater stability and
accuracy, suggesting its suitability for further analysis
and potential therapeutic application. The selected 3D
model underwent refinement using the GalaxyRefine web
server, renowned for its authenticity in refining tertiary
structures. The refinement process involved side chain
rebuilding and repacking. Subsequently, to assess the
stereochemical quality of the protein structure, the PRO-
CHECK server was employed, which analyzes residue-
by-residue geometry and geometry of overall structure
to ensure structural integrity and reliability. Ramachan-
dran plot analysis conducted by PROCHECK revealed
that the IL15-NGR model contains 99 residues within
the most favored region. This indicates that the mod-
eled structure exhibits highly favorable conformational
characteristics, affirming its reliability and potential effi-
cacy (Laskowski et al. 1993). The overall quality factor
of fusion protein was predicted as 96.72% by ERRAT2
server and the fusion protein was predicted to be stable
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on the basis of presence of high alpha helix residues in
secondary structure (Sakurai et al. 2005). The physio-
chemical properties of the fusion protein were assessed
using the ProtParam tool, revealing its acidic nature with
a molecular weight of 16 kDa. Its predicted isoelectric
point of 5.00 is indicative of its solubility characteris-
tics. In silico analysis of soluble protein expression in E.
coli was conducted using the SoluProt website, yield-
ing a value of 0.844 predicted its high level expression.
Protein-protein interactions play a crucial role in vari-
ous signaling pathways, providing insights into disease
mechanisms and aiding in the evaluation of treatment
strategies tailored to specific diseases. (De Las Rivas and
Fontanillo 2010) described the protein-protein interac-
tions as physical contacts through molecular docking
between proteins, which occur within a cell or living
organism in vivo. The primary mode of action of IL-15
involves trans-presentation of IL-15a by dendritic cells
and activated monocytes to heterodimer receptor chains
(IL-2R/IL-15Rp and y) on effector B, T, and natural killer
cells (Dubois et al. 2002). To investigate the interaction
between the fusion protein and the selected receptor
IL15Rapy, the Cluspro and Hdock online servers were
utilized. Our docking analysis has identified a stable and
energetically favorable complex between the fusion pro-
tein (IL15-NGR) and the IL15Rafy receptor. The selected
model on ClusPro, characterized by a low docking energy
score of — 801.0, suggests a high likelihood of bind-
ing between the fusion protein and the receptor. When
compared with Hdock, the ClusPro docking results are
more robust and reliable. Cluster 0, with 189 members,
exhibited the most favorable interaction model with a
weighted score of — 617.2 and the lowest energy score of
-801.0, indicating a highly stable and strong binding affin-
ity. The higher number of members in Cluster 0 enhances
the confidence in the binding model, compared to the top
model in Hdock, which had fewer structural variations.
While Hdock provided a good initial validation, the Clus-
Pro results demonstrate a superior and more stable inter-
action model. The consistent and lower energy scores
from ClusPro reinforce the reliability of the docking pre-
dictions. The graphs of MD simulation such as RMSD
shows significant structural changes in a docked complex
with its receptor, with an initial rapid increase followed
by stabilization, indicating the complex’s adaptation and
stabilization. The RMSF graph reveals varying flexibility
in different regions, with significant fluctuations initially
and during specific intervals, reflecting dynamic interac-
tions and conformational changes. The radius of gyra-
tion (Rg) graph indicates initial expansion followed by
stabilization, suggesting changes in the compactness and
eventual equilibrium of the complex. The graph illustrat-
ing the interaction interface area over time shows initial
fluctuations and gradual stabilization, indicating closer
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molecular interactions and a tighter interface. The MD
simulation of the docked complex indicates significant
initial structural and conformational changes, with the
complex achieving greater stability over time. The inter-
action interface area decreases, hydrogen bonds increase,
and the system stabilizes, reflecting the dynamic nature
of molecular interactions and the progression towards a
stable binding state. While our computational approach
to engineering the IL-15-NGR fusion protein is promis-
ing, it has limitations such as the accuracy of structural
modeling and inherent uncertainties in docking and
simulation setups. To address these, we propose future
experimental validation, including in vitro studies on
hepatocellular carcinoma cell lines to assess anticancer
efficacy, selectivity, and safety, followed by in vivo stud-
ies in animal models to evaluate pharmacokinetics, bio-
distribution, and therapeutic efficacy. These steps will
confirm the protein’s potential and guide further optimi-
zation for clinical use.

In conclusion, our study presents a comprehensive
computational approach to design and evaluate a novel
therapeutic strategy for hepatocellular carcinoma. By fus-
ing human IL15 with NGR peptide, we aimed to enhance
the selectivity and efficacy of cancer treatment. Through
structural modeling, refinement, and protein-protein
interaction studies, we successfully identified a stable
complex between the fusion protein and the IL15Rafy
receptor, suggesting promising therapeutic potential.
These findings emphasize the importance of computa-
tional methods in drug discovery and provide a founda-
tion for further experimental validation of the fusion
protein’s efficacy and safety in preclinical and clinical
settings. Overall, our study contributes to the ongoing
efforts to develop innovative treatments for hepatocellu-
lar carcinoma and other cancers.
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