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ABSTRACT
Introduction: Synthetic fusion proteins represent a cutting-edge approach in biotechnology and
pharmaceutical research, enabling the strategic combination of multiple protein domains to de-
sign novel complexes with enhanced properties and functionalities. By fusing distinct proteins, the
unique attributes of each component can be synergistically exploited, leading to improved bioac-
tivities or the emergence of entirely new functions. This study aimed to computationally construct
a fusion protein that contained the killing properties of temporin 1CEa and the targeting action
of IL-24, joined via a rigid linker, and its anti-tumor potential was analyzed using different bioinfor-
matics tools. Methods: After sequence retrieval, the 3D model of the temporin 1CEa-IL-24 fusion
protein was constructed using the AlphaFold 2 online server. The resulting structure underwent
rigorous refinement, quality assessment, and validation processes. Physiochemical properties were
evaluated using ProtParam, and the prepared structure was subjected to docking on ClusPro and
simulation on VMD andNAMD.Results: Assessment through ERRAT score and Ramachandran plot
analysis confirmed the good quality, refinement, and validation of the 3D structure of the temporin
1CEa-IL-24 fusion protein. Docking results revealed 17 hydrogen bonds and 4 salt bridges between
the fusion protein and its receptor, findings supported and validated through simulation studies
predicting a stable docked complex over a 100 ns period. Conclusion: The expression of the tem-
porin 1CEa-IL-24 fusion gene in a suitable expression host could lead to in vitro production and
subsequently validate its therapeutic potential.
Key words: Interleukin 24, temporin-1CEa, breast cancer, fusion protein, cancer therapeutics,
drug designing

INTRODUCTION
Globally, cancer is a major cause of death following
cardiovascular disorders. The term ’cancer’ was de-
rived from the Greek word ”karkinos,” which refers
to malignant tumors. Cancer arises when there
is uncontrolled proliferation in any organ of the
body due to damage to normal cellular DNA1. The
most prevalent types of cancer include lung, breast,
liver, prostate, and colorectal cancers2. Among
them, breast cancer is the most prevalent in females
and the leading cause of death worldwide. Treat-
ment for breast cancer entails surgery, chemotherapy,
endocrine therapy, radiotherapy, and immunother-
apy 3,4. Although these treatments have been proven
to be effective, they cause severe harm that cannot
be overlooked. The significant concern is that they
are toxic and non-selective, damaging sensitive tis-
sues, causing multidrug resistance, and tumor recur-
rence5,6. Increased mortality rates due to cancer de-
mandmore advanced therapies that are selective, spe-
cific, and cost-effective, with fewer side effects7. Fu-

sion proteins, effective in killing cancer cells, are ther-
apeutic agents in which two or more proteins are
fused to perform a targeted action that is more spe-
cific and selective8. Antimicrobial peptides have re-
cently been proven to be efficient against breast cancer
cells. This class has numerous advantages because it is
selectively cytotoxic, may overcome multi-drug resis-
tance, and can be employed in combination therapy 9.
The antimicrobial peptide temporin 1CEa precursor
is obtained from the skin secretions of a Chinese frog,
Rana chensinensis, and contains 17 amino acids. It is
cytotoxic to breast cancer cells10. According to pre-
vious studies, it has been established that temporin
1CEa induces heightened permeability inMCF-7 cells
upon exposure. This antimicrobial peptide appears
to exert its impact by disrupting the integrity of the
plasma membrane. As the concentration of tempo-
rin 1CEa increases, a consequential breakdown of the
plasma membrane occurs, resulting in the loss of es-
sential cytoplasmic elements. The observed increase
in permeability and subsequentmembrane disruption
underscores the potential cytotoxic effects of tempo-
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rin 1CEa on MCF-7 cells, shedding light on its mech-
anism of action and suggesting its potential utility in
therapeutic applications targeting cancer cells with a
focus on membrane destabilization9.
Cytokines, glycoproteins under 30 kDa, act by bind-
ing to receptors on cell membranes. They exert anti-
tumor effects through pro-apoptotic actions or by
stimulating immune responses against cancer cells11.
This dual mechanism contributes to their role in in-
hibiting tumor cell growth and promoting a robust
immune defense against malignancies12. The cy-
tokine family of IL-10 includes IL-24, which is pro-
duced by immune cells of the body. IL-24 causes cell
killing when it binds to receptors (IL-20R1/IL-20R2
and IL-22R1/IL-20R2) present on the surface of breast
cancer cells and triggers the Janus kinase (JAK) and
activator of transcription (STAT) signal transduction
pathway 13.
To design a novel targeted anticancer medicine, we
aimed at producing a theoretical chimeric protein,
temporin 1CEa-IL-24, to leverage its targeted deliv-
ery and specific action on breast cancer cells. To suc-
cessfully create a chimeric protein, we need a linker
sequence to join both parts of fusion proteins2. Link-
ers are classified into many types based on their prop-
erties; here we will focus only on rigid linkers for
our protein structures to maintain a fixed distance
between our domains so that they can perform in-
dependent functions14. The fusion of the lytic pep-
tide temporin 1CEa with the targeting protein IL-24
to develop a recombinant protein may have the abil-
ity to kill breast cancer cells more effectively. Con-
ducting computational studies prior to in vitro anal-
yses not only offers predictive insights into expected
results but also mitigates hazards and risks associated
with laboratory-based testing15.
This study aims to computationally fuse the tempo-
rin 1CEa lytic peptide and the IL-24 targeting peptide
through a rigid linker to exploit potential synergis-
tic effects against breast cancer cell receptors, enhanc-
ing their anticancer efficacy. The newly designed fu-
sion peptide (temporin 1CEa-IL-24) underwent rig-
orous quality assessment and validation before be-
ing docked to the heterodimer receptor (IL22RA-
IL20RB) present in breast cancer cells. The docked
complex was systematically analyzed for interactions,
validation, and stability through simulations, with in
silico expression predictions providing additional in-
sights. Such computational approaches not only es-
tablish a foundation for future in vitro experiments
but also offer resource-efficient alternatives, minimiz-
ing the need for laboratory animals and providing
crucial insights that aid researchers in prioritizing and
designing more targeted and successful experiments.

METHODS
Construct Design and Sequence Analysis
The FASTA format of IL-24 [https://www.uniprot.or
g/uniprotkb/Q13007/entry](https://www.uniprot.o
rg/uniprotkb/Q13007/entry) (Accession # Q13007)
was retrieved from the UniProt data repository, and
temporin 1CEa [https://www.ncbi.nlm.nih.gov/p
rotein/ACF21594.1?report=fasta](https://www.nc
bi.nlm.nih.gov/protein/ACF21594.1?report=fasta)
(Accession # EU624139.1) was obtained from the
NCBI database. To construct a fusion protein, tem-
porin 1CEa was linked to IL-24 through a previously
reported rigid-type linker (AEAAAKEAAAKA)16.
The 3D (three-dimensional) structure of the IL-24
receptor (IL-22RA and IL-20RB, PDB ID: 6DF3) was
retrieved in PDB format from the Protein Data Bank
[https://www.rcsb.org/structure/6df3](https://www
.rcsb.org/structure/6df3). The signal peptide (1–56
amino acids) was removed from the N-terminal of
IL-24 to yield a mature peptide17.

Secondary Structure Prediction
The secondary structure of the chimeric protein was
predicted using the GOR IV online server [http://g
or.bb.iastate.edu/](http://gor.bb.iastate.edu/). Func-
tional characteristics such as alpha and beta regions,
regions lacking normal structure, coiled-coil do-
mains, disulfide bridge locations, solvent-accessible
surface area, and low-complexity sections were sys-
tematically evaluated. This comprehensive analysis
offers insights into the protein’s structural features
and potential functional roles18,19.

Tertiary Structure Prediction and Structure
Refinement
The 3D structure of the chimeric protein was con-
structed using the AlphaFold 2 online server [https:/
/colab.research.google.com/github/sokrypton/Colab
Fold/blob/main/AlphaFold2.ipynb](https://colab.res
earch.google.com/github/sokrypton/ColabFold/blob
/main/AlphaFold2.ipynb), developed by DeepMind,
which employs advanced deep learning techniques.
AlphaFold 2’s neural network architecture predicts
distances between amino acid pairs in the protein
sequence, requiring only the FASTA sequence as
input to generate 3D models. The resultant model
underwent further refinement through the Galaxy
Refine online server [https://galaxy.seoklab.org/c
gi-bin/submit.cgi?type=REFINE](https://galaxy.se
oklab.org/cgi-bin/submit.cgi?type=REFINE). This
refinement process, crucial for minimizing protein
energy and optimizing local and global structural
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features, enhanced the quality and accuracy of the
protein structures. It specifically improved side-chain
conformations, bond angles, and stereochemistry,
preparing the structures for subsequent molecular
docking studies20,21.

Quality Assessment and Validation of Re-
fined Protein Structure
For quality assessment and validation of the structure,
the SAVES v6.0 [https://saves.mbi.ucla.edu/](https:/
/saves.mbi.ucla.edu/) toolkit was used, which con-
tains ERRAT and PROCHECK programs. ERRAT
evaluated non-bonded interactions between various
kinds of atoms and demonstrated error function com-
pared to highly refined structures. A Ramachandran
plot from PROCHECK was used to validate protein
stereochemical properties and to check the quantity
of residues in favored, allowed, and outer regions22.
Additionally, ProSA (protein structure analysis), an
online tool used for the prediction of potential er-
rors in 3D protein models when provided in PDB for-
mat23, andQMEAN (qualitativemodel energy analy-
sis) on ExPASy were employed to assess protein struc-
ture quality, providing a single score for models, aid-
ing in validation and selection for accurate three-
dimensional representations24.

Physiochemical Properties and Solubility
Prediction of Fusion Proteins
The physiochemical properties of the fusion peptide
were assessed using the ProtParam tool [https://we
b.expasy.org/protparam/protparam-doc.html](http
s://web.expasy.org/protparam/protparam-doc.htm
l), accessible through the ExPASy server. The tool
analyzed the peptide’s primary sequence, providing
essential intrinsic properties such as the instability
index, estimated half-life, extinction coefficient,
atomic composition, molecular weight, theoretical
isoelectric point (pI), aliphatic index, amino acid
composition, and the grand average of hydropathic-
ity 25. These parameters contribute valuable insights
into the peptide’s functional characteristics and
behavior in diverse environments. Additionally, the
solubility of the fusion protein was predicted using
the Protein-Sol online server [https://protein-sol.ma
nchester.ac.uk/](https://protein-sol.manchester.ac.u
k/), which employs a dataset comparison approach to
estimate solubility based on the input FASTA protein
sequence26.

Toxicity, Antigenicity, and Allergenicity
In evaluating the fusion protein, a comprehensive
analysis of its potential toxicity, antigenicity, and

allergenicity was conducted using different bioinfor-
matics tools. To assess the protein’s antigenic nature,
the VaxiJen server [http://www.ddg-pharmfac.net/
vaxijen/VaxiJen/VaxiJen.html](http://www.ddg-ph
armfac.net/vaxijen/VaxiJen/VaxiJen.html) was em-
ployed, which relies on the computation of antigenic
potential through the analysis of the protein’s physical
and chemical properties27. Allergenicity prediction
was carried out using Allertop v2.0 [http://www.d
dg-pharmfac.net/AllerTOP](http://www.ddg-phar
mfac.net/AllerTOP), a tool specifically designed for
assessing the likelihood of protein-inducing allergic
responses28. ToxinPred [https://webs.iiitd.edu.in/
raghava/toxinpred/prot_submitfreq_S.php?ran=6
3153](https://webs.iiitd.edu.in/raghava/toxinpred/
prot_submitfreq_S.php?ran=63153), on the other
hand, was utilized for the prediction of potential
toxicity of the protein29. These analyses provide
valuable insights into the safety and immune-related
characteristics of the fusion protein with crucial
information for potential applications in therapeutic
or diagnostic contexts.

Molecular Docking Analysis

Molecular docking is an advanced computational
method employed in drug discovery and structural
biology to predict the preferred binding mode and
orientation of one molecule (the ligand) when bound
to another molecule (the receptor or target) for stable
complex formation30. To elucidate the interactions
and binding orientation between the temporin
1CEa-IL-24 fusion protein and its heterodimeric
cognate receptor (IL22R1-IL21R2), a molecular
docking study was conducted using the ClusPro 2.0
online server [https://cluspro.bu.edu/login.php?r
edir=/queue.php](https://cluspro.bu.edu/login.ph
p?redir=/queue.php)31. The crystalline structure
of the heterodimer receptor was retrieved in PDB
format (PDB ID: 6DF3) for the docking analysis.
Subsequently, using the PyMOL graphic system,
the downloaded receptor structure underwent
purification by removing attached IL24, ligands,
and water molecules. The 3D structures of both the
fusion protein and the receptor were submitted to
the ClusPro 2.0 server with default settings. Finally,
the MM/GBSA tool was employed to predict binding
affinity and assess pre-energy residue contributions
in the formation of the protein-protein complex [htt
p://cadd.zju.edu.cn/hawkdock/](http://cadd.zju.edu.
cn/hawkdock/)32.
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Interaction Studies
Following the molecular docking process, the result-
ing docked complex of the temporin 1CEa-IL-24
fusion protein with its cognate receptor was subjected
to interaction and affinity analysis using four distinct
tools: PyMOL, PDBsum [http://www.ebi.ac.uk/thor
nton-srv/databases/pdbsum/](http://www.ebi.ac.uk
/thornton-srv/databases/pdbsum/)33, PDBePISA [
https://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/pis
erver](https://www.ebi.ac.uk/msd-srv/prot_int/cgi-
bin/piserver)34, and HawDock online server [http
://cadd.zju.edu.cn/hawkdock/](http://cadd.zju.edu
.cn/hawkdock/)32. These servers provided various
aspects of the protein-protein interaction, including
the identification of interacting interfaces, pores,
assessment of binding affinity, salt bridges, solvation
energy in kcal/mol, hydrogen bonds, and tunnels
present in the docked complex.

Molecular Dynamics Simulation
The fusion protein underwent molecular dynamics
(MD) simulation using the Visual Molecular Dynam-
ics (VMD) software35 and the NAMD (Nanoscale
Molecular Dynamics) simulation engine36. The in-
put files for the simulation, including the addition of
missing hydrogens achieved through the LeaP pro-
gram in Ambertools 2137. A solvation box with a 10
Å buffer, populated with TIP3P water molecules, was
employed to solvate the complex. To maintain sys-
tem neutrality, counter ions, Na+ andCl-, were strate-
gically added. To alleviate clashes within the system,
the ff14SB force field38 was applied for energy mini-
mization. The solvated systems underwent three tem-
perature equilibrations at 300, 200, and 250K to sta-
bilize the environment. Subsequently, a 100 ns MD
simulation ensued, saving MD trajectories at 2 ps in-
tervals. Finally, the R package39 was utilized to an-
alyze the trajectory data, providing valuable insights
into the dynamic behavior, stability, and conforma-
tional changes of the fusion protein during the simu-
lation period.

RESULTS
Fusion Construct
A fusion protein of 184 amino acids was constructed
by joining the N-terminal of temporin 1CEa to the C-
terminal of a rigid linker, and the N-terminal of the
linker was further attached to the C-terminal of the
IL-24 peptide. A rigid linker (AEAAAKEAAAKA)
was used to ensure the integrity of both functional do-
mains so that it could prevent disulfide bond forma-
tion within protein molecules and provide stability to
the structure (Figure 1).

Secondary Structure Prediction
The GOR IV online server predicted the secondary
structure based on alpha, beta coils, extended strands,
beta turns, and beta bridges. According to the re-
sults obtained, more than 50% of the fusion pro-
tein model contained alpha sheets composed of hy-
drophobic amino acids, forming the backbone of a
protein structure (Figure 1). The predicted secondary
structure of the protein reveals a predominant alpha-
helical conformation, constituting 54.89% of the pro-
tein’s structure. Additionally, extended strands make
up 15.22%, while a significant portion is predicted
to be in a random coil configuration, accounting for
29.89%.

3D Structure Prediction of Fusion Protein
AlphaFold 2, developed by DeepMind and accessible
through Google’s Colab platform, is an innovative AI
program designed for predicting the 3D structure of
proteins. Leveraging a combination of chemical bond
angles and amino acid sequence features, the tool gen-
erated ten structural models as output. The output file
from AlphaFold 2 provided five distinct 3D models
of the protein structure, ranked based on local model
quality. These rankings reflect the reliability and ac-
curacy of predictions at the individual structural level.

Quality Check and Validation of Temporin
1CEa-IL24 Fusion Protein
The Temporin 1CEa-IL24 fusion construct was vali-
dated by Ramachandran Plot (RC plot) analysis. An
RC plot is a two-dimensional plot of phi-psi angles;
these two angles are theoretically crucial and segre-
gate protein structure into allowed and disallowed re-
gions. This phi-psi space provides a base to assess the
reliability and integrity of protein structure40,41. The
selected model showed 97.7% residues in the most
favored region, 2.3% residues in the additionally al-
lowed region, and no residues in the generously al-
lowed region (Figure 2A). For quality assessment, the
refined 3D model of the chimeric protein was up-
loaded to respective online servers of ERRAT, ProSA-
web, and ExPASy. ERRAT is a crystallography valida-
tion program assessing the overall quality of protein
structures. It evaluates non-bonded atomic interac-
tions, with higher scores indicating greater structure
quality. The 97.72% ERRAT score of the temporin
1CEa-IL24 fusion protein (Figure 2B) suggests high
structural quality, surpassing the generally accepted
range (>50) for a well-constructedmodel42. The eval-
uation of the structural quality of the temporin 1CEa-
IL24 fusion protein model was conducted through
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Figure 1: Schematic representation of the fusion construct showing the arrangement of Temporin-1CEa,
IL-24, and the linker sequence. The secondary structure of the Temporin-1CEa-IL24 fusion protein is depicted in
different colors: blue represents alpha-helices, red
indicates beta-sheets, and orange corresponds to coil regions. The 3D structural visualization of Temporin-1CEa,
IL-24, and the linker was generated using PyMOL, with each component distinctly colored for clear identification.

Figure 2: Structural Validation of the Protein Model. (A) Ramachandran plot illustrating the distribution of
amino acid residues in different regions: the most favored region (red), additionally allowed region (yellow), and
generously allowed region (light brown), confirming the stereochemical quality of themodel. (B) ERRAT analysis of
the3Dstructurequality, where the absenceof redbars andaminimal presenceof yellowbars indicate an improved
and reliable 3Dmodel. (C) QMEAN quality assessment, with the red star positioned in themost acceptable region,
validating the accuracy and structural reliability of the predicted 3Dmodel.
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Figure 3: ProSA-web Model Quality Evaluation. (A) ProSA-web model quality evaluation, where the bold dot
in the most favorable region (dark blue) indicates a low Z-score value, confirming the structural reliability of the
fusion protein. (B) Local quality assessment of the 3D model, with green peaks on the negative side of the graph
representing well-modeled amino acid residues, validating the accuracy of the predicted structure.

ProSA-web analysis and QMEAN scoring. ProSA-
web, a widely utilized tool for assessing 3D protein
structure models, placed the fusion protein within
the range of native conformations, as evidenced by
a Z-score of -5.54 (Figure 3 A). The largely negative
residue energy, especially in the C-terminal domain
depicted in Figure 3B, further indicated structural
stability, with an energy distribution below the zero
baseline. This observation aligns with the expected
native states of the protein. The QMEAN scoring
function, evaluating both global and per-residuemet-
rics, provided additional insights into model quality.
A QMEAN score close to zero signifies a high-quality
fit between the model’s structure and the experimen-
tal reference, indicating a reliable representation of
the protein’s conformation and provides a quantita-
tive measure of the overall accuracy and alignment of
the model with experimental structural data43. The
QMEAN4 score of 0.09, illustrated in Figure 2C, sig-
nified a high-quality fit between the model’s structure
and the experimental reference, affirming the reliabil-
ity of the temporin 1CEa-IL24 fusion protein model.
A MolProbity score of 1.2 indicates a high-quality
structure with good stereochemistry, minimal steric
clashes, and well-optimized backbone and side-chain
conformations. This score is comparable to high-
resolution crystal structures, suggesting that the fu-
sion protein has reliable geometry formolecularmod-
eling, docking, and MD simulations. The low clash

score and high Ramachandran and rotamer quality
further validate its accuracy. This quantitative mea-
sure not only indicates overall accuracy but also high-
lights the alignment of the model with experimental
structural data, reinforcing the credibility of the pro-
posed protein conformation.

Physicochemical Properties of Fusion Con-
struct
TheProtParam-predicted physicochemical properties
of the temporin 1CEa-IL24 fusion protein in Table 1,
consisting of 184 amino acids, reveal characteris-
tics associated with stability and functional relevance.
With a theoretical isoelectric point of 9.06, the pro-
tein tends to be positively charged under physiologi-
cal conditions. The molecular weight of 21148.48 Da
provides insight into its mass, aiding in characteriza-
tion. The instability index of 37.16 suggests stability,
while the aliphatic index of 95.98 indicates a favorable
structural arrangement. The balance between posi-
tively 23 and negatively 19 charged amino acids con-
tributes to the overall charge distribution. The slightly
hydrophilic nature, as reflected in the Grand Average
of Hydropathicity (GRAVY) of -0.08, suggests poten-
tial solubility characteristics. However, the predicted
short half-life of 2 minutes in E. coli (in vivo) may im-
pact practical applications. The coefficient of extinc-
tion at 280 nm (22585 M-1 cm-1) provides useful in-
formation for experimental analysis and could be cor-
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Table 1: Physiochemical properties of chimeric construct

Physiochemical Properties Values

Number of amino acids 184

Theoretical pI 9.06

Molecular weight 21148.48

Instability index 37.16

Aliphatic index 95.98

Total positively charged amino acids (Arg + Lys) 23

Total negatively charged amino acids (Asp + Glu) 19

Grand average of hydropathicity (GRAVY) -0.08

Predicted half-life 2 mins (E. coli, in vivo)

Coefficient of extinction (in M-1 cm-1 at 280 nm) 22585

related during in vitro studies. Overall, these physico-
chemical properties present a picture of a protein with
intriguing features, warranting further investigation
and experimental validation for a comprehensive un-
derstanding of its behavior and potential therapeutic
applications.

Toxicity, antigenicity, and allergenicity

The results obtained from ToxinPred, Vaxigen, and
Allertop v. 2.0 online servers collectively indicate a
favorable profile for the chimeric protein, suggesting
it to be non-toxic, non-allergenic, and non-antigenic.
These findings are crucial for assessing the safety of
the protein in various applications, such as in the de-
velopment of therapeutics. The protective antigen
prediction of 0.5502 falls slightly below the set thresh-
old of 0.6, indicating a moderate level of confidence
in its protective antigenic nature. While the protein
may not exhibit strong antigenic properties, its over-
all non-toxic and non-allergenic characteristics are
promising for potential biomedical applications.

Docking Analysis

Molecular docking is a sophisticated bioinformatics
modeling approach designed to elucidate the inter-
actions between two or more molecules, ultimately
resulting in the formation of stable adducts. This
method relies on predicting the three-dimensional
structure of complexes formed by ligands and target
receptors, offering valuable insights into the binding
properties of these molecules. Through the genera-
tion of diverse possible adduct structures, molecular
docking employs a scoring function within special-
ized software to rank and group these structures44.

The ClusPro docking web server, renowned for its ro-
bust methodology, ensures the precision of protein-
protein binding affinity evaluations. It operates on
the foundational principle of the Fast Fourier Trans-
form Correlation method, employing a three-step
process to compute and rank docked complexes. Ini-
tially, rigid docking is executed using PIPER, sam-
pling billions of conformations to comprehensively
explore potential binding orientations. Subsequently,
the algorithm generates clusters consisting of one
thousand lowest energy structures, employing RMSD
(root mean square deviation) as a criterion. This
step enables the prediction of the largest cluster, pre-
senting the most probable docked complex. Finally,
the selected docked model undergoes a crucial en-
ergy minimization step, enhancing stability by re-
fining the molecular arrangement31. The docking
of the temporin 1CEa-IL24 fusion protein with its
heterodimer receptor was conducted using the Clus-
Pro online server, yielding ten dock models each ac-
companied by weighted scores as mentioned in Ta-
ble 2. Among these models, the best-selected bal-
anced model (Figure 4) exhibited a center-weighted
score of -829.0 and the lowest energy score of -926.0
kcal/mol. These scores strongly suggest the potential
for effective interaction between the temporin 1CEa-
IL24 fusion protein and the IL-24 heterodimer re-
ceptor, a critical aspect to consider in its candidacy
for anti-cancer therapeutics. The MMGBSA binding
affinity of -96.21 kcal/mol obtained from a molecular
docking analysis signifies a highly favorable interac-
tion between the ligand and the target protein. This
negative value implies that the binding process is ther-
modynamically favorable, indicating an exothermic
reactionwherein energy is released upon complex for-
mation.
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Figure4: In centerdockedcomplex, left andrightof complexare interacting residuespredictedonPDBsum.
Blue lines: hydrogen bonds, red lines: salt bridges, yellow lines: disulfide bonds and orange lines: non-bonded.

Figure5: Molecular interactionsbetween IL-24R1and fusionprotein. IL-24R1homodimer: hot pink, temporin
1CEa fusion construct: deep purple.
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Table 2: Balanced coefficient scores of top dock complexes.

Cluster Members Characteristic Weighing Score

00 43 Center -829.0

Low Energy -926.1

01 33 Center -741.7

Low Energy -847.8

02 32 Center -787.5

Low Energy -864.4

03 28 Center -746.9

Low Energy -794.4

04 28 Center -788.8

Low Energy -812.5

05 27 Center -763.7

Low Energy -932.7

06 26 Center -758.8

Low Energy -877.3

07 26 Center -734.0

Low Energy -847.1

08 22 Center -749.8

Low Energy -934.1

09 21 Center -745.9

Low Energy -871.0

10 21 Center -818.9

Lowest Energy -818.9

Interaction Studies

The molecular interactions and energy changes
during docked complex formation were meticu-
lously resolved using online servers of PDBsum and
PDBePISA. The analysis unveiled a total of 21 inter-
actions, comprising 4 salt bridges and 17 hydrogen
bonds, without the presence of disulfide bonds be-
tween the temporin 1CEa-IL24 fusion protein and
the heterodimer receptor subunits. Specifically, with
the IL-22R1 subunit, a total of 7 bonds were pre-
dicted, consisting of 1 salt bridge and 6 hydrogen
bonds. The interface residues between these chains
extended over 568.5 Å, contributing to a solvation-
free energy gain of -6.0 kcal/mol. Notable residues
involved in hydrogen bond formation included Ile7,
Val2, Lys17, and Glu19 from the fusion construct, as
well as Arg140, Gln220, Glu206, and Gln134 from the
IL-22R1 subunit. Similarly, with the IL-20R2 sub-

unit, a total of 14 bonds were predicted, encompass-
ing 3 salt bridges and 11 hydrogen bonds. The in-
terface residues spanned 926.7 Å, with a solvation-
free energy gain of -6.0 kcal/mol. Key residues in
hydrogen bond formation included Asp150, Glu90,
Ile159, Asp158, Glu157, His161, and Arg184 from IL-
20R2, and Lys156, Arg152, Lys100, Asn104, His103,
Asn120, Glu108 from the fusion construct. These
detailed molecular insights shed light on the intrica-
cies of the temporin 1CEa-IL24 fusion protein’s bind-
ing interactions with its heterodimer receptor, offer-
ing valuable information for potential therapeutic ap-
plications, particularly in the context of breast can-
cer treatment. The visualization of interacting amino
acids between the chimeric protein and its receptor
using PyMOL software provided a detailed spatial un-
derstanding of the binding interface as illustrated in
Figure 5 and Figure 6.
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Figure 6: Molecular interactions between IL-24R2 and fusion protein. IL-24 R2 homodimer: blue, temporin
1CEa fusion construct: deep purple.

Molecular Dynamics Simulation

In the 100 ns molecular dynamics simulation of the
chimeric protein complex, a comprehensive analy-
sis was conducted to assess its stability and dynam-
ics. The root mean square deviation (RMSD) of the
backbone atoms served as a key metric to evalu-
ate the structural stability of the complex through-
out the simulation period. Notably, the complex
demonstrated a rapid equilibration phase, stabilizing
at around 10 ns with an RMSD value of approximately
4 Å. Following this equilibration, the RMSD exhib-
ited deviations within the range of 4-8 Å, indicative of
dynamic fluctuations, before ultimately settling into a
more consistent stability range of 6-7 Å by 42 ns. This
stability persisted until the conclusion of the simula-
tion. The smooth trajectory of the RMSD, as illus-
trated in Figure 7A, suggests that the chimeric pro-
tein complex maintained structural integrity and sta-
bility throughout the entire 100 ns simulation, pro-
viding valuable insights into its behavior and suitabil-
ity for further analyses or applications. The assess-
ment of the chimeric protein complex’s compactness
involved a thorough analysis of its radius of gyration
(Rg), providing crucial insights into its overall size
and structural integrity during the 100 ns molecular
dynamics simulation. At equilibrium, the Rg value
stabilized at around 29.5 Å, indicating a compact and
well-defined structure. Subsequently, a gradual in-
crease in Rg was observed, reaching amaximum of 30

Å at 40 ns, suggesting a slight expansion of the over-
all size of the complex. However, the Rg values there-
after consistently maintained an average of 29.2 Å un-
til the end of the simulation (Figure 7B). The mini-
mal overall Rg difference of less than 0.8 Å through-
out the simulation underscores the sustained com-
pactness of the chimeric protein complex. This ob-
servation further supports the notion that the struc-
tural integrity of the complex was well-maintained,
contributing to its stability and suggesting its suitabil-
ity for potential functional and mechanistic studies
in various biological contexts. To measure the flex-
ibility of protein residues within the chimeric pro-
tein complex, root mean square fluctuations (RMSF)
were calculated, offering insights into the dynamic be-
havior of individual residues throughout the 100 ns
molecular dynamics simulation. Higher RMSF values
signify greater flexibility, while lower values suggest
rigidity, particularly within protein secondary struc-
tures. The RMSF analysis revealed distinct regions
of flexibility, notably residues spanning from 20 to
40, 80 to 90, 250 to 270, and 390 to 410, displaying
elevated RMSF values with a maximum reaching 15
Å. This increased flexibility is attributed to the pres-
ence of large loop regions in these specific parts of
the protein (Figure 7 C). Conversely, the majority of
protein residues remained relatively rigid, with RMSF
values not exceeding 2 Å. The overall RMSF analysis
underscores the stability of the protein complex, with
specific regions of flexibility likely contributing to its
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dynamic behavior while maintaining a globally sta-
ble conformation throughout the simulation period.
Collectively, these analyses affirm that the chimeric
protein complex maintained an overall stable, com-
pact, and structurally rigid conformation during the
entire simulation, providing valuable insights into its
dynamic behavior and structural integrity.

DISCUSSION
Breast cancer, primarily affecting the epithelial tis-
sue of the breast, predominantly affects women. The
emergence of drug resistance poses a significant chal-
lenge in its treatment, underscoring the urgent need
for novel therapeutic approaches. Peptides have
shown promise as potential anti-cancer agents, of-
fering a new avenue for drug discovery and treat-
ment strategies against breast cancer45. Breast can-
cer treatment encompasses variousmodalities such as
chemotherapy, molecular targeted therapy, endocrine
therapy, radiotherapy, and surgery. Chemotherapy
has emerged as a key treatment option for breast can-
cer across all stages, particularly as the disease often
presents as systemic at diagnosis. By targeting resid-
ual tumor cells in the body, systemic chemotherapy
can enhance the efficacy of surgery and improve cure
rates. However, drug resistance remains a signifi-
cant challenge during chemotherapy, highlighting the
critical need for the development of novel anticancer
drugs to enhance treatment outcomes for breast can-
cer46. Previously, interleukin-peptide fusion pro-
teins have been assessed using computational meth-
ods, leading to their successful therapeutic potential
prediction for in vitro expression and purification.
Such as interleukin 24-BR2 peptide, showing signif-
icant activity against MCF-7 breast cancer cells47, in-
terleukin 24-p28 peptide, interleukin 24-NRC pep-
tide, NBD-IL24 peptide, TAT-interleukin 24-KDEL
peptide, Melittin-IL24, and interleukin 24-RGD pep-
tide have shown promising efficacy. Studies by Ghav-
imi et al. (2020) and Jahanian-Najafabadi et al. (2020)
highlight the effectiveness of interleukin 24-p28 pep-
tide against breast cancer16,48 Similarly, Soleimani et
al. (2016) demonstrated the activity of interleukin 24-
NRC peptide against breast cancer cells49, Rehman et
al. (2024) investigated NBD-IL24 peptide as a poten-
tial therapeutic agent for breast cancer treatment50.
Additionally, Rehman et al. (2023) explored Melittin-
IL2451, while Xiao et al. (2009) focused on inter-
leukin 24-RGD peptide, both showing promising re-
sults in targeting breast cancer cells, including spe-
cific interactions with MCF-7 cancer cells52. This
computational study has unveiled the promising po-
tential of a novel fusion peptide, temporin 1CEa-
IL24, designed to target breast cancer cell receptors.

The meticulous structural and computational anal-
yses performed in this study have consistently in-
dicated that the three-dimensional structure of the
temporin 1CEa-IL24 fusion protein adheres to high-
quality standards, boasting commendable refinement
and validation scores. The secondary structure pre-
diction revealed a predominantly alpha-helical con-
formation, indicating a well-defined structure with
a clear dominance of alpha helices. Interestingly,
the absence of beta sheets, beta turns, and ambigu-
ous states suggests a relatively well-defined secondary
structure with a clear dominance of alpha helices. The
high percentage of alpha helix content is indicative of
a protein region characterized by a helical arrange-
ment of the peptide backbone, often associated with
stable and structured domains53. Through advanced
AI-driven tools such as AlphaFold 2, the 3D struc-
ture prediction provided valuable insights into the
protein’s spatial arrangement and conformation, fa-
cilitating further refinement and validation processes.
Quality assessment and validation analyses, including
Ramachandran Plot analysis, ProSA-web evaluation,
and QMEAN scoring, collectively affirmed the struc-
tural integrity and reliability of the proposed pro-
tein model. Physicochemical properties highlighted
features associated with stability and functional rel-
evance, while toxicity, antigenicity, and allergenicity
assessments indicated a favorable safety profile.
To enhance the stability of the temporin 1CEa-IL24
fusion protein in E. coli, several strategies can be ap-
plied. Codon optimization can improve translational
efficiency, while fusion tags like SUMO or MBP en-
hance solubility and stability. Co-expressing chaper-
ones (DnaK/DnaJ) aids proper folding, and protease-
resistant mutations or disulfide bond engineering can
prevent degradation. Lowering expression temper-
ature (16–25◦C) and using protease-deficient E. coli
strains (e.g., BL21(DE3) pLysS) further improve sta-
bility. For therapeutic use, PEGylation or glycosyla-
tion can extend half-life. These approaches could en-
hance protein expression and practical application54.
ClusPro was employed to perform docking as the pri-
mary goal of molecular docking is to achieve a ligand-
receptor complex with an optimized conformation,
aiming for minimal binding free energy. By systemat-
ically exploring various ligand orientations and con-
formations within the binding site of the target recep-
tor, molecular docking assists in identifying potential
drug candidates and contributes to the rational de-
sign of novel therapeutic agents with enhanced bind-
ing affinity and stability 55. Molecular docking anal-
yses demonstrated the potential for effective interac-
tion between the fusion protein and its target receptor,
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Figure 7: Structural Stability Analysis of the Chimeric Protein. (A) Root Mean Square Deviation (RMSD) anal-
ysis of the chimeric protein backbone atoms over a 100 ns simulation, demonstrating stable complex formation.
(B) Radius of gyration (Rg) analysis to assess the compactness of the system, showing minimal and limited fluc-
tuations, indicating a well-folded and stable complex. (C) Residual fluctuation analysis (RMSF) of the chimeric
protein, revealing a single prominent peak within an acceptable range, while the overall pattern remains stable,
confirming the structural integrity of the complex.

crucial for therapeutic considerations. Specifically,
the center score reflects the highest structural energy
within neighboring structures, providing insights into
the stability and arrangement of the complex. On the
other hand, the weighted score of the lowest energy
highlights the most energetically favorable structure
within its respective cluster. These docking results,
with favorable energy scores, lay the foundation for
further exploration of the temporin 1CEa-IL24 fusion
protein as a promising candidate for targeted anti-
cancer therapeutic applications. Additionally, a pro-
nounced negative binding affinity suggests a robust
and stable interaction, showcasing the strength of the
ligand-protein binding. The result reflects the com-
bined effects of various molecular forces, including
hydrogen bonding, van der Waals forces, and elec-
trostatic interactions. Overall, a MMGBSA binding
affinity of -96.21 kcal/mol points towards a strong and
energetically favorable binding between the ligand
and the protein, emphasizing the potential biological
significance of the observed interaction. The 95 hy-
drophobic interactions in complex indicate a highly
stable and strong binding interface. These interac-
tions minimize water exposure, enhancing molecular
complementarity and structural integrity. Such ex-
tensive hydrophobic forces likely contribute to pro-
longed receptor binding, ensuring effective IL-24-

mediated signaling for tumor suppression. Addition-
ally, theymay enhance the therapeutic potential of the
fusion protein by preventing premature dissociation.
The stability of ligand binding within the binding
pocket of a protein-protein complex was investigated
through parameters such as Cα-RMSD and Cα-
root-mean-square fluctuation (RMSF) values, along-
side molecular dynamics (MD) simulations tracking
ligand-receptor interactions over time. Analysis re-
vealed a pattern where after an initial increase in
RMSD, structural fluctuations reached a plateau, in-
dicating a stable ligand binding state. This trend was
consistent across various time points, suggesting a
robust and sustained interaction between the ligand
and its receptor. Specifically, examination of the fu-
sion peptide structure within the heterodimer recep-
tor junction envelope showed minimal fluctuations,
indicating tight and stable binding, crucial for poten-
tial therapeutic applications. The observed stability
and adaptation of the ligand to its binding site, cou-
pled with the consistency in structural fluctuations
across molecular species, support the prediction of
potent anticancer activity for the fusion protein. The
docking and simulation results have offered invalu-
able insights into the intricate interactions between
the fusion protein and its receptor, showing the pres-
ence of multiple hydrogen bonds and salt bridges that
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contribute to the stability of the complex. Signifi-
cantly, the predicted stability of the docked complex
over an extended simulation period provides a solid
foundation for guiding subsequent experimental in-
vestigations.
Future validation of the temporin 1CEa-IL24 fusion
protein will involve in vitro expression in a suitable
host (e.g., E. coli or HEK293), followed by purification
and characterization using SDS-PAGE and Western
blotting. Cytotoxicity assays on breast cancer cell lines
(e.g., MCF-7, MDA-MB-231) will assess its tumor-
killing efficiency, while receptor binding studies (e.g.,
ELISA or SPR) will confirm target specificity. Ad-
ditionally, potential in vivo studies using xenograft
mouse models could evaluate tumor-targeting effi-
ciency, biodistribution, and therapeutic effects, pro-
viding experimental validation of the computational
predictions.

CONCLUSION
In conclusion, the strategy of expressing the
Temporin-1CEa-IL24 fusion gene in a suitable host
presents a potential approach for further investi-
gation in the context of breast cancer treatment.
This computational study provides insights into the
design and evaluation of targeted fusion proteins,
highlighting their theoretical potential based on in
silico analyses. While computational studies offer
valuable preliminary data, experimental validation
is essential to confirm their therapeutic applicabil-
ity. Integrating computational and experimental
approaches can aid in the rational development of
novel cancer therapeutics.

ABBREVIATIONS
GRAVY: Grand Average of Hydropathicity, Jak:
Janus Kinase, MM/GBSA: Molecular Mechan-
ics/Generalized Born Surface Area, MD: Molecular
Dynamics, NAMD: Nanoscale Molecular Dynamics,
PIPER: Protein Interaction Prediction and Energy
Refinement, ProSA: Protein Structure Analysis,
QMEAN: Qualitative Model Energy Analysis, Rg:
Radius of Gyration, RMSD: Root Mean Square Devi-
ation, RMSF: Root Mean Square Fluctuations, STAT:
Signal Transducer and Activator of Transcription,
VMD: Visual Molecular Dynamics, pI: Isoelectric
Point.
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