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Abstract

Background and purpose: An anticancer peptide P28, has shown to be cytolethal on various cancer cells
including breast cancer. Moreover, p28 can be also used as a targeting moiety in the structure of fusion proteins.
IL-24 (or its truncated form, M4) is a cytokine with anticancer activity against a wide range of tumor cells. We
aimed at production of a fusion protein consisted of p28 and either IL-24 or M4 to target breast cancer.
However, selection of a proper linker to join the two moieties without intervening each other’s function is a
key factor in the construction of fusion proteins. In the present study, the impact of different linkers on
construction of the two chimeric proteins (p28-1L-24 and p28-M4) was assessed in silico.

Experimental approach: After selection of some linkers with different lengths and characteristics, a small
library of the chimeric proteins was created and assessed. Furthermore, following selection of the most suitable
linker, the three-dimensional structures and dynamic behavior of both fusion proteins were evaluated by
homology modeling and molecular dynamic simulation, respectively.

Findings / Results: Based on the results, a rigid linker having the peptide sequences of AEAAAKEAAAKA
showed highest freedom of action for both moieties.

Conclusion and implications: Between the p28-1L-24 and p28-M4 fusion proteins, the former showed better
stability as well as solubility and might show stronger anticancer effects in vitro and in vivo, because its peptide
moieties showed to exert their activities freely.
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INTRODUCTION development of novel forms of anticancer drugs

with high selectivity and specificity against tumor

Cancer is a term used to describe more than
one hundred malignant diseases affecting many
different tissues and cell types which
characterized by rapid growth of abnormal
cells. It is the second most common causeof
death worldwide and expected that the yearly
death toll due to cancer will reach around 16
million by 2040 (1). The most common forms
of cancer are breast, lung, liver, prostate, and
colorectal cancers. Chemotherapy, radiotherapy,
and surgery are some curative therapies available
to fight cancer, among which chemotherapy is
still the best strategy applied to treat advanced or
metastatic cancers (1-3). However, most of the
available chemotherapeutics are not selective
for cancer cells and also affect normal cells,
resulting in severe side-effects (4). Therefore,
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cells is obligatory (5,6). One of the approaches for
pharmacotherapy of cancer is the use of peptides
and fusion proteins. Properties such as good
solubility, low toxicity, tumor penetration, high
selectivity, application either alone or in
combination with other chemotherapeutics, and
the possibility of redirecting them toward
different types of cancers make peptides/proteins
a suitable nominee for drug design. According to
the previous reports, some of these peptides can
be used for a variety of functions such as
anticancer activity and cell penetration as well as
tumor homing capability (7,8).
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A growing number of literatures have shown
that a part of azurin protein, namely p28 has the
ability of selective entrance into the breast
cancer cells by caveolae-mediated endocytosis,
therefore can be considered as an appropriate
agent for preferential transitions of peptides or
other cytotoxic drugs to cancer cells (9-11). p28
peptide has completed phase I clinical trials for
the treatment of solid tumors in the United
States (12).

Interleukin 24 (IL-24) is a cytokine
belonging to the IL-10 cytokine family,
produced by both immune and non-immune
cells which plays several major antiproliferative
roles (13). It can selectively induce apoptosis in
cancer cells without a significant effect on normal
cells (14). Cancer cell death inducing activity of
IL-24 can be performed via binding to its
receptor and concurrent activation of the Janus
kinase (JAK)/signal transducer and activator of
transcription  (STAT) pathway (15,16).
Previously it has been shown that intracellular
IL-24 can induce endoplasmic reticulum (ER)
stress in another way. IL-24 has been shown to
suppress the translation of some proteins in
mitochondria through ER stress leading to
apoptosis (17).

M4 is a truncated segment of the IL-24
consisting of its amino acid residues 102 to 206.
It exhibits similar biological properties and
activities to full-length IL-24. M4 shows a pro-
apoptotic activity by selective reduction in
viability of cancer cells through ER stress. In
fact, it seems that M4 is responsible for the pro-
apoptotic activity of 1L-24 (18,19). Therefore,
in order to provide a novel targeted anticancer
remedy, we aimed at production of fusion
proteins p28-1L24 and p28-M4 to take
advantage of both selective delivery to and
selective activity on cancer cells. However,
choosing a suitable linker to join the two parts
of a fusion protein is an indispensable element
for successful construction of a recombinant
fusion protein.

The linker must act in a manner that none of
the moieties intervene the other’s function (20).
Majority of the proteins in nature generally
consist of several distinctive functional
domains, which have been attached to each
other by linker peptides. Based on properties
like length, amino acid composition,
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hydrophobicity, and spatial conformation,
linkers can be classified in 3 series of rigid,
flexible, and in vivo cleavable linkers (20,21).
The first step in evaluation of a new drug
candidate is in silico analysis by bioinformatics
approach and computational techniques such as
molecular dynamics (MD)  simulation.
Interesting features like molecular interactions,
physical phenomena’s, minima geometries of
proteins, binding free energy of drugs and
detailed motion of molecules or atoms during a
fixed period of time can be studied via MD
simulation. This technique also has been able to
check the location and wrapping, distance,
interaction of residues and possibly intervening
of the targeting and toxic moieties in fusion
protein assessment and design (22-24).

In the current study we designed two fusion
proteins including p28-1L-24 and p28-M4 in
which p28 acts as a targeting or cell penetrating
moiety and IL-24/M4 functions as a toxic
moiety. However, due to difference in charge
between the targeting and toxic moieties the
probability of salt bridge formation between the
two parts is high.

This, consequently, may greatly affect their
function, and therefore an appropriate linker
must be applied to keep the mentioned moieties
separated. Hence, following selection of some
linkers  with  different  lengths and
characteristics, we created a small library of the
fusion proteins connected by the selected
linkers and evaluated them. All linkers assessed
here were selected from common linkers used
in other studies. Then, after selection of the
most appropriate linker, the three-dimensional
(3D) structures and dynamic behavior of both
fusion proteins were evaluated by homology
modeling and molecular dynamic simulation,
respectively.

MATERIALS AND METHODS

Peptide sequences

A small library of linker peptides with
different lengths and characteristics were
selected according to literatures and then used
to connect the p28 and IL-24 or M4 peptide
sequences in silico. Table 1 represents the
amino acid sequences and the features
corresponding to each linker.
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Table 1. Sequence, length and type of the linkers used
in the study.

Linker sequences Linker types

(PA)1-sP Rigid linker
(EAAAK)1-3 Rigid linker
PAPAP Rigid linker
AEAAAKEAAAKA Rigid linker
A(EAAAK)nA(n=2-5) Rigid linker
(GGGGS)3 Flexible linker
EGKSSGSGSESKST Flexible linker
(GGGGS)n (n=1,2,4) Flexible linker
(Gly)6 Flexible linker
GSAGSAAGSGEF Flexible linker

P, Proline; A, alanine; E, glutamic acid; K, lysine; G,
glycine; S, serine; T, threonine; F, phenylalanine; n,
the n, the number of repeats.

Homology modeling

In the first step, 3D structure of the two
fusion proteins were constructed with all linkers
represented in Table 1 wusing I-TASSER
(http://zhang.bioinformatics.ku.edu/I-TASSER)
online server (19). Then, to assess the possibility
of salt bridge formation between functional
groups of the two moieties, VMD 1.9.3 software
(25) was applied. Moreover, MODELLER
software 9.13 (26) was used to obtain an accurate
3D structures of the fusions. By crystal structure
of the selected templates, multiple template
modeling was performed. For each one of our
fusion proteins, 1000 models have been made via
homology modeling. The model with minimum
molpdf energy was chosen as the best model (27).
Quality of the models was validated through
MolProbity (http://molprobity.biochem.
duke.edu/), and ProSA-web (an online server
which demonstrates local model quality by
plotting energies as a function of amino acid
sequence position) (28), and the quality of the
structures was analyzed by Ramachandran plots
(a plot which indicates the number of all
residues located in favored regions as well as in
allowed regions). These plots are used to
determine the validity and quality of protein
models depending on the number of residues on
allowed or disallowed regions (29).

Molecular dynamic simulation

The MD simulation of p28-IL-24 and p28-
M4 fusion proteins were performed as
described previously (21). Briefly, for each
fusion protein the best models obtained from
homology modeling were subjected to MD
simulation thought GROMACS 4.5.6 package
(30), under Gromos force field (G43A1) which
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carried out at the constant temperature, constant
pressure ensemble (NPT), and periodic
boundary condition (31). The system
neutralizing process was done by adding 4 Na*
ions and 1 Na*, 1 Cl"in p28-1L-24 and p28-M4,
respectively. The solvation process of fusion
proteins was carried out by a layer of at least 12
A in all directions. MD simulation was
performed in 4 steps based on our previous
study (21).

In the production phase or final step, 50 ns
MD simulations was performed for each fusion
protein and final structures were obtained. The
production step was accomplished at 300 K with
2 fs time step.

RESULTS

Homology modeling

The I-TASSER server was used for
prediction of 3D structures of the fusion
proteins with all types of linkers described in
Table 1. Among the 5 models predicted by this
server, the model with minimum value of
confidence scores was selected as the best
predicted model. VMD software (version 1.9.2)
was used for visual assessment of salt bridges
within 3D structure of these models. The study
of linkers with different lengths and types
revealed that amongst all types of linkers
mentioned in Table 1, AEAAAKEAAAKA can
efficiently prevent the formation of salt bridges
between functional domains of our two fusion
proteins. In the next step, to improve the quality
of models as well as producing more accurate
3D structures, the MODELLER software was
used.

Since there is no template available for
homology modeling of p28, IL-24, and M4
peptides in the protein databases, we used
BLAST algorithm against protein data bank
(PDB) to identify homologous sequences of the
p28 peptide, AEAAAKEAAAKA linker, and
IL-24 or M4 peptides, separately. For this
purpose, according to maximum sequence
similarity, PDB entries 2FT6, 1IKYO, and 6DF3
were used as templates for p28 peptide,
AEAAAKEAAAKA linker, and IL-24 or M4,
respectively.

The chimera templates created via alignment
of the selected templates were used for
homology modeling by MODELLER.



The Ramachandran plot of the first fusion
protein composed of p28-AEAAAKEAAAKA-
IL-24 showed 97.5% (194/199) of all residues
were in favored regions and 100.0% (199/199)
of all residues were in allowed regions in the
obtained model from MODELLER and there
were no outliers (Fig. 1A). For the second
fusion  protein  composed of  p28-
AEAAAKEAAAKA-M4, 95.9% (141/147) of
residues were in favored regions, 98.0%
(144/147) of residues were in allowed regions
and there were 3 outliers (17 SER, 34 LYS, 43
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CYS) (Fig. 1B). These results indicated
appropriate quality of the models.

The energy analysis of the fusion proteins
was applied by ProSA-web server that
demonstrates local model quality by plotting
energies as a function of amino acid sequence
position in which positive values correspond to
erroneous parts of the protein (28). Based on
our results, in both models the energies of
residues were negative with the exception of the
N-terminus of the fusion proteins. Figure 2
shows the results of energy analysis of fusion
proteins from the ProSA-web server.

\) of1p SER
Q 34LYS

Fig. 1. The Ramachandran plot of the fusion proteins from model obtained by MODELLER. (A) The fusion protein p28-
AEAAAKEAAAKA-IL-24 which 97.5% (194/199) of all residues were in favored regions and 100.0% (199/199) of all
residues were in allowed regions and (B) the fusion protein p28-AEAAAKEAAAKA-M4 which 95.9% (141/147) of
residues were in favored regions, 98.0% (144/147) of residues were in allowed regions.
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Fig. 2. Energy plot of two fusion protein structures using the ProSA-web server (demonstrates local model quality by
plotting energies as a function of amino acid sequence position). (A) Energy result of the fusion protein p28-
AEAAAKEAAAKA-IL-24 and (B) energy result of the fusion protein p28-AEAAAKEAAAKA-M4.
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Molecular dynamic simulation

Fifty ns MD simulation was carried out to
evaluate the dynamic behavior of the fusion
proteins. Table 2 shows the results. Parameters
including root mean square deviation (RMSD)
of backbone relative to initial positions,
temperature, kinetic energies, average of the
potential, radius of gyration (Rg), Ca atoms
root mean square fluctuation (RMSF),
minimum distance between of two peptides
(p28-1L-24 and p28-M4), H-bond pro-sol,
solvent accessible surface area (SASA), and
ratio of the total energy drift to average of total
energy during 50 ns for both fusion proteins

were evaluated and the results demonstrated in
Table 2.

The RMSD value of backbone atoms during
MD simulation for fusion proteins are shown in
Fig. 3. The p28-AEAAAKEAAAKA-IL-24 and
p28-AEAAAKEAAAKA-M4 fusion proteins
reached a stable state after 30 ns and 20 ns of the
MD simulation. Also, Rg after 20 ns for the p28-
AEAAAKEAAAKA-IL-24 fusion protein and
after 30 ns for the p28-AEAAAKEAAAKA-M4
fusion protein reached the plateau phase (Fig. 3).
Our results suggest that for stabilizing the fusion
proteins, 50 ns MD simulation was sufficient.

Table 2. Results of the last 50 ns molecular dynamic simulation for the fusion proteins. Data represent mean + SD.

Parameters p28-Linker-1L-24 fusion protein p28-Linker-M4 fusion protein
Protein backbone RMSD 0.98+0.01 1.36 + 0.08
Protein backbone RMSF 0.43+0.29 0.418+0.21

Rg 1.67 +0.006 2.001 +0.082
Temperature (K°) 300.07 = 1.51 299.9+1.66
Potential (KJ/mol) -488416 + 732.03 -398516 + 659.01
Total energy (KJ/mol) -397398.264 + 900.94 -324549 + 813.10
Kinetic (KJ/mol) 91017.55 + 460.83 73969.55 + 409.59
H-bond pro-sol 369.11 + 11.56 299.30 +11.09
Solvent accessible surface 99.69 + 1.76 91.62 +2.0291
Minimum distance between of two peptides 0.17+0.01 0.20 £0.020

RMSD, Root mean square deviation; RMSF, root mean square fluctuation; Rg, radius of gyration.
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Fig. 3. (A) RMSD and (B) radius of gyration of the fusion proteins, p28-AEAAAKEAAAKA-M4 and p28-
AEAAAKEAAAKA-IL-24, during 50 ns molecular dynamic simulation. RMSD, Root mean square deviation; IL,

interleukin.
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Fig. 4. (A) RMSF values and (B) minimum distance of the fusion proteins, p28-AEAAAKEAAAKA-M4 and p28-
AEAAAKEAAAKA-IL-24, during 50 ns molecular dynamic simulation. RMSF, root mean square fluctuation; IL,
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The flexibility of the fusion proteins was
evaluated by Ca RMSF (Fig. 4). It was
observed that the p28-AEAAAKEAAAKA-IL-
24 fusion protein has a bit more fluctuations
than the p28-AEAAAKEAAAKA-M4 fusion
protein. The average Ca RMSF for all residues
in the p28-AEAAAKEAAAKA-IL-24 and
p28-AEAAAKEAAAKA-M4 fusion proteins
was shown in Fig. 4. We also calculated the
minimum distance between p28 from IL-24 and
M4 peptides in the structure of our fusion
proteins. The average of this distance between
p28 from IL-24 peptides in the p28-
AEAAAKEAAAKA-IL-24 and between p28
from M4  peptides in the p28-
AEAAAKEAAAKA-M4 fusion proteins were
shown in Fig. 4.

The solubility of the fusion proteins were
evaluated by H-bond pro-sol and SASA
parameters (Fig. 5). The average of H-bond
pro-sol for the p28-AEAAAKEAAAKA-IL-24
and p28-AEAAAKEAAAKA-M4  fusion
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proteins was shown in Fig. 5. We also assessed
solubility by the SASA parameter. As
demonstrated in Fig. 5 the average SASA in the
p28-AEAAAKEAAAKA-IL-24 and between
p28 from M4 peptides in the p28-
AEAAAKEAAAKA-M4 fusion proteins were
shown in Fig. 5. According to our results, p28-
AEAAAKEAAAKA-IL-24 has better
solubility in  comparison  with  p28-
AEAAAKEAAAKA-M4.

DISCUSSION

Because of the advanced nature of tumor
cells, they escape all regulation of growth
inhibition. The generation of multi-functional
fusion proteins has become a very interesting
research field in developing anticancer
reagents. In the current study, we in silico
designed two fusion proteins consisting of p28
as a cell-penetrating bacterial protein, and
either 1L-24 or its truncated form, M4, as a pro-
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apoptotic cytokine for targeted induction of
cancer cell death.

Here, our data clearly predicted the best
model with the minimum value of confidence
scores. To the construction of effective fusion
protein, two parts of each fusion protein have to
be joint together via an appropriate linker.
Linkers are natural protein structures in
multidomain proteins to maintain protein
domains in a suitable distance (32). For
instance, proline- and hydroxylamine-rich
cellulase usually keep protein domains in an
extended conformation and also due to O-
glycosylation they are protected from enzymatic
hydrolysis and proteolysis (33). Interestingly, in
our study, the AEAAAKEAAAKA linker
efficiently hindered the formation of salt bridges
between the functional domains of the two
fusion proteins. Similarly, this linker has
widely been used to construct other fusion
proteins. For instance, Zhao et al. indicated that
this linker was capable to separate human
serum albumin and interferon-a2b effectively
in a fusion protein (34).

To date various bioinformatics methods and
software have been developed to predict protein
structure. MODELLER, as a strong and free
software, is a comparative protein structure
modeling tool based on homology and stereo
chemical restraints such as bond length and
bond angle (27). Therefore, in order to improve
the quality of prediction, the MODELLER
software was used. Due to the lack of identical
protein with high similarity, the maximum
similarity was determined between our model
and 2FT6, 1KYO, and 6DF3 for p28 peptide,
AEAAAKEAAAKA linker, and IL-24/M4,
respectively. The possible predicted models
were then evaluated by the Ramachandran plot.
This plot is particularly used to identify the
structure of proteins. It emphasizes on the
torsional (®, W) angles along the backbone of
the polypeptide and protein chain (35).
Our results indicated that the p28-
AEAAAKEAAAKA-IL-24 and p28-AEAAA-
KEAAAKA-M4 have 97.5 and 100.0% of
allowed residues, respectively. Similarly, the
Ramachandran plot has been largely accepted
to predict fusion protein and other synthetic
proteins (36-38). Docking algorithms are often
far from considering the dynamic effects of
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natural molecules because docking studies
work usually on the rigid structure of proteins
retrieved from the PDB. But, dynamic based
models such as MD simulation assume
molecules  flexible and adjust their
conformation in different microenvironments
(39). Our MD analysis totally confirmed the
validity of both fusion proteins. However, p28-
AEAAAKEAAAKA-IL-24 fusion protein was
predicted to be more flexible than the p28-
AEAAAKEAAAKA-M4 fusion protein. All
valid protein structures have to be checked by
the energy plot. Our data also confirmed that
the energies of all residues were favorably
negative with the exception of the N-terminal
part of the fusion proteins. The last part of the
prediction is solubility. Due to the aqueous
manner of biological fluids, these chemical
properties of fusion proteins highlight their
function. The results of the present study also
showed that p28-AEAAAKEAAAKA-IL-24 is
more soluble than the p28-
AEAAAKEAAAKA-M4.

CONCLUSION

In conclusion, the present study highlighted
the in silico prediction of the two fusion
proteins. Taken together our findings showed
that p28-AEAAAKEAAAKA-IL-24 has better
stability and solubility than the p28-M4 protein.
Therefore, this fusion protein is anticipated to
show better anticancer efficacy. However in
vitro and in vivo studies are needed to assess
their biological activity and cytotoxic effects.
Studies are undergoing for further assessments
of these two fusion proteins.
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