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Abstract

Background and purpose: The study aimed to design new chimeric antimicrobial peptides targeting
Acinetobacter baumannii, a widespread and growing global concern due to antibiotic resistance. Three
bioinformatics-based methods were utilized for this purpose.

Experimental approach: To design new chimeric peptides targeting Acinetobacter baumannii, a group of
peptides were initially selected and divided into two categories based on their scores and performance. The
peptides were then combined through 3 methods: 1. combining sequences based on their secondary structure
using GOR IV software; 2. grouping only the amino acid sequences involved in the formation of the target
peptide helix structure using Accelrys DS visualizer software; and 3. combining the most similar parts of the
peptides in terms of amino acid type and order using online AntiBP2 software. The sequence length was
optimized, and some amino acids were substituted.

Findings/Results: The M-CIT peptide was selected for synthesis in the first method, but it did not show
significant activity against the target bacteria (MIC = 187.5 uM and MBC = 375 uM). In the second method,
no suitable score was observed. However, the M-PEX12 peptide was synthesized in the second method,
demonstrating antimicrobial activity against A. baumannii (MIC = 33.1 uM and MBC = 41.4 uM).
Conclusion and implications. Three methods were evaluated for designing new chimeric peptides, and the
third method, which involved modifying the number of amino acids in the parental peptides while maintaining
their similarity, was found to be the most suitable.

K eywor ds: Acinetobacter baumanni; Antimicrobial peptide; Drug design; Hybrid peptides; Model membrane;
Web servers.

INTRODUCTION microorganisms that threaten public health,

especially in recent years (1,2). A. baumannii

Despite recent advancements, infectious
diseases continue to be significant global health
challenges, necessitating the development of
new antimicrobial agents. Additionally, the
emergence of multidrug-resistant and pan-
drug-resistant  pathogens has presented
formidable obstacles in treating infectious
diseases, leading to widespread concerns,
particularly in intensive care units (ICUs) (1).

Acinetobacter baumannii (A. baumannii) is
one of the most problematic pathogenic
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poses significant challenges in the treatment of
hospitalized patients, particularly those in the
ICU due to its ability to survive in diverse
environmental conditions. This bacterium is
recognized for producing pathogenic factors,
including biofilms, contributing to its ability to
endure dry environmental conditions (3-5).
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In addition, A. baumannii and other strains
of Acinetobacter exhibit high levels of
resistance to almost all known antibiotics,
emphasizing the urgent requirement for the
development of novel antimicrobial agents (6).
Over the past 3 decades, antimicrobial peptides
(AMPs) have been extensively studied as
potential antimicrobial agents. These natural
compounds are found in a variety of organisms
and are part of the innate immune system,
exhibiting antimicrobial activity (7). Peptides
with antimicrobial properties are typically
positively charged, while bacterial membranes
are negatively charged. This difference in
charge results in an electrostatic interaction
between the peptide and the bacterial
membrane, causing vibrations and changes
in the structure of the membrane. AMPs
have 2 mechanisms of action. The first
mechanism affects the bacterial membrane,
resulting in its destruction cytoplasmic leakage,
and ultimately bacteria death. The second
mechanism includes the inhibition of metabolic
pathways such as DNA, RNA, and protein
synthesis (8-10). However, despite the
benefits, AMPs also have limitations, including
instability, immunogenicity, cell toxicity, and
high production costs (11).

For nearly 2 decades, modifying the natural
sequence of peptides has been considered one
of the approaches to developing -efficient
AMPs. Many studies have found that the
natural biological activities of peptides can be
modified by creating complex and artificial
alterations in amphipathicity, hydrophobicity,
net charge, grand average of hydropathy
(GRAVY), instability, and Boman index.
These changes can significantly reduce the
length and number of amino acids used in
peptide design, resulting in increased strength
and optimal selection against specific
pathogens. Additionally, it allows for the
production of peptides with lower toxicity and
cost (12-14). According to investigations
performed on AMPs against sensitive and
resistant bacteria such as S aureus and E. coli
(15), the current study aimed at designing novel
chimeric AMPs against A. baumannii and
evaluating their physicochemical activity and
properties in vitro.
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MATERIALSAND METHODS

Selection of peptides with activity against A.
baumannii and analysis of their
physicochemical properties

Initially, peptides with inhibitory effects on
A. baumannii were extracted from the literature.
The physicochemical properties of the
identified peptide sequences were then
determined using the APD3 online software
available at https://wangapd3.com/main.php.
Peptides with high efficacy against a broad
spectrum of targets, low toxicity to eukaryotic
cells, low effective concentration, and short
effective time were selected as indicator
peptides (16-20).

The physicochemical characteristics of the
peptides included the following:

1. Number of amino acids: based on
comparing the total number of AMPs on the
APD3 website, those with 22 - 25 amino acids
were the most abundant.

2. Net charge: the net charge was the sum of
the charges of each amino acid in the peptide.
AMPs typically have a net positive charge, with
the most having a net charge ranging from +2
to +9.

3. Isoelectric point (pI): the pH at which a
protein or peptide carries no net electrical
charge. The pl of AMPs is typically around 10.

4. Aliphatic index: it has been suggested that
amino acids such as alanine, isoleucine,
leucine, and valine contribute to thermal
stability in peptides. The higher the content of
the amino acids in a peptide, the more thermally
stable it is believed to be.

5. Instability index: the index predicts
peptide stability based on the amino acid
composition, and a value of less than 40
indicates that the peptide is more stable.

6. Boman index: the index predicts the
potential interaction of a peptide with other
proteins, focusing on the interaction of peptides
with cell membranes. Peptides with a more
negative or about zero Boman index are
considered more valuable as an AMP.

7. Hydrophobicity index: hydrophobicity is
a critical factor in peptide folding and varies
depending on the solvent in which the peptide
is present. The hydrophobicity index is
calculated by summing the hydrophobicity of



each amino acid and dividing it by the total
number of amino acids. In the case of AMPs,
the hydrophobicity index should be higher
than 50%.

8. Grand average of hydropathy (GRAVY):
the GRAVY index predicts the hydrophobicity
or hydrophilicity peptide. A positive GRAVY
value indicates a hydrophobic peptide, while a
negative value indicates a hydrophilic peptide.

Sequence comparison of selected peptides

The sequence similarity of all studied
peptides and indexed peptides were analyzed
and compared using
https://www.ebi.ac.uk/Tools/msa/clustalo. This
tool allows for the alignment and comparison of
peptide sequences, enabling researchers to
identify conserved regions and motifs that may
be important for the function or structure of the
peptides. The information obtained from
sequence comparison can be used to optimize
and design peptide-based therapies for various
diseases, including infections, cancer, and
autoimmune disorders. Furthermore, sequence
comparison can provide insights into the
evolutionary relationships between peptides
and their origins, which can aid in
understanding their biological functions and
potential applications.

Theinitial design of the new chimeric peptide
based on the secondary structure
Comparison of the secondary structure of
selected peptides

The secondary structure of all selected
peptides was predicted online using GOR 1V,

which can be accessed at
http://abs.cit.nih.gov/gor. The residues of the
peptides involved in forming the helix

structure, beta sheets, coil, and extended strand
were then predicted. Finally, the secondary
structure of 5 indexed peptides was compared
to determine if there were any commonalities
among them. In other words, all peptides were
initially compared in terms of their secondary
structures and five peptides selected as efficient
indicators were further compared to each other
in terms of their secondary structures. This
comparison was conducted to identify common
structural features among the efficient peptides
against A. baumannii and to aid the integration
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of peptide sequences for designing more
effective peptides.

Sequence integration of studied peptides based
on the secondary structure

The scores of all peptides were predicted
using the online software AntiBP2. Based on
the literature, the peptides were divided into 2
categories: 1. peptides that affected A.
baumannii and 2. functional peptides that have
demonstrated superior performance in vivo and
in vitro compared to other effective peptides.
Peptides possessing a high spectrum of
effectiveness, low toxicity for eukaryotic cells,
low effective concentration, and short duration
of action were considered functioning peptides.
They were more effective than other peptides
against A. baumannii.

To integrate the groups of peptides based on
their secondary structure, we focused on the
amino acid sequences that formed the helical
regions, which are typically found in the middle
of the peptide, as considered in Part C. Part A
was defined as the section of peptide from the
beginning of the peptide to the beginning of
Part C (the N-terminal end), while Part B was
defined as the section of the peptide from the
end of Part C to the end of the peptide (the C-
terminal end). In Sections A and B, several
amino acids exhibited secondary structures
such as coil or extended. Several amino acids at
both ends of the peptide in Sections A and B
were left unchanged to create a fusion of
subunits. If any amino acids in Sections A and
B formed a different structure, the amino acid
sequence between them and Section C was
removed. This approach was used to generate
alternative fusion configurations (Fig. S1).

Optimization of the number of amino acids of
the new chimeric peptides designed based on
the secondary structure

The combined sequences of peptides
with the highest score were selected. To
calculate the average amino acid length of
AMPs, all peptides in the AntiBP2 database
were analyzed for their number of amino acids.
The number of amino acids in the combined
peptides was then optimized to maximize
the score increase. Then, the combined
peptides were compared according to their
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physicochemical properties, their secondary
structure (including helical wheels), the
distribution of hydrophobic/hydrophilic amino
acids (using the HeliQuest site at
https://heliquest.ipmc.cnrs.fr), and the third
structure using online software iterative threading
assembly refinement (I-TASSER). Finally, those
with the best results were selected as the new
chimeric peptides for further analysis.

Designing based on the third structure of
Musca domestica cecropin and pexiganan
peptides

M-PEXI1, a newly designed peptide, was
selected for further analyses due to its partially
helical third structure. M-PEX1 was created by
combining some epitopes of Musca domestica
cecropin (MDC) and pexiganan peptides. The
tertiary structure of the parental peptides was
examined using the I-TASSER online tool at
https://zhanggroup.org/[-TASSER. Then, the
amino acid sequences involved in creating the
helix structure were identified using Accelrys
DS visualizer software, and a new peptide was
designed by combining them. The score of this
newly designed peptide was calculated.

Designing the new chimeric peptide based on
the similarity of the amino acid sequence of
MDC and pexiganan peptides
Primary design and optimization

The type and order of amino acids in MDC
and pexiganan peptides were compared in this
method. The epitopes with the highest
similarity from each parental peptide were used
as the basis for designing new peptides. The one
with the highest score was selected as the initial
sequence among all sequences resulting from
combining the fragments. The initial sequence
was then analyzed for its tertiary and optimized
by decreasing the number of amino acids to
improve the score. Additionally, the presence of
helix structures in the second and third
structures was compared.

Amino acid modification to increase the helix
structure

The peptide sequence was optimized by
altering some amino acids to have the highest
helix structure and lowest number of amino
acids with the least impact on the score.
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| dentification of the secondary structure of the
newly designed chimeric peptides by circular
dichroism

Circular dichroism (CD) spectroscopy is an
essential tool for determining the structure of
proteins and peptides in membranes. Two new
chimeric peptides called M-CIT (amino acid
sequence: GWLKKGGKKIIQTAANVAGLF
DVIL) and M-PEX12 (amino acid sequence:
GWLKFKKKVAILTDIIQAVALG) were
synthesized by GENSCRIP in China. CD
spectroscopy (with five scans per sequence)
was performed to identify their secondary
structure. The mean residual ellipses of
peptides were determined by CD spectroscopy
using the Jasco J-810 spectroscopy device
(Jasco, Japan) at room temperature and a
scanning speed of 100 nm/min. For this
purpose, 0.0018 mol/L. of peptide water was
loaded into a 0.5 cm quartz cell, and its
spectrum was scanned from 180 to 240 nm (15).

Molecular dynamics simulation

Molecular simulation was used to predict
and analyze the structural properties of the
specifically designed chimeric peptides (M-
PEX and M-CIT) to confirm the presence of
helix structures. The initial 3D structures of the
peptides were predicted by the I-TTASER
online server. A mixture of palmitoyl-oleoyl-
phosphatidylglycerol and palmitoyl-oleoyl-
phosphatidylethanolamine lipids with a ratio of
3:1 for A. baumanii was used based on a
previous study (21). The initial coordinates and
topologies of the lipid bilayers were created
using the CHARMM-GUI website (22). To
provide well-equilibrated systems, all pure
bilayers were simulated for 150 ns, and the last
snapshots of the systems were used as the initial
coordinates for each peptide bilayer simulation
(23). Both peptides were amphipathic and
placed in a parallel orientation to the surface of
the model membranes (24). All molecular
dynamics (MD) simulations were carried out
using the GROMACS 5.1.2 package (25), with
the CHARMM force field applied to the
peptides and all model membranes. The
appropriate numbers of sodium and chloride
ions were added to each simulation box to
neutralize the systems. Periodic boundary
conditions were used along all simulation box



axes in all simulation systems, and the
transferable intermolecular potential 3-point
water model was applied to solvate the systems.
The LINCS algorithm was used to constrain all
covalent bonds (26). Simulations were
conducted using a 1.2-nm distance cutoff for
the van der Waals interactions and short-range
electrostatic interactions (27). The particle
mesh Ewald algorithm was used to calculate

long-range electrostatic interactions. All
systems were energy-minimized using the
steepest  descent algorithm and  then

equilibrated using the constant number of
particles, volume, and temperature (NVT)
ensemble for 300 ps (28). Each system was
gradually equilibrated using the constant
number of particles, pressure, and temperature
(NPT) ensemble, with the temperature
maintained at 323 K using the Nose-Hoover
algorithm temperature (29,30). During the NPT
equilibration, the pressure was maintained at 1
bar by the Parrinello-Rahman barostat. Three
independent MD simulations were performed
in the current study based on a previous
experimental study that identified lysine and
threonine as crucial residues for antimicrobial
activity (31).To determine the role of the
residues in the activities of M-PEX12 and M-
CIT, we calculated the radial distribution
functions between lysine and threonine residues
and the phosphorus atoms of the model
membranes. Additionally, to evaluate the
effects of the peptide on the cohesion and
structure of lipid bilayers, we calculated the
density distributions of atoms across the normal
direction of the bilayer (32).

Measurement of minimum inhibitory
concentration and minimum bactericidal
concentration of newly designed chimeric
peptides

The antimicrobial activity of the new
chimeric peptides was determined using the
minimum inhibitory concentration (MIC)
method designed against the target bacterium,
following the instructions of the Clinical and
Laboratory  Standards Institute.  Briefly,
A. baumannii was cultured for 24 h at 37 °C in
a Miiller-Hinton broth culture medium.
The cultured bacterium was diluted to 0.5
McFarland turbidity, and then further diluted 50

272

In silico design chimeric peptide against A. baumannii

times. A 100 pL volume of the dilution was
poured into the microplates, and 100 pL of
diluted bacteria were added to reduce bacterial
concentration to 103 x 5 CFU/mL per well.
The plates were incubated at 37 °C for 16 h.
The highest dilution of the peptide with
no growth and clear medium was considered
the MIC of the peptide. To determine the
minimum bactericidal concentration (MBC) of
peptides, the clear wells showing no growth
were incubated for an additional 24 h on solid
Mueller-Hinton agar culture media. The lowest
concentration of peptide that showed no growth
was considered the MBC concentration
(33). The antibiotic meropenem served as a
positive control by inhibiting bacterial growth

in all tests because most strains of
A. baumannii, including the standard strain
(A. baumanii ATCC19606) selected for

conducting the experiments in the current
study, are susceptible to this antibiotic (34).

Hemolytic activity of newly designed chimeric
peptides

Ten mL of blood and 2.5 mL of the isotonic
solution (0.9% saline or phosphate-buffered
saline (PBS)) were mixed in a container and
centrifuged at 1500 rpm for 10 min. The
supernatant was then gently discarded, and the
isolated red blood cells (RBC) were washed and
prepared as 10% suspension. Different
concentrations of the peptide solutions were
prepared and split in 1.5 mL microtube
(1.5 mL/well). Next, 10 pL of 10% RBC
suspension was added to each tube containing
peptide, and the mixture was gently shaken to
ensure thorough mixing. A tube containing
0.5 mL of 0.9% saline and 100 puL of RBC
suspension was considered the negative
control, while another tube containing 0.5 mL
of 0.9% saline, 25 pL of 1% Triton
X-100 lubricant, and 100 pL of erythrocyte
suspension was considered the positive control.
The tubes were then incubated at 37 °C for
15 min. After incubation, the sample volume
was doubled with 0.9% saline (1200 pL) and
centrifuged at 1500 rpm for 5 min. Finally, the
light absorption of the samples was measured at
the wavelength of 540 nm, and the hemolysis
percentage values were calculated using the
following equation:
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Percentage of hemolysis

Optical removal of peptide — containing samples — negative control optical absorption

— - - - - - X 100
Positive control optical absorption — negative control optical absorption

RESULTS separated from 2 families. For each
combination, a maximum of 16 non-repetitive
Selection of active peptides against binding states of different peptide fragments
A. baumannii were considered. The score of 360 sequences
By a comprehensive literature review, was calculated using the AntiBP2 site, among
30 peptides with inhibitory effect on which 66 sequences had scores higher than the

A.baumannii were extracted and examined for
eight main physicochemical properties,
including peptide length, net charge, pl, aliphatic,
instability, Boman, and hydrophobicity indexes,
as well as GRAVY (1). The threshold used for
the characteristics was determined as illustrated
in Table 1. Accordingly, 5 peptides were
selected as indicators for their high effect
spectrum, low toxicity for eukaryotic cells, low
effective concentration, and short effective time
(Table 2).

Comparison of the sequences of selected
peptides

Using bioinformatics, the sequences of 31
peptides affecting A. baumannii were compared
to find the epitopes among the 31 peptide
sequences with similarities in the amino acid
type (Fig. 1A). Sequences of 5 indicator
peptides were also compared separately for the
same parameter (Fig. 1B).

The primary design of a new chimeric peptide
based on the secondary structure
Comparison of the secondary structure of

selected peptides
Considering the important role of the peptide
secondary structure in its function, the

secondary structure of all selected peptides was
examined. The results predicted about 80%
helical and coil structure of the first and last
amino acids in all peptides. In the next step, the
score of all peptides comprising above 15
amino acids with no branch was obtained. As a
result, 16 peptides with scores above 0.8 were
identified and used for the next step.

Merging the sequences of the studied peptides
based on the secondary structure

The sequence of the indexed peptides was
combined with peptides with a score above 0.8
(Table 3). Repeats were strictly avoided in
2 fusion peptides, and they were completely
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parental peptides. Additionally, 4 of these
identified sequences had a score above 2. For
the fusion, the sequences of peptides were
divided into three main Parts A, B, and C. The
first peptide sequence with a score > 2 was the
GGLRSLGRKILRAWKKYGPVAVVGQAT
QIAKK with a score of 2.018 and 32 amino
acids, which was a combination of 2 peptides of
cecropin A and BMAP-28. The first 19 resides
(GGLRSLGRKILRAWKKYGP) from BMAP-
28 peptide included Parts A and C, and the
remaining residues (VAVVGQATQIAKK)
from cecropin A included Part B. The other
parts of the two parental peptides were
removed, as shown in Fig. 2. The second
peptide sequence with a score > 2 was
GWLKKIGKKIERVATIQTIGVAQQAANV
AKKVASVIGGL with a score of 2.129 and 39
amino acids combined from MDC and citropin
1.1  peptides. The first 30 residues
(GWLKKIGKKIERVVATIQTIGVAQQAAN
VA) from Part MDC included Parts A and C,
and the remaining part (KKVASVIGGL)
derived from citropin 1.1 included Part B. The
third peptide sequence with a score > 2 was
GWLKKIGKKIERVGQHTRDATIQTIGVA
QQAANVAGKAFVKILKK with a score of
2.108 and had 45 amino acids combined from
MDC and pexiganan peptides. The first 35
residues derived from MDC (GWLKKIGK
KIERVG QHTRDATIQTIGVA QQAANVA)
included Parts A and C. The remaining
sequence (GKAFVKILKK) taken from
pexiganan included Part B. The fourth and last
peptide with a score > 2 was a different
combination of MDC and pexiganan, which
included a 39-amino acid sequence of
GWLKKIGK KIERVATIQTIGVAQQAANV
AGKAFVKILKK with a score of 2.097. In this
peptide, the first 29 residues
(GWLKKIGKKIERVATIQ-TIGVAQQAA
NVA) from MDC included Parts A and C, and
the remaining sequence (GKAFVKILKK) from
pexiganan included Part B (Table 4).
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Table 1. List of peptides examined against Acinetobacter baumannii.

. o Boman \jiecular  Aliphatic . Instability
Peptide name Amino acid sequencer (No.) pl index mass(Da)  index Charge Hydrophobicity GRAVY index
(kcal/mol)
P307 T&fgéﬁi‘gﬁAEFPK“’NK‘*GGRVLAGLVKRRK (aminoacids 5 553 340098 6323 +7 38% -0.861  54.08
P307AE-8 NARDYRGAAAEFPKWNKAGGRVLAGLVKRRRAEMELFLK 5, o) 436315  72.82 +6 43% 0.603  42.86
(original) (39)
P307SQ-8C NAKDYRGAAAEFPKWNKAGGRVLAGLVKRRKSQSRESQC 1 36 5 g4 430692 50.26 +7 33% 1067 7412
(from hepatitis B virus) (39)
P307CS-8 NAKDYRGAAAEFPKWNKAGGRVLAGLVKRRKCSQRQSES 1 3¢ 5 g4 430692  50.26 +7 33% -1.067  76.06
(scramble) (39)
P307SQ-8A g‘;‘)KDYKG‘ \AAEFPRWNKAGGRVLAGLVKRRKSQSRESQA 1 69 5 g5 427486  52.82 +7 33% -1.085  76.06
BMAP-28 GGLRSLGRKILRAWKKYGPIIVPIIRI (27) 12,02 0.87 3074.84 14444 47 44% 0.256 49.57
A837 GGLRKLGRKILRAWKKYGPIIVPIIRI (27) 1202 0.95 3115.94 14444 48 44% 0.141 30.16
A838 KGLRKLGRKILRAWKKYGPI IVPIIRI (27) 1202 119 3187.06 14444 49 44% 0.011 22.44
A839 GGLRSLGRKILRAWKKGGPIIVPIIRI (27) 1248 0.83 2968.72 14444 47 44% 0.289 54.14
A840 KGLRKLGRKILRAWKKGGPIIVPIIRI (27) 1249 115 3080.94 14444 49 44% 0.044 27.01
TP3 FIHHIIGGLFSVGKHIHSLIHGH (23) 879  -0.34 2557.00 13130 47 43% 0.591 57.34
TP4 FIHHIIGGLFSAGKAIHRLIRRRRR (25) 1270 2.62 2981.60 11720  +7 44% 0.128 13024
cod Pis 1 FIHHIIGWISHGVRAIHRAIHG (22) 12.00 0.51 2527.97 12864 47 50% 0.441 4253
Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS (23) 10.00  0.41 246693 72.17 +3 43% 0.083 -0.10
Cathelicidin BF-30 ~ KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF (30) 1.79 212 3638.54 7133 11 40% 0537 934
Apo5 APOC164-88  FSTKTRNWFSEHFKKVKEKLKDTFA (25) 10.00 2.85 3103.57  31.20 +4 32% 1148 -7.50
Apo6 APOC167-88  KTRNWFSEHFKKVKEKLKDTFA (22) 10.00 3.1 276821 3545 +4 31% 1364 -9.89
A1P394-428 PPPVIKFNRPFLMWIVERDTRSILFMGKIVNPKAP (35) 11.00  1.02 4109.01  94.57 +4 45% 0.017 94.57
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES (37) 10.61 2.9 449332 89.46 +6 35% 0.724 2334
MDC %‘;LKKIGKKIERVGQHTRDATIQTIGVAQQAANVAATLKG 10.56  1.43 425795 9525 +5 40% 0323 14.98
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Table 1. Continued

. o Boman \iqiecular  Aliphatic - Instability
Peptide name Amino acid sequencer (No.) pl index mass(Da)  index Charge Hydrophobicity GRAVY index
(kcal/mal)
Aurein 1.2 GLFDIIKKIAESF (13) 6.07 0.12 1480.77 127.69 +1 53% 0.669 20.48
CAMEL (CM15) KWKLFKKIGAVLKVL (15) 10.60  -0.53 1771.31 149.33 +5 60% 0.540 -28.99
Citropin 1.1 GLFDVIKKVASVIGGL (16) 8.59 -1.01 1615.98 158.12 +2 56% 1.281 14.19
Omiganan ILRWPWWPWRRK (12) 1230 2.59 1780.16 65.00 +4 50% -1.325 131.93
r-Omiganan KRRWPWWPWRLI (12) 1230 2.59 1780.16 65.00 +4 50% -1.325 127.00
Pexiganan GIGKFLKKAKKFGKAFVKILKK (22) 10.90 0.49 2478.20 93.18 +9 45% -0.159 -6.16
CMI11 WKLFKKILKVL (11) 10.48 -0.62 1415.858 168.18 +4 63% 0.581 -17.94
Cecropin A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAKK (38) 1047 0.97 4133.00 105.26 +7 44% -0.174 16.35
Melittin GIGAVLKVLTTGLPALISSWIKRKRQQ (27) 12.02  0.67 2934.559 130.00 +5 44% 0.2333 50.58
MDC, Musca domestica cecropin.
Table 2. Selected peptides as indicators along with physicochemical properties.
Boman index Molecular Aliphatic I nstability

Peptide name Amino acid sequencer pl Charge Hydrophobicity GRAVY

(kcal/mal) mass (Da) index index
P307SQ-8C NAKDYKGAAAEFPKWNKAGGRVLAGLVKRRKSQSRESQC 1 30 5 g4 430692 5026 47 33% 1067 7412
(from hepatitis B virus) (39)
BMAP-28 GGLRSLGRKILRAWKKYGPIIVPIIRI (27) 1202 0.87 3074.84 14444 47 44% 0.256 49.57
TP4 FIHHIIGGLFSAGKAIHRLIRRRRR (25) 1270 2.62 2981.60 11720 +7 44% -0.128 130.24
Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS (23) 10.00 041 2466.93 72.17 +3 43% 0.083 -0.10
MDC g}XLKKIGKKIERVGQHTRDAT]QTIGVAQQAANVAATLKG 1056 143 425795  95.25 +5 40% -0.323 14.98

MDC, Musca domestica cecropin.
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A
AlP394-428 ~PPPVIKFNRPFLMUI - - ~VERDTRSILFHGKIVNPKAP -~ = === m == 35
Oniganan =  —========== ILRWPWW PWRRK -~ = === s s e e e e 12
r-Omiganan ~ --mmmemeeee KRRUPUWPURLI -~ == = = = m e 12
LL-37 2 ———e- LLGDFFRKSKEKIGKE FKRIVQRIKDFLRNLVPRT -~ - -E§- -~ ===~~~ 7
F s —— FSTKTRNWFSEHFKKVKEKLKDTFA === ==========—==mcmmmmmeme 25
Apo6 - KTRNWFSEHFKKVKEKLKDTFA- === ====== === === m o= 22
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Fig. 1. Sequence comparison of peptides affecting A. baumannii. (A) All retrieved peptides and (B) specific peptides with high
efficiency. MDC, Musca domestica cecropin.

Table 3. Combination of indicator peptides with high-score peptides. Similar items shown in Bold were removed during
the design.

Indicator peptides

P307SQ-8C BMAP-28 TP4 Magainin 2 MDC
P307-P307SQ-8C P307-BMAP-28 P307-TP4 P307-magainin 2 P307-MDC
BMAP-28 P307SQ-8C BMAP-28-BM AP-28 BMAP-28-TP4 BMAP-28-magainin 2 BMAP-28-MDC
A837-P307SQ-8C A837-BMAP-28 A837-TP4 A837-magainin 2 A837-MDC
A838-P307SQ-8C A838-BMAP-28 A838-TP4 A838-magainin 2 A838-MDC
A839-P307SQ-8C A839-BMAP-28 A839-TP4 A839-magainin 2 A839-MDC
A840-P307SQ-8C A840-BMAP-28 A840-TP4 A840-magainin 2 A840-MDC
TP4-P307SQ-8C TP4-BMAP-28 TP4-TP4 TP4-magainin 2 TP4-MDC
Magainin 2-P307SQ-8C Magainin 2-BMAP28 Magainin 2-TP4  Magainin 2-magainin2  Magainin 2-MDC
CBF30-P307SQ-8C CBF30-BMAP-28 CBF30-TP4 CBF30-magainin 2 CBF30-MDC
LL-37-P307SQ-8C 37-LL-BMAP-28 LL-37-TP4 LL-37-magainin 2 LL-37-MDC
MDC-P307SQ-8C MDC-BMAP-28 MDC-TP4 MDC-magainin 2 MDC-MDC
CM15-P307SQ-8C CM15-BMAP-28 CM15-TP4 CM15-magainin 2 CM15-MDC

Citropin 1.1-P307SQ-8C
Pexiganan-P307SQ-8C
Cecropin A-P307SQ-8C

Citropin 1.1-BMAP-28
Pexiganan-BMAP-28
Cecropin A-BMAP-28

Citropin 1.1-TP4
Pexiganan-TP4
Cecropin A-TP4

Citropin 1.1-magainin 2
Pexiganan-magainin 2

Cecropin A-magainin 2

Citropin 1.1-MDC
Pexiganan-MDC
Cecropin A-MDC

MDC, Musca domestica cecropin.
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Cecropin A
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Deleted parts
Fig .2. Deletion of sequences with identical secondary structures on both sides of Fragment C.

Table 4. Sequence of parental peptides with their scores and different models of combination. Combination models
included (a) the method of combining 2 peptides cecropin A and BMAP-28, (b) the method of combining 2 peptides
citropinl.1 and MDC, (c) the method of combining 2 peptides pexiganan and MDC. Rows highlighted by gray color,
sequences with a score above 2; the black part of the sequence is, the amino acid sequence forming the helix structure;
the orange part of the sequence, amino acid sequence forming the coil structure; green part of the sequence, the
sequence of amino acids that made up the extended structure; 112, parts A and C of peptide number 1 and part B of
peptide number 2, respectively (from left to right); 221, parts A and C from peptide number 2 and part B from peptide
number 1, respectively (left to the right). Score of peptides with less than 15 sequences were not identified by
ANTIBP2 and are denoted by “?”. Parental peptides were considered to have antimicrobial properties, so the score
section has been left blank.

Name Sequence Score ANTIBP2

1 BMAP-228  GGLRSLGRKILRAWKKYGPIIVPIIRI -

2 Cecropin KWKLFKKIEKVGOQNIRDGIIKAGPAVAVVGQATQIAKK -

3 112 GGLRSLGRKILRAWKKYGPKAGPAVAVVGQATQIAKK 1.774
4 122 GGLRSLGRDGIIKAGPAVAVVGQATQIAKK 0.910
5 211 KWKLFKKIEKVGQNIRKILRAWKKYGPIIVPIIRI 0.787
6 221 KWKLFKKIEKVGQNIRDGIHTVPIIRI 0.515
7 112.2 GGLRSLGRKILRAWKKYGPVAVVGQATQIAKK 2.018
8 122.2 GGLRSLGRDGIIVAVVGQATQIAKK 0.481
9 2211 KWKLFKRKILRAWKKYGPIIVPIIRI 0.613
10 2.221 KWKLFKRDGHKAGPAVAVVGQATQIAKK 1.729
11 MDC GWLKKIGKKIERVGQHTRDATIQTIGVAQQAANVAATLKG -

12 Citropin 1.1~ GLFDVIKKVASVIGGL -

13 112 GWLKKIGKKIERVGQHTRDATIQTIGVAQQAANVAKKVASVIGGL  1.726
14 122 GWLKKIGKKIERVGQHTRDKKVASVIGGL 1.134
15 211 GLEDVIATIQTIGVAQQAANVAATLKG 0.572
16 221 GLFDVIATLKG ?

17 1.112 GWLKKIGKKIERVATIQTIGVAQQAANVAKKVASVIGGL 2.129
18 1.122 GWLKKIGKKIERVKKVASVIGGL 1.018

277



Table 4. Continued

In silico design chimeric peptide against A. baumannii

Name Sequence Score ANTIBP2

19 MDC GWLKKIGKKIERVGOHTRDATIOTIGVAQOAANVAATLKG

20 Pexiganan GIGKFLKKAKKFGKAFVKILKK -

21 112 GWLKKIGKKIERVGQHTRDATIQTIGVAQQAANVAGKAFVKILKK — 2.108
22 122 GWLKKIGKKIERVGQHTRDKAKKFGKAFVKILKK 1.232
23 211 GIGKFLKATIQTIGVAQQAANVAATLKG 1.325
24 221 GIGKFLKKAKKFATLKG 0.859
25 112.2 GWLKKIGKKIERVGQHTRDATIQTIGVAQQAANVAKAFVKILKK 1.951
26 122.2 GWLKKIGKKIERVGQHTRDKAKKFKAFVKILKK 1.178
27 1.112 GWLKKIGKKIERVATIQTIGVAQQAANVAGKAFVKILKK 2.097
28 1.112.2 GWLKKIGKKIERVATIQTIGVAQQAANVAKAFVKILKK 1.861
29 1.122 GWLKKIGKKIERVKAKKFGKAFVKILKK 0.878
30 1.122.2 GWLKKIGKKIERVKAKKFKAFVKILKK 0.790
31 2211 GIGKATIQTIGVAQQAANVAATLKG 0.803
32 2.221 GIGKKAKKFATLKGG 0.301

MDC, Musca domestica cecropin.

Optimizing the number of amino acids of new
chimeric peptides based on the secondary
structure

Analysis of the AntiBP2 database
demonstrated that most AMPs had a length of
20 to 25 amino acids (Fig. S2). Accordingly, we
tried optimizing the combined peptides by
eliminating some amino acids to increase their
score. The following peptides were four
optimal sequences including:

1. the M-CIT chimeric peptide containing 24
residues with the sequence of
GWLKKGKKIIQTAANV AGLFDVIL, with a
score of 995, hydrophobicity of 54%, a total
charge of +3, GRAVY of 0.525, and Boman
index equal to -0.22 kcal/mol; 2. the B-CEC
peptide containing 21 residues with the
optimal sequence of GGLSLKILWKGA
VVQATIAKK, with a score of 2.823,
hydrophobicity of 52%, a total charge of +4,
GRAVY of 0.547, and Boman index of -0.45
kecal/mol; 3. the M-PEX1 peptide containing 22
residues with the optimal sequence of
GWLKKIVGITIGVQAN AAFLKK, with a
score of 2.823, hydrophobicity of 54%, a total
charge of +4, GRAVY of 0.559, and Boman
index of 0.42 kcal/mol; and 4. M-PEX2
chimeric peptide comprised 20 residues with
the optimal sequence of GLKGKKIRIT
IGVQNAAFVL, a score of 2.843,
hydrophobicity of 50%, a total charge of +4,
GRAVY of 0.540, and Boman index equal to
0.21 kcal/mol (Fig. S3).
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Results of structural analysis of optimized
peptides designed based on the secondary
structure

The physicochemical and structural properties
of optimized peptides were obtained and
compared with those of the parental ones. M-CIT
was the only acceptable optimized peptide in
terms of the tertiary structure, showing a helical
structure similar to parental peptides. Therefore,
3 other peptides (B-CEC, M-PEXI1, and M-
PEX2) were no longer included in further
analyses (Fig. 3). Then, the M-CIT new chimeric
peptide was compared with those of MDC and
citropin, and found to have the most similar
amino acid sequence to the parental peptides,
with a sufficient dispersion in the hydrophobic
and hydrophilic amino acids (Fig. 4).

Peptide design based on the tertiary structure
of 2 peptides, MDC and pexiganan

The M-PEX1 peptide was a combination of
epitopes from 2 parental peptides, consisting of
MDC with 2 helical structures and pexiganan
with one helical structure, based on the I-
TASSER site. The amino acid sequence of helical
structures in 2 parental peptides was determined
using the Accelrys DS visualizer software. The
helix-forming sequences in the MDC peptide
were  WLKKIGKKIERV ~ GQHTRD  and
TIQTIGVAQQAANVAAT. The helix-forming
sequence in the pexiganan peptide was
IGKFLKKAKKFGKKA. Sequences  were
designed based on the combination and
rearrangement of the epitopes, none of which
produced the desired score (Fig. 5).
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C-score = 0.02 C-score =-0.98 C-score =-1.88

Estimated TM-score = 0.49 £0.15
Estimate RMSD =47+ 3.1 A

Estimated TM-score = 0.72+0.11  Estimated TM-score = 0.59+ 0.14
Estimate RMSD =13 +13 A Estimate RMSD=28+21 A

D

C-score =-1.25 C-score = nan

C-score=-1.18
Estimated TM-scote = 0.56 + 0. 15 Estimated TM-score = han + nan  Estimated TM-score = 0.57 + 0.15
Estimate RMSD=33+23 A Estimate RMSD =nan + nan A Estimate RMSD =3.7+ 25 A
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C-score = 0.20 C-score = 0.02
Estimated TM-score =0.74 £ 0.11 Estimated TM-score = 0.72 +£0.11
Estimate RMSD=18+15 A Estimate RMSD =12 +1.2 A

Fig .3. Three-D structure of new chimeric peptides based on the secondary structure. (A-D) Newly designed peptides and
(E-H) parental peptides. Only Peptide A with M-CIT was predicted to have a helical structure similar to parental peptides.
RMSD, Root mean square deviation; TM, a metric for assessing the topological similarity of protein structures.
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In silico design chimeric peptide against A. baumannii

4) multiple sequence alignment

Citropin GLFOVIKKVASVIGGL 1€
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Fig .4. Analysis of optimized peptides designed based on the secondary structure. (A) Comparison of the new M-CIT
chimeric peptide sequence with the parental sequence; (B) prediction of the secondary structure of the M-CIT peptide
sequence by GOR IV software; (C) wheel cycle of the newly designed peptide M-CIT by HeliQuest; (D) the 3D structure
of the M-CIT peptide.
the topological similarity of protein structures.

MDC, Musca domestica cecropin; RMSD, root mean square deviation; TM, a metric for assessing
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WLKKIGKKIERVGQHTRD IGKFLKKAKKFGKAFVKI

IGKFLKKAKKFGKAFVKIWLKKIGKKIERVGQHTRD

TIQTIGVAQOQAANVAAT IGKFLKKAKKFGKAFVKI

Pexiganan

Score
1.392
1.392

1.300

IGKFLKKAKKFGKAFVKITIQTIGVAQQAANVAAT

1.300

Fig. 5. The juxtaposition of sequences of peptides that form the helix structure and record their scores. Green sequence,
helix structure sequence generator in pexiganan peptide; blue and orange sequences, the 2 constituents of the helix
structure in the MDC peptide; MDC, Musca domestica cecropin.

Designing based on amino acid sequence
similarity of 2 peptides MDC and pexiganan
Primary design and optimization

Based on the previous study (9), it was found
that the GWLK sequences in the MDC peptide
were in the optimal position and therefore, were
kept intact. The sequence FLKKAKKFGK
AFVKILK from the pexiganan peptide, which
exhibited the highest similarity to the MDC
peptide, was inserted after the GWLK sequence
in the MDC peptide. The resulting initial
sequence with a score of 1.987 was designed as
follows: GWLKFLKKAKKFGKAFVKILK
TRDATIQTIGVAQQAANVAATLKG. The
3D structure prediction for this peptide showed
that it had a generally helical tertiary structure
and was overall similar to the structure of the
parental peptides (Fig. 6).

After removing certain amino acids from the
initial sequence, the secondary structure and
score were predicted and compared again, and
the following sequences were identified as
appropriate: 1. a 25-amino acid sequence
(GWLKFKKKGAKILTDIIVQANVALG)
with a score of 2.976; 2. a 24-amino acid
sequence (GWLKFKKKGAGATTIIVQANV
ALG) with a score of 2.995; and 3. a 23-amino
acid sequence (GWLKFKKKGAILTDIIQ
ANVALG) with a score of 2.995. The third
sequence, which consisted of 23 amino acids
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was the shortest and selected for the subsequent
design steps because it showed the highest
score and a suitable helical structure similar to
the parental peptides in 3D structure
prediction (Fig. 7).

Amino acid modification to increase the helical
structure

We identified the substantial role of arginine
and valine at positions 4, 9, and 23 by
exploring point deletion and substitution, in
creating the helical structure. We also observed
that valine had the greatest impact on the
score of the resulting peptide. Therefore,
in the main peptide, lysine (K) at position 4 and
glycine at positions 9 and 23 were substituted
with valine.

The highest score was obtained by
substituting valine at position 9 and optimizing
the number of amino acids, accordingly. As a
result, the following optimal sequences were
obtained for the new chimeric peptide,
M-Pex12: GWLKFKKKVAILTDIIQAVALG,
with 22 residues. This new chimeric
peptide had a hydrophobicity of 59%, a total
charge of +3, a GRAVY score of 0.75,
and a Boman index of -0.5 kcal/mol.
In addition, it showed a helical structure
in 3D prediction assays and was named M-
Pex12 (Fig. 8).
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HDC GHLK - - -KIGKKIERVGQHTRDATIQTIGVAQQAANVAATLKG 40
Pexiganan GIGKFLKKAKKFGKAFVKILKI

B
Pexiganan- Mdc
GWLKFLKKAKKFGKAF VKILKTRDATIQTIGVAQQAANVAATLKG

C

C-score=-0.88
Estimated TM-score = 0.60 + 0.14
Estimate RMSD =41+ 28 A

Fig .6. Designing based on amino acid sequence similarity of 2 peptides MDC and pexiganan. (A) Comparison of the
sequence similarity of the 2 parental peptides MDC and pexiganan; (B) the fusion sequence of the 2 parental peptides
(green, MDC peptides and the red, pexiganan); (C) the 3D structure of the primary M-Pex fusion peptide with 2 helix
fragments that resemble the 3D structure of the parental peptide. MDC, Musca domestica cecropin; RMSD, root mean
square deviation; TM, a metric for assessing the topological similarity of protein structures.

C-score =-1.30 C-score =-180 (C-score=-0.17
Estimated TM-score = 0.55 £0.15 Estimated TM-score = 0.50+ 0,15 Estimated TM-score = 0.69+ (.12
Estimate RMSD =38+ 2.6 A Estimate RMSD =47+ 3.1 A Estimate RMSD = 1.6+ 1.4 4

Fig .7. Three-D structure of the peptide sequence after selecting some amino acids in the M-Pex peptide design. (A)
Three-D structure of 25-amino acid peptide M-Pex; (B) 3D structure of 24-amino acid M-Pex peptide; (C) 3D structure
of 23-amino acid peptide M-Pex. RMSD, Root mean square deviation, TM, a metric for assessing the topological
similarity of protein structures.
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A
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cccecechhhhhhhhhhheese:
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Alpha helix (Hh) : 11 is 50,00% Beta turn (Tt) : 0 is @, 00k
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Fig .8. Analysis of optimized peptides designed based on amino acid modification. (A) Comparison of the sequence
similarity of a new chimeric peptide called M-Pex12 (22 amino acids) with parental peptides; (B) the secondary structure
of the second M-Pex12 peptide; (C) the wheel cycle of the M-Pex12 peptide; (D) the 3D structure of the M-Pex12 peptide.
RMSD, Root mean square deviation; TM, a metric for assessing the topological similarity of protein structures.
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Fig .9. Identifying the secondary structure of the newly designed chimeric peptide by CD. (A) Recorded spectrum and
CD analysis of 2 peptides M-Pex12 and M-CIT; (B) comparison of CD and bioinformatics analyses by GOR 1V software
for M-Pex12 peptide; (C) comparison of CD and bioinformatics analyses by GOR IV software for M-CIT peptide. CD,

Circular dichroism.

Identifying the secondary structure of the
newly designed chimeric peptide by CD

The M-CIT and M-Pex12 peptides were
synthesized chemically with purities greater
95%. The results of CD analysis demonstrated
that the M-PEX12 chimeric peptide had 0.0%
helical structure, 25% beta structure, 20.30%
turn structure, and 54.70% random structure in
a water buffer. In contrast, the M-CIT chimeric
peptide showed 5.3% helical structure, 36.80%
beta structure, 13.30% turn structure, and
48.50% random structure in the same water
buffer (Fig. 9).

Molecular dynamics simulation

According to MD analysis, it was observed
that both M-CIT and M-PEX12 were capable of
binding to the lipid bilayers of A. baumanii. To
investigate the crucial role of certain residues in
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the functions of the newly designed peptides,
the radial distribution was calculated between
the side chains of lysine and threonine (T) and
the phosphorus atoms of the model membranes.
In both peptides, lysine indicated a peak at
approximately 0.5 nm, while threonine showed
a peak at around 1 nm. These results suggested
that the side chains of these residues were
positioned at an appropriate distance to enable
hydrogen bonds and electrostatic interactions
with the phosphorus atoms. The density profile
of these peptides indicated that they overlapped
with the head group regions, which suggested
that these peptides were localized on the surface
of the model membrane and evenly distributed.
These findings collectively suggested that
the newly designed peptides were likely to
affect the outer membrane of bacteria (Figs. 10
and 11).
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Fig .10. Prediction structure of M-Pex12. (A) Structure radial density; (B and C) RDF plots between the side chains of
peptide in the references r-2 and r-4, respectively; initial orientation of peptide concerning the model membrane in (D)
MD2 and (E) MD3 systems. The peptide and amino acid side chains were shown as cartoon and licorice models,
respectively. The hydrophobic tail and phosphorus atom of lipid molecules were shown as line and sphere models,
respectively. The RDF was denoted as g(r). This quantity represents the average distribution of atoms around any given
atom within the system. The function of g(r) provides information about the probability of finding a particle at a distance
"r" from a reference particle, relative to a randomly distributed set of particles. Blue color, peptide; green color,
membrane; RDF, radial distribution function; MD, molecular dynamics.
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Fig .11. Prediction structure of M-CIT. (A) Structure radial density; (B and C) RDF plots between the side chains of
peptide in the references r-4 and r-2, respectively; initial orientation of peptide concerning the model membrane in (D)
MD2 and (E) MD3 systems. The RDF was denoted as g (r). This quantity represents the average distribution of atoms
around any given atom within the system. The function of g (r) provides information about the probability of finding a
particle at a distance "r" from a reference particle, relative to a randomly distributed set of particles. Blue color, peptide;
green color, membrane; RDF, radial distribution function; MD, molecular dynamics.
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Measurement of MIC in newly designed
chimeric peptides

MIC and MBC tests were conducted on 2
newly designed chimeric peptides (M-CIT and
M-PEX12) against the standard bacterial strain
of A. baumannii ATCC 19606 using the broth
microdilution method, with meropenem as the
control antibiotic. The results indicated that
only M-PEX12 showed antimicrobial activity
against the target bacterial strain, with a MIC of
33.1 uM and MBC of 41.4 uM. In contrast, M-
CIT displayed no significant activity against A.
baumannii with an MIC of 187.5 uM and MBC
of 375 uM.

Hemolytic activity of newly designed chimeric
peptides

The toxicity of M-Pex12 and M-CIT
peptides was evaluated using the RBC
hemolysis test against human erythrocytes. In
this test, a positive control containing Triton
X100 and erythrocyte suspension was
considered 100% hemolysis. Accordingly, M-
PEX12 exhibited 0.72% hemolysis at the MIC
concentration and 1% hemolysis at 2X MIC
concentration, whereas M-CIT showed 1.24%
hemolysis at a concentration of 41 uM and >
5% hemolysis at higher concentrations.

DISCUSSION

Bacterial resistance to multiple antibiotics is
a major health concern, especially in the ICU,
where infections can be difficult to treat.
Additionally, ICU-acquired infections are
responsible for causing 700,000 deaths
worldwide annually (35,36).

Acinetobacter is a highly antibiotic-resistant
pathogen, and there is a need to develop
effective treatments against it. AMPs are being
increasingly researched as a potential solution
for this problem. Natural AMPs suffer
limitations such as rapid degradation in the
body and short half-life, as well as
immunogenicity and toxicity against human
cells. Physicochemical studies and
bioinformatical manipulations in the sequence
of natural peptides have helped experts to
develop synthetic AMPs, which overcome the
limitations and also expand their range of action
(14). In the present study, novel chimeric
peptides were developed through multiple
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methods based on the sequences of natural
peptides discovered to be active against A.
baumannii. For this purpose, the sequences of
several peptides that were found to be active
against the targeted bacterium were selected
and used to design new peptides.

We observed that the ideal threshold for all
characteristics of peptides affecting the target
bacterium was not the same because, for
example, the most effective peptide against
Acinetobacter  displayed less  suitable
physicochemical characteristics in comparison
to those with lower antibacterial activity.
Hence, we concluded that improving
physicochemical properties was insufficient for
designing a new chimeric peptide. We applied
3 different peptide designing methods using
different online software. The first method
involved using the online AntiBP2 software to
compare the scores of different peptide
sequences. This software predicts the peptide
antimicrobial potency based on support vector
machines, artificial neural networks, or
quantitative matrices (37,38). AntiBP provided
a general model based on 3 characteristics: 1.
15 N-terminal residues, 2. 15 C-terminal
residues, and 3. a combination of 15 N- and 15
C-terminal residues using the APD3 database
(9,37-39). Synthetic peptides were designed to
be 22 - 25 residues because most AMPs have
this length, according to the AMPs database 3
(APD3). Additionally, other peptides with
functions other than antimicrobial properties
are rarely found at this size. This study aimed
to analyze the secondary structure of these
peptides to identify common structures among
peptides that affect A. baumannii. It was found
that about 75% of the studied peptides had a
helical structure. We also observed that both the
N-terminal and C-terminal ends had a random
coil structure in almost all peptides (except
TP3). Accordingly, we attempted to synthesize
a new peptide with 22 - 25 amino acids. The
newly designed peptides were not significantly
different from the parental peptides in terms of
their secondary and tertiary structures and had
a maximum helical structure. In the first peptide
design method, which was based on the
secondary structure, all desired peptides were
examined and optimized for their secondary
structure, length, and score. Then, fusion was
performed without changing any amino acid to



obtain the highest score for the new peptide. As
aresult, 4 new chimeric peptide sequences were
obtained with scores above 2. Considering that
the tertiary structure of the parental peptides in
75% of peptides that affect A. baumannii
contained a helical structure, which is
essentially advantageous in terms of the action
mechanism, as well as ease of peptide synthesis
and manipulation (40,41). Among 4 newly
designed peptides only M-CIT was selected to
be synthesized.

Before synthesis, M-CIT was predicted to
have a hydrophobicity rate of 52%, but after
synthesis, it  exhibited even  higher
hydrophobicity and lower solubility in water
due to the amino acid interactions in the peptide
structure. Researchers are exploring solutions
to synthesize peptides that are more cost-
effective, less toxic, and have a broader range
of activity. One of the most influential factors
affecting these properties is the size of the
peptides. Therefore, the peptide sequences were
optimized for length, during which time an
amino acid was removed if it either decreased
or maintained the score, but retained if it
increased the score. The same method was used
by Lama et al. to design a new shortened
peptide containing the active core of turbot Nkl
(Nk171-100), which was then synthesized and
shown to exhibit high antiparasitic activity with
a direct effect on parasite viability (42). In the
last design method, which included combining
amino acids based on their sequence similarity
for the synthesis of the M-Pex12 peptide, after
optimizing the number of amino acids and their
scores it was observed that the overall
secondary structure sometimes changes by
removing or substituting a single amino acid at
a specific position. In this study it was found
that substituting arginine and valine at positions
4,9, and 23 were highly involved in creating the
maximum helical structure with the highest
score.

As a small and aliphatic amino acid, the
substitution of valine had a greater effect on
increasing the helical structure with the
appropriate score. Thus, lysine at position 4 and
glycine at positions 9 and 23 in the main peptide
were substituted with valine. The amino acid
substitution at position 9 resulted in a more
significant structural change and a higher score.
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All of the results showed that certain amino
acids in the peptide structure play a critical role
in determining the type of peptide activity and
the secondary and tertiary structures of the
peptide. In a study by Zhu et al., threonine was
replaced with tryptophan (W), which increased
the hydrophobicity of the peptide and the
stability of its helical structure. This led to an
increase in the antibacterial activity of peptide
and its potential to compete with divalent
cations in the bacterial cell membrane (43). In a
molecular simulation study, Raman et al. found
that substituting alanine with valine stabilized
the host peptide and its helical structure (44).
Also, another study substituted the amino acids
alanine, valine, and leucine in specific positions
and reported increased activity of these
analogues (45). In another study performed by
Lee et al., substituting single amino acids at
specific positions for piscidin-1 peptide
generated new analogues of the peptide with
lower cytotoxicity and increased antibacterial
and anti-endotoxin activities (47). According to
these studies, the above-mentioned changes
increased the hydrophobicity in the peptide
structure, which led to better penetration of the
peptide into the bacterial membrane. The
dramatic changes in peptide score associated
with the removal of specific amino acids are
interpreted as their key role in the peptide
activity and structure.

Cationic AMPs have a major role in the
potential of peptides to penetrate bacterial
membranes. Both M-CIT and M-Pex12 have a
net charge above 2+. Also, the peptides have a
more than 50% content of alanine , isoleucine,
leucine, and valine amino acids, which
contribute to their stability according to the
aliphatic index which represents the thermal
stability of peptides. In addition, both of these
peptides showed positive GRAVY indexes as
well as hydrophobicity indexes above 50% in
silico. M-Pex12 peptide (GRAVY index
0.75) showed a GRAVY index of 16% more
than the M-CIT peptide (GRAVY index
0.525), which was observable in their different
water solubility. Regarding the study of the
helical wheel of peptides, the distribution of
amino acids in both peptides was random.
However, the water solubility of M-CIT was
less than that of M-Pex12. In general, M-Pex12
was completely soluble in water and showed
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much higher antimicrobial potency. Lee €t al.
demonstrated the key role of phenylalanine in
amino acid-specific positions within the
piscidin-1 peptide (46).

The results of CD analysis showed that both
M-CIT and M-Pex12 displayed significantly
different helical structures rather than was
predicted in silico. Also, only M-Pex12 showed
acceptable antimicrobial properties against the
target bacterium despite that the CD analysis
had shown zero helix content for it in water as
a solvent. Whereas M-CIT had 5% helix
content in the same conditions but did not show
satisfactory  antibacterial  activity. MD
simulation helps in understanding and
describing the structural dynamic of peptides
and their mechanisms of interaction with other
biomolecules in atomic details. MD is also used
to provide a new approach toward de novo
protein and peptide design. Based on MD
simulations, all radial distribution function
analyses on M-CIT and M-Pex12 suggested
that residues lysine and tyrosine directly
interact with the bacterial model membranes.
Tripathi et al. have discussed that the
GXXXXG motif can effectively reduce toxicity
and increase the antimicrobial potential and
water solubility of a synthetic peptide (47).
However, the present findings showed lower
water solubility and antimicrobial properties for
M-CIT containing the GXXXXG motif
compared to M-Pex12 without the motif. The
current study  hypothesized that this
inconsistency occurred due to several factors
that were present in the laboratory in vitro
conditions that might not considered during the
in silico designing of the peptides.

CONCLUSION

M-CIT and M-Pex12 peptides were
designed and synthesized in this study, based on
bioinformatics-guided sequencing of natural
peptides. The M-Pex12 peptide exhibited
superior antimicrobial properties (MIC = 33.15
uM and MBC 41.44 uM) against A
baumannii, while demonstrating reduced
toxicity towards RBCs. In contrast, the M-CIT
peptide did not exhibit significant activity
against the target bacteria (MIC = 187.5 uM
and MBC = 375 uM). The data presented in the
current study suggested that in silico design
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methods can serve as useful tools for generating
novel AMPs. However, several factors may
potentially influence the functionality of the
synthesized peptides, which can be easily
overlooked during in-silico design. Therefore,
it cannot be assumed that synthetic peptides
will behave similarly in both simulation and
laboratory studies for their physicochemical
properties or biochemical function.
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