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Background: In animals and plants, antimicrobial peptides (AMPs) are crucial components of defense mechanisms,
as they play a crucial role in innate immunity, which protects hosts from pathogenic bacteria. The CM15 has attracted
considerable interest as a novel antibiotic against gram-negative and positive pathogens.

Objective: The aim of this study was to investigate the permeation potential of the CM15 with membrane bilayers of
Staphylococcus aureus and Escherichia coli.

Material and Methods: The bilayer membranes of Escherichia coli and Staphylococcus aureus were modelled with
the resemblance in lipid composition to its biological sample. This study followed Protein-Membrane Interaction (PMI)
through successive applications of molecular dynamics simulation by GROMACS and CHARMM36 force field for two
sets of 120-ns simulations.

Results: Significant results were obtained from analyzing the trajectory of the unsuccessful insertion of CM15 during
simulation. Our data suggested that Lysine residues in CM15 and Cardiolipins in membrane leaflets play a crucial role in
stability and interaction terms.

Conclusion: The obtained results strengthen the insertion possibility through the toroidal model, which should consider

for further studies on AMPs interaction.
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1. Background

Contemporary medicine mostly depends on antibiotics
to deal with bacterial infections. However, the growing
resistance in bacteria against antibiotics turned into
a significant threat to health and food security in the
world, which requires constant research for finding
new synthetic and natural antibacterial agents and
antimicrobial peptides (AMPs) among the candidates.
The AMPs usually have a wide range of activities
against fungi and pathogenic bacteria. Several intrinsic
eukaryotic peptides can influence bacterial membranes
and other targets (1). This is in contrast with antibiotics

that usually target specific proteins like the bacterial
ribosome.

AMPs in higher eukaryote organisms are known as
‘host defense peptides’ due to their additional immuno-
modulatory activities in modulating immune and infla-
mmatory responses to infections. Moreover, they were
found to be more effective and are a slower resistance
generation in compare with typical antibiotics (2, 3).
With significant differences in the type of membrane
lipid composition in various bacteria membranes, the
antibiotics expand the ability to induce lateral phase
segregation. Due to this, the bilayer with anionic and
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zwitterionic lipids are at a higher risk of being affected
by antibiotics than those with mainly anionic lipids (4, 5).
Most literature suggested mix lipids consisting of
Palmitoyloleoyl phosphatidylethanolamine (POPE or
PE) and Palmitoyloleoyl phosphatidylglycerol (POPG
or PG) are significant and ideal components for the
bacterial membranes study model due to lower transition
temperature and stability versus Palmitoyloleoyl phos-
phatidylcholine (POPC or PC) lipid bilayer. Moreover,
PE plays a crucial role in folding and membrane protein
permeation. (6-8).

In comparison with PC, PG has two more acceptor
units and a negative net charge at physiological pH,
plus the capability of PE to form a hydrogen bond,
making the PG:PE mixed-bilayer a suitable candidate
for the bactericidal membrane study. The presence
of the phosphatidylethanolamine headgroup helps
accurate placement and analysis of protein folding
and membrane permeabilization (6, 7, 9). The PG and
Cardiolipin (TOCL1 or CL) lipids are predominant
anionic components that allocate at least 15% of the
bacterial membrane bilayer. It consists of PG or CL
or both, without assuming that it is a gram-positive or
negative microorganism. Joining these components
with lipopolysaccharides and lipoteichoic acid provides
the selectivity of cationic AMPs against bacteria (10,
11).

AMPs produced single-channel conductances on
the surface of lipid bilayers, and both enantiomers
(D and L) caused equivalent amounts of electrical
conductivity. The all-D enantiomer of CM15 keeps
its competitive biological acting like resistancy to
enzymatic degradation against a wild range of bacteria
(12). The cationic linear AMPs interact with negatively
charged cell wall components, known to permeabilize
membranes non-stereospecificity (equal MIC for L-and
D-form), so the interaction of CM 15 with bacterial cell
wall components is non-stereospecific (13). Notably,
the reverse (“retro”) and all-D reverse (“retroenantio”)

sequences respond to specific bacterial strains (such as
B. subtilis, E. coli, and S. pyogenes) and are not active
against S. aureus or P. aeruginosa. Therefore, it seems
that chirality does not affect the efficacy of peptides,
while in some cases, it is necessary to take sequence
order and direction of amide bonds into account (14)

2. Objective

A potential solution to the issue of antibiotic resistance
is antimicrobial peptides (AMPs); however, having an
efficient design of APMs that are both active and not
toxic needs to realize the action mechanism. Therefore,
this study explored the interaction and permeation
possibility of the CM15 with Staphylococcus aureus
(gram-positive) and Escherichia coli (gram-negative)
membrane bilayer by successive application of mole-
cular dynamics simulation.

3. Material and Method

3.1. Lipid Bilayer Preparation

Lipid bilayer generated by CHARMM membrane
builder server (15). S. aureus and E. coli consisted
of a mixture of PG, PE, and CL lipid types. Each
membrane consisted of 78 lipid molecules and water
molecules, as shown in Table 1, which was minimized
for 1000 steps and equilibrated with fixed pressure
and temperature conditions in the server six times for
500 PS in each step (11). In addition, a 5-ns simulation
was conducted under NPT conditions to equilibrate
the system. The area per lipid was calculated by Grid
MAT-MD v2.0 in X/Y and independent Z direction in
both systems (16).

3.2. Peptide-Lipid Systems Preparation

The progress began with a one ns simulation of CM15
(PDB code: 2JMY with KWKLFKKIGAVLKVL
sequence) as the best model in water to achieve proper
conformation (17). The systems consisted of 5330 total

Table 1. The systems composition.

Lipid Type Surface area
TIP3 Na Cl
PG | PE | CL (nm?)
E. coli 12 | 62 4 5330 25 15 25.273
S. aureus 46 0 32 8786 96 24 35.938
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water molecules and were neutralized by distributing
Na* ions together with CI ions at a final concentration
of 0.1 M of NaCl for both E. coli and S. aureus systems
(Table 1). CM15 was positioned at 30 A from bilayer
head groups (Supplementary 1).

3.3. Molecular Dynamic Simulation Protocol

Overall, for each peptide-lipid system, 120 ns simula-
tions were carried out. Both simulations were done
under fixed pressure and temperature; however,
normal dimension fluctuation along the membrane was
permitted (NP T). Periodic boundary conditions were
set for all directions so that CM15 could freely diffuse
in water. Conservative restraining potential was applied
where the center of mass (C.0.M) of CM15 left the
buffer zone. No external force was exerted at the buffer
zone against CM15 before attaining the boundary. The
average area per lipid leaflet was ~49.5 A2 and ~ 58.7
A for E. coli and S. aureus respectively, after energy
minimization. However, at the simulation’s starting
point, in both cases, there was a decrease of about ~5%.
The temperature was set to 303.15 K by the Langevin
dynamics system. Nose-Hoover temperature coupling
method was used to maintain the temperature while
the pressure remained constant at 1 bar using the semi-
isotropic Parrinello-Rahman method with tau-p of 2 PS
to achieve accurate results (18).

The latest update of the CHARMMS36 force field
was employed to build the mentioned systems. Both
simulations were carried out under GROMACS
(version 2016.3) with a 2 fs time-step and all covalent
and hydrogens bonds were limited with the help of the
LINCS algorithm. The electrostatic and vdW energy
short-range cut-off was set to 12 A with a switching
distance of 10 A. With periodic boundary conditions,
the Particle Mesh Ewald (PME) method in cubic
interpolation with a grid spacing of 1.6 A for Fast
Fourier Transform (FFT), was used for the calculation
of long-range electrostatic interaction.

3.4. Data Analysis

All analyses were performed using GROMACS,
VMD (19), and MATLAB (20). Visualizing structures
was carried out using Chimera (21). The distance
calculation was performed along with considering
the lipid phosphorus atom and C.O.M of the peptide.
The analysis of membrane thickness and fluctuations
was performed using g lomepro (17) and mapped
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in MATLAB. The electrostatic and vdW interaction
energy was analyzed using g mmpsa (22). The effective
hydrogen bond between CM15 atoms at a 3 A distance
of bilayer membrane was taken into account. In addition,
the secondary structures and peptides’ C.O.M (for in-
contact residues) during the simulation was calculated
using DSSP (23) and GROMACS, respectively.

4. Results

Interactions of CM15 with both model membrane
was evaluated, and the findings showed that peptide
conformation changed. In addition, its behavior during
the simulation was monitored. The layer in contact with
the peptide was considered the upper layer.

4.1. Interaction of CM15 and Bilayer Lipids

The overall conformation change of interactions in
CM15 at 120 ns interval is demonstrated in Figure 1
for S. aureus. E. coli interactions from the first contact
to completion were prepared and presented. The
peptide could not pass the phosphorus borderline. The
CM15 can diffuse throughout the simulations without
limitation in water and can choose any orientation it
first reaches the bilayer. Therefore, unbiased analysis of
the initial peptide-lipid contact is achievable.

4.2. Center of the Mass (C.O.M)

Detecting structures using optical techniques is not
free of a hindrance when they are used for peptide-
membrane systems. The details and dynamic processes
between peptides and membranes cannot be measured
directly. It is assumed that the CM15 penetrates the
lipid if its C.O.M passes the membrane phosphorus
atoms. Trajectories from 120 ns simulations of both
interactions in Figure 2B and 2C demonstrate that
the CM15 binds to both lipids and causes significant
membrane fluctuations. In both CM15 simulations,
the peptide can choose an orientation close to parallel
to the membrane normal (Fig. 2A). Still, this peptide
only resides in the upper leaflet instead of spanning
the whole bilayer. There was also no pore formation
while the slight perturbation barely affected the
bilayer.

As described earlier, CM15 is freely diffused in water
from 30 A away to reach the bilayer in an appropriate
orientation during simulation. The analysis showed
CM15 contact from N-terminus in both systems.
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t=25ns t=50ns t=75ns t=100 ns t=120 ns

Figure 1. Representative structures of CM15. A) in E. coli and B) in S. aureus systems. The lateral views of
structural changes throughout the simulations at 120 ns intervals. Each peptide structure, except for the initial
structures, are shown at 120 ns interval is the center of clustering 120 ns conformations. Phosphorus and peptides
of lipid are highlighted with red and brown respectively.
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Figure 2. Histograms of CM15. A) tilt angles, B) C.0.M., and C) peptide atoms count in contact with lipid molecule
in simulations S. aureus (orange) and E. coli (blue). The peptide tilt angle is the angle formed by the z-axis and a line
connecting the Ca atoms of residue 5 and 12 of CM15. The lipid contact is determined as the non-hydrogen atoms
count within 3A of membranes. The findings are represented by the total number of atoms in a residue. The resolution
of histograms of tilt angles and C.O.M. is 1 degree and 0.1 nm, respectively.
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Three residues (LYS-1, LYS 6, and VAL-14) had a
stronger connection to the membrane compared to other
residues; LY S-6 was the most in contact residue in both
systems, and VAL-14 was so in the S. aureus system.
Root mean square deviation indicated a small shift in
backbone conformation of the hollo system at 75 ns
from 0.29 nm to 0.41 nm during the 120 ns simulation
(Fig. 3A). In addition, in the S. aureus system, the
peptide showed more flexibility due to higher RMSD
values, as confirmed by RMSF results (Fig. 3B).
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4.3. Solvent Accessibility in CM15

The residue solvent exposure is determined based on
the relatively accessible surface area or relative solvent
accessibility (RASA or RSA) of a protein residue. It
can be calculated by the formula (24):

RSA=ASA/MaxAsA

So ASA is the solvent-accessible surface area, and
MaxASA represents the maximum possible solvent-
accessible surface area for the residue. The ASA and
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Figure 3. CM15 backbone. A) RMSD and B) RMSF analysis of all-atom MD trajectories for S. aureus
(orange) and E. coli (blue) systems during the 120 ns simulation. C) The accessibility of residues duri ng the
molecular dynamic process of CM15 evaluated Relative Accessible Surface Area (RASA) of each residue in

S. aureus (orange) and E. coli (blue) systems.
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MaxASA are commonly measured in A.

The MaxASA values determined by Gly-X-Gly tri-
peptides are used to determine the relative solvent
accessibility of the residue side-chain. Where X
represents the residue of interest. Several MaxASA
scales are available (25).

The accessibility of CM15 residues was examined
by determining the Relative Accessible Surface Area
(RSA) of each residue during the molecular dynamic
simulation (Fig. 3C).

4.4. Energy Landscape

Every macromolecule demonstrates functional motions
that are based on the complex correlation in the
atomic motions. These internal motions are required
to achieve efficient functioning, such as conformation
modification to different biological environments and
etcetera. Several internal motions in protein molecules
make it hard to interpret. Principal component analysis
can be used to decrease many dimensions of the data
set down to the major principal components that only
demonstrate changes that display the global motion of
the protein with the key information. According to the
first stable contact in both membranes by LYS -1, LY S-
3, and LYS-6 in systems, CM15 binds to the E. coli
membrane faster as was expected due to electrostatic
interaction of cationic peptide and an anionic net
charge of bilayer membranes. In addition, the vdW,
and electrostatic interaction energy in both systems,
which is demonstrated in Figures 4C and 4D, reveal
approximately three-fold at z >10 A for electrostatic
interaction energy.

The free energy landscape (FEL) and internal motion
of the system analysis give us a better image of the
conformational space of protein in terms of energy
and time. The results of EFL only depend on the risk
of occurrence of a mixture of certain data points,
which are converted into a free-energy value using a
straightforward relationship. As illustrated in Figures
4A and 4B, the free energy landscapes are projected on
the first two key elements of the CM15 and E. coli and
S. aureus membrane complexes interaction. The form
and size of the minimal energy area (marked as red) in
the free energy contour map means that the stability of
the complex is higher. The centralized and small blue
spots indicate that the pertinent complex has higher
stability. The conformational variability of the peptide
was obtained by the analogy of the radius of gyration

20

and RMSD to the average structure. Figures 4A and 4B
represent a mapping of all possible Free Binding Energy
in the time scale. According to free energy landscapes,
the stability of a protein is illustrated in terms of Gibbs
free energy. Here, the EFL and internal motion of the
two systems were analyzed through FEL for 120ns
simulations and plotted as 3D graphs. According to
FEL calculation, the two systems only had one energy
minima in the 120 ns simulation. The model for the
S. aureus had higher stability with some intermediate
states compared to E. coli. In addition, the distribution
of peptide backbone RMSD demonstrated a normal
distribution and a decline in conformational flexibility.

4.5. Folding of CM15 During the Simulation

Because of the importance of secondary structure in the
many proposed mechanisms of antimicrobial peptide
action, the results of computational simulations are
often examined for data related to secondary structure
formation. Various computational studies with 120
ns timeframes report secondary structure formation
when using individual peptides biased toward the
membrane and/or various constrained membranes
(26). 1t is theorized that peptides with different aspects,
like secondary structure, chain length, net charge,
etcetera, exhibit different biological processes. Peptide
folding takes a lot of time; in this respect, most of the
antimicrobial peptide studies here rely on folding,
a-helical conformation, and the starting structure of
the peptide. However, extended conformations for the
peptides are used because MD simulations are intended
to be utilized as a pre-experimental screening method
for computationally designed novel peptides of which
secondary structures are not a priori known. Recent
research has suggested the specificity of the interacting
site to the bacterial membrane (27). The CM15, like
many other AMPs, forms the a-helical conformation
in contact with lipids. The distribution of the most
frequent conformations of the CM15 was obtained
using DSSP. In the analysis, CM15 is found to form
a-helical structures equal to random coils and turns
(Supplementary 2).

Our results revealed the tendency of CM15 to form
an a-helix and Il-helix in S. aureus and turn in E.
coli during contact with lipid, which suggests CM15
tendency to form a linear shape. Table 2 shows the
conformational element of this distribution for the
appearance of secondary structure.
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Figure 4. The 2D and 3D free energy landscape and internal motion of CM15 interactions with A) E.
coli and B) S. aureus membrane. The valleys which are in purple reveal the minimal free binding energy
during the simulation. The average conversion of C) electrostatic and D) van-der-Waals interaction
energy in CM15: S. aureus (orange) and E. coli (blue).

4.6. Lipid Area and Thickness Fluctuation in Membranes
Upper Leaflet

Akey role is played by charged amino acids in the control
of the actions of integral and peripheral membrane
proteins and the cells that disrupts peptides. Atomistic
molecular dynamics literature has uncovered mechanisms

Iran. J. Biotechnol. April 2023;21(2): e3344

of membrane binding and translocation of charged
protein groups. However, the effect of the full diversity
of membrane physicochemical properties and topologies
is not studied thoroughly (28). Biological membranes
function as a host of protein with critical functions and
as protective shells that block uncatalyzed permeation of
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Table 2. The highest number of salt-bridge and a hydrogen bond between CM15 and bilayers for each element.

System H-bound Salt-bridge In contact res
7.5% 27% POPG
S. aureus
1.5% 26.2% TOCL1
1.2% 17.9% POPG
E. coli 6.2% 53.3% POPE
6.62% 0.02% TOCL1

polar and charged molecules effectively. This perception
has ruled for many years, and it is comprehended in
terms of the energetics of ion translocation across an
oily slab of the membrane. Still, studies have recently
shown that cell membranes are not impenetrable. Taking
into account that arginine (Arg) and lysine (Lys) as
basic amino acids play an important role in the function,
structure, and actions of protein of different cell-
perturbing, there is a need to examine the interactions
of charged protein groups with biological membranes
at the molecular level (28). During the simulation, the
changes in area per lipid (upper leaflet) were calculated
based on the fluctuation of the headgroup phosphorus
atom, which was stable in both systems. (Fig. 5A).

By lipid bilayer thickness calculation, this study
showed that the models demonstrated identical curves
for the probable initial insertion of a lipid headgroup
into the hydrophobic core of the lipid bilayer, in
which the formation of single-sided water defects may
accompany. This can be a promising start considering
the importance of trivial defects in membranes to
stimulate transmembrane peptides, proteins, drugs,
and many other polar solutes. It is not easy to explain
the energetic reason for similarity; however, we can
highlight a basic underlying physical basis of the
process (Fig. 5B) (29).

Based on the changes in the number density profiles
and permeability of water, we can predict the presence
of a perturbed bilayer structure (Fig. 5C). Given these
profiles, structural changes are the biggest for PG:
TOCL.

Since CM15 peptide could not penetrate both modeled
lipids, the phosphorus transition was calculated through
the XYZ axis by g lomepro and mapped with MATLAB
in Supplementary 3, demonstrating the tension and
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fluctuations in the upper leaflet of lipids during the
simulation.

S. Discussion

Dynamic increase of resistance in bacterial infectious
diseases constantly needs the development of new
elements against them. The understanding at the
molecular level of the mechanisms and interactions of
natural host-defense peptides or AMPs is a major step
in argumentative design and developing compounds
based on their function (30).

As mentioned above, the conservative restraining
potential was applied where the center of mass of
CM15 extended beyond the buffer zone; and no
external force was exerted at the buffer zone against
CM15 before attaining the boundary. After energy
minimization, the average area per lipid leaflet was
~49.5 A? and ~ 58.7 A? for E. coli and S. aureus,
respectively. The CM15 can diffuse freely during the
simulation and take any orientation when it hits the
bilayer for the first time. Therefore, we can have an
unbiased analysis of the initial peptide-lipid contact. As
shown, the whole combination changes of interactions
in CM15 at 120 ns interval for S. aureus and E. coli
interaction indicated that the peptide could not pass
the phosphorus borderline. The lateral view of CM15
interaction in E. coli and S. aureus systems indicates
structural variations throughout the simulations at 120
ns intervals. Each peptide structure at 120 ns interval,
except for the initial structures, constitutes the center
of clustering 120ns conformation. Yi Wang et al. found
that CM15 simulations in POPG:POPC and POPC
meant that the peptides were inserted into both lipid
bilayers (26).

Iran. J. Biotechnol. April 2023;21(2): e3344
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Figure 5. Lipid Area and Thickness Fluctuation in the Membranes Upper Leaflet. A) The lipid area
fluctuations in S. aureus (orange) and E. coli (blue) system in X/Y and independent Z direction during the
simulation. B) The thickness fluctuations in S. aureus (orange) and E. coli (blue) system in the Z direction to the
membrane center of mass during the simulation. C) Changes in bilayer structure and water permeability upon the
interaction with CM15. Number density profiles of phosphorus atoms (S. aureus (orange) and E. coli (blue)) and
water oxygen atoms (S. aureus (dashed curve) and E. coli (red)) in systems.

This finding is not expectable to some extent because of
the non-hemolytic nature of CM15 (31). As the simula-
tion results indicated, it is not possible to conclude
that CM15 can achieve the selectivity for bacterial
membranes only by causing pore formation in POPG:
POPC.

AMPs are designed to protect humans against microbial

Iran. J. Biotechnol. April 2023;21(2): e3344

infections; still, the mechanism and penetration process
is not transparent (32). Generally, most gram-negative
species contain a significant amount of anionic and
zwitterionic components in their lipids, so the mechanism
of inducing lateral phase separation is more effective for
gram-positive species (11). Performed thermodynamic
analysis in the current study did not present any
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record for lateral separation in membrane mixture of
PC:CL, except for PE:CL; which is the most important
mechanism of inducing (33).

Many studies noted the dominancy of PE over PC due to
the higher hydrocarbon chain, higher temperature phase
transition, smaller cross-sectional area, and stronger
inter-lipid contacts at the microbial inner membrane
(34-37). Recent studies on the cationic AMPs on
POPC bilayer alone or in mixed form revealed that the
CM15 could penetrate inside, while our results showed
ambiguities (26). First, as the analysis of Domenech et
al. suggested, significant lateral phase separation could
not be observed in the presence of Cardiolipin in POPC
alone or in mixed, which confirms our results (33). On
the other hand, POPC bilayers alone or in the mixed
form are considered biological membranes for some
fungus (like C. albicans and Erythrocyte) and animals,
which does not make it a proper model for microbial
study (38, 39). Furthermore, in the case of penetration,
the suggested AMPs lose their advantage by being
converted into a miss-functional protein in the host
cell (40).

During the observation and analysis of this study, it
was found that the perturbed bilayer structure was
also evident from variations of bilayer structure and
permeability of water upon the interaction with CM15.
The profiles of the density of phosphorus atoms S.
aureus, E. coli, water oxygen atoms S. aureus, and F.
coli in systems illustrated in Figure S5C indicate that
these structural and profile changes seem to be the
biggest for PG: TOCL. Many articles have suggested
that aggregation and pore formation in outer membrane
bacterial cells treated by AMP leads to membrane
permeabilization (3, 18, 41). Analysis of trajectory on
membrane fluctuation in Figure 5C revealed that the
CM15 tried to form a pore with tensioning on the bilayer.
According to this, the hypothesis of pore formation
with the toroidal model was strengthened (42). Several
peptides attach to a lipid monolayer and form a pore
through aggregation, increasing inner pressure and
decreasing the surface tension and penetrating inside
(43). Given this hypothesis, a-helix structural stability
due to toroidal model inducing plays a crucial role in
targeting membrane, which confirms our results (32).
In our study, CM15 within the simulation is freely
diffused in water from 30 A away to reach the bilayer
in a suitable direction. The analysis showed that CM15
attaches to the membrane in both systems through the
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N-terminus. Three residues (LYS-1, LYS 6, and VAL-
14) had stronger connections than others, and LYS-6
was the most in contact residue in both systems; and
VAL-14 was so in the S. aureus system. Root mean
square deviation calculation showed a slight change
in backbone conformation in the holo system at 75 ns
from 0.29 nm to 0.41 nm during the 120 ns simulation.
The peptide showed more flexibility in the S. aureus
system due to higher RMSD values.

Due to cationic residues and zwitterionic components
of the membrane, including Cardiolipins, the first
contact residue in both systems was formed by the
N-terminus of AMP, which improved the possibility
of contact or even permeability. The distribution of in-
contact residues with membrane lipids demonstrated
the significant impact of Cardiolipin on the possible
permeability of the lipids due to the distribution of
Cardiolipin in the interaction surface with CM15 (44,
45). The importance of Cardiolipin in prokaryotic cell
function, specifically the regulation of cell function at a
higher level in the organization of energy transducing,
was investigated, which revealed the contacts stabilizer
role of Cardiolipin between proteins through the VdW
contacts and the phosphate groups for interaction with
hydrogen bonds (46). The electrostatic potential energy
in Figure 4C and conformational elements (Table 2)
indicated the presence of a more substantial positive
charge for CM15 interaction with E. coli versus S.
aureus. In addition, as the I1-helical region in the peptide
is significantly energetic, the peptide can take proper
orientation along with stabilizing the native state of the
protein without disrupting the structure, which depends
on the specificity of interaction (47). Our data in the
S. aureus system revealed this tendency for forming
[1-helix, which forms a more compact structure. The
stability of CM15: E. coli and S. aureus complexes was
examined using free energy landscape binding energy
calculations, molecular dynamics simulation, molecular
docking, and free energy decomposition. According
to docking results, the binding of CM15 with gram-
negative family bacteria had more vital binding energy
compared to S. aureus.

In summary, in the case of any probable penetration later,
obtained results consider the CM15 more suitable for
gram-negative family bacteria. However, a longer time
scale, more extensive contact area, and simultaneous
use of multiple AMP molecules, through forming a pore
could provide more precise details on AMPs’ interaction

Iran. J. Biotechnol. April 2023;21(2): e3344
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with the bacterial membrane. Still, the in vivo function
of the peptides is complicated, which can be due to
the enormous diversity of interactions with small-
molecule agents. Two sets of 120 ns simulations were
performed, and a significant result was obtained for the
unsuccessful insertion of CM15 during the simulation.
Our data express that Lysine residues in CM15 and
Cardiolipins in membrane leaflets play a crucial role
in stability and interaction terms. The obtained hints
from these results prestress the insertion possibility in a
toroidal model, which should be considered for further
studies on AMPs interaction.

6. Conclusion

As a result of preparing data from fluctuations, and
considering the phosphorus atoms as borderline,
transmission of CM15 through the upper leaflet of
the membrane became inefficient. The LYS residues
in CM15 and Cardiolipin in the membrane bilayer
enhanced the stabilization and modality interaction of
the peptide.

Given the results, it is possible to modify the AMP
function using small-molecule secondary structure
regulators. This can be seen as an opportunity for the
future development of AMP-based antimicrobial agents.
With a more profound perception of the molecular
events that cause membrane disruption, improvement
of peptide design can be facilitated, and it is possible
to develop new antibiotics using mechanistic principles
and AMP structure.

Our study suggested a deeper understanding of the
performance process of AMPs and indicated that
gram-negative bacteria are more appropriate for this
hypothesis. The use of other Gram-negative bacteria
such as Enterobacter, including E. aerogenes or E.
sakazakii, is also recommended. Peptides other than
CM15 can also be used to confirm this. Expanding the
understanding of AMPs paves the way for the dealing
of many bacteria.
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