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Abstract
In the present study, a series of all-atom molecular dynamics simulations were applied to shed light on
the molecular mechanism of the activity of CM11, a short cecropin–melittin hybrid peptide obtained
through a sequence combination approach, against gram-positive (GP) and gram-negative (GN) bacterial
membrane models. In addition, the peptide adsorption mechanism on the surface of the membrane
models, the thermodynamic and structural contribution of each residue in the antibacterial activity of the
peptide against both GP and GN bacterial membranes were investigated. Our �ndings showed that the
peptide was strongly bound to the GP membrane type in comparison with the GN membrane and was
stabilized quickly. These strong bonds are caused by the interactions between basic residues and POPG
molecules, which have higher concentrations in GP than GN membranes. Calculation of binding free
energies revealed that both electrostatic and van der Waals energy components were desired for the
peptide binding and insertion in the membrane. Electrostatic interactions were the main driving force in
the adsorption and surface localization of the peptide. Determining the contribution of each residue to the
binding free energy indicated that W1, K2, K5, K6 and K9 residues played an important role in the activity
of the peptide. These results can be used as a roadmap to provide in-depth insights into the design of
appropriate peptides in the �ght against multidrug-resistant bacteria. 

1. Introduction
Over the past decades, beta-lactam antibiotics and glycopeptides such as cefotaxime, imipenem,
amoxicillin, cefepime, vancomycin, teicoplanin, telavancin, ramoplanin, decaplanin, corbomycin and
complestatin have been used to �ght diseases caused by a broad spectrum of gram-positive (GP) and
gram-negative (GN) bacteria (Stephens 2020; Blaskovich 2018; Kale-Pradhan 2020). The widespread
administration of antibiotics has led to the emergence of resistant bacterial species in human societies
(Nathan 2014; Liu 2020). The advent of new pathogenic bacteria has become one of the main threats of
human health (Serwecińska 2020; Kumar 2018), as the development of antimicrobial drugs could not
adequately help us in the �ght against the novel types of infectious diseases ((Stephens 2020). Based on
the current rate of antibiotic drugs development, it has recently been estimated that by 2050, more
patients will die from bacterial complications than from cancer (Stephens 2020; Kumar 2018). It is also
estimated that the costs that this phenomenon will bring to the global health system will exceed $100
trillion (Stephens 2020; Kumar 2018).

Combating such a global crisis requires immediate and coherent action, and alternative antibacterial
strategies must be found. One of the new strategies is the use of peptides that have antimicrobial activity
(House 2015; Lombardi 2019; Chen 2020). Antimicrobial peptides (AMPs) are amphipathic structures
with low molecular weight and a net positive charges of 2 to 9 (Deslouches 2020). Based on the
secondary structure, AMPs can be classi�ed into four categories: β-sheet, α-helix, cyclic, and expanded
peptides (Koehbach 2019).
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The innate immune system in prokaryotes, insects, plants, amphibians, and mammals secretes AMPs in
response to external pathogens (Hancock 1999; Zasloff 2002). The function of AMPs varies according to
their physicochemical properties and membrane purpose. Studies have shown that the cationic properties
of AMPs, conferred by positively charged lysine or arginine residues, play a vital role in their performance
(Feng 2015; Jiang 2008; Glukhov 2005). According to most hypotheses concerning the mechanism of
antibacterial activity of AMPs, binding of the peptides to target membranes causes changes in
membrane permeability, loss of membrane potential, and eventual cell death, although some AMPs have
an intracellular target (Bechinger 2017; Lee 2016).

Molecular dynamics (MD) simulations provide a tool to study the structural properties, the dynamic
behavior, and the mechanisms of interactions between biomolecules at the atomic level. This method
enables us to study carefully the processes involved in the antimicrobial activity of AMPs (Hollingsworth
2018; Farrotti 2015; Huang 2013; Cherniavskyi 2021; Chakraborty 2020). Accordingly, the present study
was aimed to implement MD simulations to better understand the membrane-disrupting action of CM11
peptide. The effect of this peptide on mammalian membrane model was also studied to evaluate its non-
toxicity. It should be noted that the CM11 peptide is a hybrid peptide derived from N-terminal domain
residues of cecropin A (2–8 residues) and hydrophobic C-terminal domain residues of melittin (6–9
residues) with effective antibacterial activity against some of Gram-negative and Gram-positive
pathogenic bacteria (Amani 2015).

2. Materials And Methods
2.1. Peptide structure prediction

PEP-FOLD web-server (Shen 2014), a de novo approach for predicting three dimensional model of peptide
sequences, was applied to predict the 3D structure of “WKLFKKILKVL” cationic cell penetrating peptide
(Figure S1). The server uses a greedy algorithm, driven through a coarse-grained force �eld for predicting
the 3D-structure of input peptides (Shen 2014).

2.2 Molecular dynamics simulations

CHARMM-GUI membrane builder was applied to construct membrane bilayer models for bacteria (S.
aureus and E. coli) and mammalian cells (Jo 2008). According to previous studies, GN and GP bacterial
membranes comprise a ratio of 3:1 and 1:3 of palmitoyloleoyl-phosphatidylethanolamine (POPE) and
palmitoyloleoylphosphatidylglycerol (POPG), respectively [28,29]. To provide the mammalian membrane
model, a zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid was constructed (Lee
2016; Tsai 2009). The features of all simulation systems are summarized in Table 1.

Table 1: Details of all simulations
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Membrane Lipid composition Model Length (ns)

Gram-positive 25% PE, 75% PG Control 150

Gram-positive 25% PE, 75% PG Complex 300

Gram-negative 75% PE, 25% PG Control 150

Gram-negative 75% PE, 25% PG Complex 300

Mammalian 100% PC Control 150

Mammalian 100% PC Complex 300

To prepare well equilibrated membranes, each membrane was simulated for 150 ns and the �nal
structure was used as the initial model for the peptide-membrane simulations. The peptide was placed 3
nm away from upper lea�et of the bilayers, after a 100 ns simulation. GROMACS 20.0.4 package was
used to perform all MD simulations, using CHARMM36 as the force �eld (Huang 2013). The TIP3P
explicit solvent model was used as the water molecule (Roux 1999). Periodic boundary condition (PBC)
was applied in all simulations, and the long-range Coulombic interactions were described by the particle
mesh Ewald method (Essmann 1995). The cut-off length for long-range Coulombic and van der Waals
bonds was set to 1.2 nm (Van Der Spoel 2005). The LINCS algorithm was used to constrain hydrogen
bond lengths of peptide and lipid molecules (Hess 1997). In each system, the protonation state of the
peptide was assigned based on calculations at pH 7 (Gordon 2005), and with 0.05 M NaCl. Energy
minimization with the steepest descent algorithm was applied for the systems. Each system was then
equilibrated for 0.5 ns under a gradual temperature increase to reach 323 K, and then further equilibrated
for 2 ns under isothermal-isobaric (NPT) ensemble with the Berendsen weak coupling method (Van Der
Spoel 2005). Along the series of equilibration phases, position restraints were applied on lipids and
peptide molecules to restrict their motion. Then, the main run was performed for 300 ns without
restraints, along which the Nosé-Hoover thermostat and the semi-isotropic Parrinello-Rahman barostat
were used to maintain the temperature on 323 K and pressure on 1 bar, respectively (Martyna 1992; Rühle
2008).

2.3. Calculation of the free energy of binding

Molecular mechanic Poisson–Boltzmann surface area (MM-PBSA) method was used to calculate the
binding free energy between the peptide and the bacterial or mammalian membrane models (Kumari
2014). According to the equation 1, total binding free energy (∆Gbin) is equal to the sum of the different
components of polar and non-polar energies:

∆Gbin = ∆Gpolar + ∆Gnonpolar (1)

The polar term (∆Gpolar) is the sum of the components of the electrostatic (∆Gelec) and the polar
solvation (∆Gps) energies:
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∆Gpolar = ∆Gelec + ∆Gps (2)

The non-polar term (∆Gnonpolar) in the equation 1 is the sum of the components of the non-polar
solvation (∆Gnps) and the van der Waals (∆GvdW) energies:

∆Gnonpolar = ∆Gnps + ∆GvdW (3)

The total binding free energy of peptide-membrane complexes was computed by g_mmpbsa approach
(Kumari 2014), using 100 structures extracted from the last 20 ns of the corresponding simulation
trajectory.

3. Results And Discussion
3.1. Important residues in the peptide activity

To study the mechanism of action of CM11 peptide on bacterial cell membranes and to investigate any
differences in the mechanism between GN and GP bacteria, a copy of the peptide model was simulated
with each of cell membrane models. Membrane models from E. coli and S. aureus species were selected
to represent pathogenic GN and GP bacterial membranes, respectively. In addition, a copy of the peptide
was simulated alongside the eukaryotic membrane model to study the effect of the peptide on the
eukaryotic cell membrane.

To clarify the role of the constituting residues in the activities of the peptide against membrane models,
radial distribution functions (RDF) between the phosphorus atoms and acyl chains of the bilayer models
and polar or nonpolar side chains of residues were calculated, respectively (Fig. 1). The graph for the
interaction of K2 with the gram-positive membrane, shows two peaks at 0.3 and 0.4 nm (Fig.1).

These distances represent the establishment of hydrogen bonds and electrostatic interactions between
the K2 residue and the membrane phosphorus atom, respectively. Such peaks can also be seen in the
RDF graph for K2 in the presence of gram-negative membranes, indicating electrostatic interaction and
hydrogen bond (Fig. 1g-h). These results are obviously consistent with experimental studies suggesting
that positively-charged residues (R, K) of cationic peptides directly connect with the bacterial membranes
(Feng 2015; Jiang 2008; Glukhov 2005; Lee 2016; Tsai 2009).

RDFs between the hydrophobic acyl chains of GP and GN membrane models and the W1 side chain,
shown a peak at approximately 0.65 nm, which indicates that hydrophobic interactions are forming
between W1 and the acyl chains of GP and GN membranes (Figure S1e-f and Fig 1g-h). Generally, these
results indicate the penetration of hydrophobic side chains into the membrane to interact with the
hydrophobic tail of bacterial membrane models (Figure S1e-f and Fig 1g-h).

3.2. Selectivity for bacterial membrane
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To address the peptide activity against both GP and GN bacteria without mammalian cytotoxicity, the
adsorption mechanism of the peptide on the surface of GP, GN, and mammalian membranes was
investigated. The distances between the center of mass (COM) of the membranes and that of the peptide
molecule were measured as a function of time (Fig. 2a).

There are high �uctuations in the graph of the distance between the peptide and the mammalian
membrane, indicating the instability of the interaction between the peptide and the membrane. This
implies the reluctance of the peptide to bind to the surface of the mammalian membrane, probably due to
the presence of the amino group in the polar heads of POPC lipid. The positive charge of –NH3 groups
can disrupt the interaction between the cationic peptide and the membrane. This result is consistent with
previous studies (Lee 2016). Figure 2a-d also shows that the peptide interacts with both GN and GP
bacterial membranes. Though, the peptide molecule is closer to COM of the GP membrane than to COM
of the GN membrane. This difference could be due to the effect of the peptide or a change in the
membrane thickness. Therefore, changes in the membrane thickness (Fig. 2b, Table 2) and the peptide
adsorption depth were calculated (Table 2).

Table 2: Thickness of the bilayer membranes and the adsorption depth for the peptide molecule

Bilayer Model Bilayer thickness (nm) Adsorption depth

Gram-positive Control 3.62 N/A

Gram-positive Complex 3.82 0.16

Gram-negative Control 3.87 N/A

Gram-negative Complex 4.04 0.3

The distance between phosphate groups on the two sides of the bilayer membrane was considered as the
membrane thickness, and the adsorption depth was obtained by calculating the gap between phosphates
in the upper lea�et with the peptide molecule. These analyzes showed that the gram-negative bacterial
membrane was thicker than the gram-positive bacterial membrane. It was also found that the distance
between top phosphate and the peptide for gram-negative membrane is 0.3 nm and this distance for
gram-positive bacteria is 0.16 nm. Accordingly, the peptide binds more deeply to the gram-positive
bacterial membrane. This difference may be due to the higher concentration of POPG molecules in this
membrane than the gram-negative membrane.

To reveal the contribution of components of the energies in the peptides’ binding process, the interaction
energies between the peptide and bacterial lipids were analyzed in terms of separate electrostatic and
van der Waals (vdW) components (Fig. 2c). The electrostatic component has a much greater share than
vdW in the binding process during the penetration of the peptide. In general, the GP-peptide interaction
was slightly more favorable than the GN-peptide interaction. Concordantly, the total number of contacts
formed between the peptide and GP (Fig. 2d) increases sharply at about 215000 ps time point of the
simulation. The number of bonds between GP and the peptide is higher than that for the peptide-GN and
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demonstrates a higher slope with time, which indicates a high a�nity and membrane Permeability of
Peptide for GP.

3.3. Disruption of bacterial membrane induced by peptide

To better understand the activity of the peptide against all three types of membrane models studied, the
gmx_order tool was used to calculate the average deuterium order parameter (SCD). The SCD parameter
was calculated by solving the equation 4. In this equation, θ indicates the angle between the membrane
normal and the C-D bond vector. Also, the brackets is an average over all equivalent POPC, POPE and
POPG molecules during the simulations.

SCD =  (4)

A higher value SCD in the pure membrane than the peptide-membrane complex indicates that the order of
the acyl chains is disturbed by the peptide. Analysis of SCD parameter in this study showed that the
interactions between membranes and the peptide lead to decrease in the ordering of acyl chains
compared to pure membranes (Fig. 3).

3.4. Driving forces

To determine the role of each of the energy components as well as to better understand the interactions
between the peptide and the membrane, the binding free energies of the peptide-bilayer complexes were
analyzed by MM-PBSA approach. As listed in Table 3, polar and non-polar interactions are the energy
components desired for the peptide’s binding to bacterial membrane models.

Table 3: The share of each energy component in the binding free energy (∆Gbin; kJ/mol)

Energy components GP GN Mammalian

∆Eele
a -8711.031±716.468 -3394.680±309.278 50.479± 34.188

∆EvdW
b -187.373±52.566 -121.148± 38.771 -0.204±0.531

∆Gsol-elec 1332.122±448.569 873.548±271.662 31.331±82.507

∆Gsol-npd -7.981±6.705 -22.139±5.026 0.315±2.360

∆Enon-polar
e -195.354±29.64 −143.287±21.89 0.111±1.45

∆Epolar
f -7378.909±582.517 -2521.132±290.47 81.81±58.347

∆Gbind
g -7574.263±302.57 −2664.419±155.81 81.921±29.89
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aElectrostatic energy, bvan der Waals energy, cPolar solvation energy, dNon-polar- solvation, The computed
binding free energy and the contribution of diverse energy elements (kJ/mol). aElectrostatic energy, bvan
der Waals energy, cPolar solvation energy, dNon-polar- solvation energy, eNon-polar connection, fPolar
connection, gBinding free energy.

The role of polar interactions is more signi�cant, thus, polar interactions can be known as the main
driving force in the binding process. Our results indicate that electrostatic interactions play a key role in
the membrane surface binding process, and hydrophobic energies play a role in the process of peptide
insertion in the membrane. These results are well consistent with previous studies (Feng 2015; Jiang
2008; Glukhov 2005; Lee 2016).

According to Table 3, the binding free energy (∆Gbin) calculated for the GP-peptide complex is
approximately three times greater than that for the GN-peptide complex. This large difference is due to
polar interactions, especially electrostatic interactions. The different composition of lipid molecules that
form the bacterial membranes of GN and GP causes such a sharp difference. The number of PG
molecules in GP bacterial membrane is much higher than that in the GN types. If it is assumed that the
antibacterial activity of the peptide is directly related to the strength of the interactions between the
peptide and the membrane, our �nding is consistent with observations that show that cationic peptides
have stronger antibacterial effects against GP than GN bacterial species (Feng 2015; Jiang 2008;
Glukhov 2005; Lee 2016). In addition, to determine the contribution of each residue in the ∆Gbin, the free
energy decomposition of each residue was calculated. Figure 4a-c shows that K2, K5, K6 and K9 have a
greater share in the peptide binding free energy to both GP and GN bacterial membranes. Consistently,
previous studies have demonstrated that basic residues are essential in the interaction of cationic
peptides with bacterial membranes (Feng 2015; Jiang 2008; Glukhov 2005; Lee 2016).

Our results show that each of these residues has a multiplier contribution in binding of the peptide to the
GP type of bacterial membrane compared to the GN type. Among the basic residues, K2 and K5 have the
largest share in the ∆Gbin. This indicates the important role of these residues in the antibacterial activity
of the peptide. The importance of hydrophobic interactions in the binding process and penetration of
antibacterial peptides has been reported (Feng 2015; Jiang 2008; Glukhov 2005; Lee 2016). In the
simulation of GP and GN membranes, the residue W1 created effective hydrophobic interactions with the
membrane models, indicating the possible involvement of W1 in the antibacterial activity of the peptide.

The ∆Gbin of the mammalian-peptide was positive. This result indicates the reluctance of the studied
peptide to bind to the mammalian membrane model. The presence of positively charged amino groups in
the polar heads of the POPC lipid molecules could be the main reason for the unfavorable binding of the
cationic peptide to this membrane model.

3.4.2 Partial density of all atoms in the membrane models
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To better understand and validate the effect of the peptide on the structure and coherence of membrane
models, the partial density of atoms across the bilayer membrane was calculated. According to Figure 4,
the density pro�le of the peptide almost completely overlaps with the region corresponding to the density
of the polar head groups. This indicates the surface localization of the peptide on the bacterial
membrane models. The peptide is located deeper in the GP than in the GN bacterial membrane. In
addition, the density pro�les of the studied membrane models clearly show that, compared to other
membrane models, the peptide is inserted more deeply into the hydrophobic tails of the GP membrane.
These results are well consistent with the other analyzes performed in this study.

4. Conclusion
This study was aimed to elucidate the adsorption of CM11 as an AMP molecule on bacterial and
mammalian membranes in terms of its displacement relative to the membrane center. Our simulation
results showed that the peptide was clearly adsorbed to the membrane surface of both GP and GN types
of bacteria. But it is never permanently adsorbed on the surface of the mammalian membrane. It was
also found that the binding of the peptide to the surface of the GP bacterial membrane is much stronger
than its binding to the GN bacterial membrane. This is due to the high concentration of POPG lipid
molecules in GP compared to GN. On the other hand, it was found that polar interactions caused by basic
residues play an important role in the process of peptide adsorption and surfacelocalization on the
bacterial membrane. The present study illuminates the thermodynamic and structural basis of the
peptide's antibacterial activity against GN and GP membranes and provides a useful understanding of
the design of strong AMPs to be used against resistant bacteria. 
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Figure 1

The RDF graphs between the side chain of K2 and the phosphorus atoms of GP, GN and mammalian
model bilayers, respectively (a-c), and the graphs between the side chain of W1 and the acyl chains of GP,
GN and mammalian model bilayers, respectively (d-f). Interactions between the lipid molecules (wheat
sticks), (g (GN), h (GP)),  and the main residues (blue sticks mode) of the peptide (light blue cartoon).
Hydrophobic interactions highlighted in red dashed line, saltbridges highlighted in yellow dashed line and
hydrogen bond highlighted in blue line.
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Figure 2

Distance between center of mass (COM) of the peptide (CM11) and COM of the mammalian and
bacterial membranes (a). Bacterial and mammalian membrane thickness (distance between upper and
down phosphorus atoms) along the simulation times (b). The interaction energies between the CM11 and
bacterial membrane (c). The number of contacts between the CM11 and the bacterial membrane (d). 
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Figure 3

Order parameters of the nonpolar tails of GP (a), GN (b), and mammalian (c), membranes in the presence
(red line), and absence (black line), of the peptide. 
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Figure 4

Contribution of the peptide residues to the binding free energy in the GP-peptide (a), GN-peptide (b) and
mammalian membrane-peptide (c) complexes. Partial density plots of the polar head groups (red line),
bilayer molecules (black line), water molecules (green line), and the peptide molecule (blue line), during
simulation of GP (d), and GN (e), bacterial membranes. 
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