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 Abstract: Understanding the mechanism of antimicrobial activity of cyclopeptides helps 
to design new drugs based on these compounds. A common aspect of the mechanisms 
provided for the creation of antimicrobial activity of cyclopeptides is their interaction with 
cell membranes. On the other hand, the octanol/water system is a good mimic of the 
water/membrane interface. Here, the conformational structure of the very short sequences 
cationic hexapeptide cyclo (Lys-Lys-Trp-Trp-Lys-Phe) has been studied in different 
concentrations of octanol by molecular dynamics simulation. The concentration of 
alcohol in the range of experimental concentrations of octanol was considered. The results 
obtained from calculating the radial distribution function show that the interaction of the 
peptide with octanol is a mixed of interactions between charged residues with octanol and 
the interaction of aromatic residues with octanol. These results are in agreement with 
experimental observations. Also, Lys5 plays a greater role than Lys1 and Lys2 in the 
interactions with octanol. 
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■ INTRODUCTION 

Antimicrobial peptides are among the new 
therapeutic compounds [1]. These compounds are the 
main components of the immune system against invading 
pathogens [2]. Structurally, antimicrobial peptides have 
low molecular masses, usually less than 10 kDa. Also, they 
have amphipathic, cationic nature and different 
sequences and lengths [3]. For two main reasons, the 
tendency of research on antimicrobial peptides has 
increased: First, bacteria are resistant to existing drugs. 
Second, the development of new antibiotics has been 
restricted [4].  The range of activity of these peptides is 
extensive and includes Gram-positive bacteria, Gram-
negative bacteria, yeast, viruses, and fungi [5]. Although 
the activity of antimicrobial peptides is low, however, the 
resistance of the bacteria against them is less observed [6]. 

A better understanding of the molecular basis of the 
mechanism of action of antimicrobial peptides helps to 
design new drugs based on these peptides. The proposed 
mechanisms for the antimicrobial function of 
antimicrobial peptides are divided into two major 
categories such as membrane degradation and 

elimination of the intracellular cytoplasmic targets [7]. 
The common aspect of these mechanisms is the 
interaction of the antimicrobial peptides with the 
membrane, whether to degrade the membrane or to pass 
through it and enter the cell. The interactions of the 
antimicrobial peptides with the membrane occur 
through regular adhering and the formation of a cavity 
in the membrane. Another pathway is irregularly 
adhering to the membrane and unstable membrane, or a 
mixture of two methods [7-8]. It has also been noted that 
antimicrobial peptides bind to the membrane through 
the interactions of positive charges of arginine or lysine 
residues with negative charges of the membrane surface. 
During this interactions, the side chain of aromatic 
residues orientates and enters the membrane [9]. 
Maintaining the peptide backbone, the orientation of the 
side chain of aromatic sequences and the electrostatic 
interactions of charged residues with membranes are 
important aspects of these mechanisms. In spite of many 
studies on the activity of antimicrobial peptides, their 
mechanism of action is not well understood [10]. For 
example, by replacing L-amino acid with D-amino acid 
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in antimicrobial peptides, in most cases, the activity is not 
completely eliminated. The fact that it is unlikely about a 
particular receptor [11]. On the other hand, despite the 
fact that the membrane surface of most mammals is not 
charged, positive charged antimicrobial peptides interact 
with it [12]. The experimental study of the interactions of 
antimicrobial peptides with membranes has some 
limitations, for example the complex structure of the 
membrane, the irregularity of the membrane surface and 
the alteration of the structure of the membrane when 
labeled in fluorescence methods [13-14]. Hence, in many 
cases, molecular dynamics simulations have been used to 
study the mechanisms of action of antimicrobial peptides 
[15-17]. 

Here, the structure of the very short sequences 
cationic hexapeptide cyclo (Lys-Lys-Trp-Trp-Lys-Phe) 
(c-AMP) has been studied by molecular dynamics 
simulation. To investigate the effect of hydrophobic 
forces on this peptide, molecular dynamics simulation 
was performed at different concentrations of octanol. 

■ COMPUTATIONAL DETAILS 

The initial structure of c-AMP was taken from the 
protein database with the code 1skk [18]. 9 simulation 
boxes were designed. The peptide was placed in the center 
of the box. In 8 boxes, the number of octanol molecules 
were added, thus different concentrations of 5, 10, 15, 20, 
25, 30, 35 and 40% of alcohol were prepared. Each box was 
assigned as OCTx, (x = 0, 5, 10, 15, 20, 25, 30, 35 and 40%). 
The detail information of simulation systems were 
reported in Table 1. 

The octanol molecules were randomly placed in the  
 

box. Each simulation box was neutralized with chlorine 
ions. Gromacs software version 5.1.2 ]19[  and the 
Gromos 43a1 force field [20] were used for the 
calculations. To eliminate bad contacts between atoms, 
steepest descent algorithm was used to minimize 
simulation systems. Then extensive equilibrations in 
NVT and NPT were run for 5 ns. Finally, the 
configuration of simulated systems were sampled for 
500 ns. The V-rescale and Berendsen algorithms were 
used to control the temperature and pressure of the 
system components, respectively. For these weak-
coupling algorithms, a coupling time of 1.0 ps was 
considered. The PME algorithm with 1.4 nm cutoff was 
used to calculate the electrostatic charge. The chemical 
bonding of non-solvent components was fixed with the 
LINCS algorithm [21] and chemical bonding of solvent 
molecules with SETTLE algorithm [22]. Therefore, the 
simulation time step was set to 2 fs. To avoid any 
dependency on the initial conditions all simulations 
were repeated. 

■ RESULTS AND DISCUSSION 

The key aspects of mechanism of antimicrobial 
activity of cyclopeptides are the interaction strength of 
residues and membrane [9]. Therefore, these criteria 
were studied in this works. To study the interaction of c-
AMP residues with solvent in simulated systems, the 
radial distribution function (RDF) was used. The RDF 
between particles of type A and B is defined as follow: 

( )
A B ijN NB

AB i A j B 2
B B Alocal local

r r1 1g
)

N 4

r
(r)

r

(
∈ ∈

δ −ρ
= =

ρ ρ π
∑ ∑  (1) 

Table 1. The dimensions of the designed simulation boxes with the number of solvent molecules 
System Box dimensions (nm3) Number of water molecules 
OCT0 3.05*4.06*3.07 1214 
OCT5 3.04*4.04*3.06 952 
OCT10 3.04*4.04*3.06 701 
OCT15 3.04*4.05*3.07 489 
OCT20 3.11*4.05*3.07 319 
OCT25 3.47*4.49*3.50 546 
OCT30 3.67*4.71*3.71 606 
OCT35 3.85*4.85*3.87 638 
OCT40 4.07*5.09*4.09 819 
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which 〈ρB(r)〉 is the particle density of type B at a distance 
r around A, and 〈ρB〉local is the particle density of type B 
averaged over all spheres around particles A. The c-AMP 
peptide has six residues which are lysine, lysine, 
tryptophan, tryptophan, lysine and phenylalanine, 
respectively. The c-AMP residues are divided into two 
groups of charged residues and aromatic residues. The 
graphs of the RDF of the water’s oxygen atoms 
surrounding the Nζ atom of the lysine’s side chain are 
shown in the Fig. 1. 

In this figure, the black, red and green colors are 
denoted for Lys1, Lys2 and Lys5, respectively. According 
to the Fig. 1, in the absence of alcohol, the height of the 
first peak in RDF is similar for the three lysine residues. 
In system OCT0, the height of the first peak of the RDF 
is slightly increased relative to the height of the first peak 
of the Lys1’s RDF However, the overall shape of the RDF 
is not changed. In system OCT10, the height of the first 
peak of the RDF is increased relative to the height of the 
first peak of  the RDF in  systems OCT0 and  OCT5. The 

 
Fig 1. The plots of radial distribution function for Nζ–Lys….O (water). Black: Lys1, Red: Lys2 and Green: Lys5 
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height of the first peak of the RDF for Lys1 and Lys2 
increases in system OCT20 and reaches its maximum 
value in this system. But in the case of Lys5, all of systems 
with increasing concentration of octanol (OCT25 and 
OCT40) the height of first peak decreases. Therefore, the 
interaction of Lys5 with water is decreased. According to 
the c-AMP sequence, Lys5 is located between two 
aromatic residues, while Lys1 and Lys2 are bounded by 
the aromatic residue and charged residue. In Fig. 2, the 
obtained c-AMP structure from the last simulation step in 
systems OCT0 and OCT40 is shown. 

As can be seen from Fig. 2, the side chain of Lys5 in 
the system OCT40 is oriented upward, approximately 
perpendicular to the peptide ring axis and surrounded by 
the side chain of Trp4 and Phe6. However, in OCT0 
system, the side chain of Lys5 is oriented toward the 
bottom and is somewhat distant from the side chain of 
Trp4 and Phe6. The graph of the RDF of the water’s 
oxygen atoms surrounding the Cζ atom of the 
phenylalanine’s side chain and the Cη atom of the 
tryptophan’s side chain is shown in the Fig. 3. 

Atoms Cζ and Cη are the outermost atoms in the side 
chain of phenylalanine and tryptophan, respectively. 
Compared to Fig. 1, it is observed that the height of the 
peak in the RDF is considerably lower. This means that 
the intensity of the interaction of the aromatic residues 
with water is greater than the intensity of interactions of 
the charged residues with water. It is also observed that 
changes in the interaction of aromatic residues with water 
molecules due to an increase in the concentration of 
octanol. The changes in the interaction of charged 
residues with water molecules due to the increase in 
concentration of octanol is much lower. This finding 

agrees with experimental data that indicates that the 
interaction of charged residues with membranes is 
greater [8,23-24]. With respect to Fig. 3, it is observed 
that the Phe6 behavior has changed in 25% 
concentration of octanol and its interaction with water 
molecules is more than that of Trp3 and Trp4. 
Therefore, according to Fig. 1 and 3, the orientations of 
the aromatic residues change the behavior of the charged 
residues and affects their interactions with the octanol. 
It is also observed that the effect of alcohol on aromatic 
residues varies in different concentrations. At higher 
concentrations of octanol, Trp4 is more affected. This is 
consistent with the experimental data reported by Dathe 
et al. [25]. 

In order to elaborate more detail on other 
structural aspects, the coordination numbers on c-AMP 
residues were calculated by integrating the radial 
distribution function according to the relation 
(r)=4πρ∫r

0g(r)r2dr. In this relation, g (r) is a radial 
distribution function. The respective coordination 
number for Nζ–Lys, Cζ–Phe and Cη–Trp are presented in 
Table 2. 

Based on Table 2, it is seen that the coordination 
number around the carbon atom of aromatic residues 
decreases with increasing concentration in most cases. A 
peculiar behavior is observed for of the nitrogen atom of 
lysine. These results are in agreement with the results 
obtained in similar simulations [26]. 

In Fig. 4, the calculated RMSF values for c-AMP 
residues in simulated systems have been reported. RMSF 
is a measure of the flexibility of the peptide residues [27-
28]. In Fig. 4, for a better comparison of the effect of 
alcohol, the difference between the amounts of RMSF in  

 
Fig 2. The c-AMP structure obtained from the last simulation step in systems OCT0 and OCT40. Water and octanol 
molecules eliminate for clarity 
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Fig 3. The plots of radial distribution function for Cζ–Phe….O (water) and Cη–Trp….O (water). Black: Trp3, Red: 
Trp4 and Green: Phe6 

Table 2. The number of water molecules around atoms Nζ–Lys, Cζ–Phe and Cη–Trp 
 OCT0 OCT5 OCT10 OCT15 OCT20 OCT25 OCT30 OCT35 OCT40 
Lys1 3.041 3.035 4.034 3.052 5.038 3.048 4.062 3.039 5.046 
Lys2 2.055 3.061 4.053 2.049 3.062 4.052 3.066 3.048 5.039 
Trp3 2.035 3.037 4.039 5.004 5.146 5.547 5.749 5.850 6.002 
Trp4 2.037 3.038 3.541 3.944 4.046 4.748 5.149 5.552 5.957 
Lys5 3.146 3.642 3.951 4.355 3.762 3.448 4.049 4.050 5.156 
Phe6 3.036 3.441 3.946 4.449 4.555 4.959 5.166 5.367 5.770 

 
the presence and/or absence of octanol. Regarding Fig. 4, 
it is observed that the flexibility of the residues is not 
much affected by octanol. 

According to Fig. 4, the range of RMSF changes is 
about 0.15 nm. In fact, this change value for a peptide 
with 6 residues is not high. In other words, the backbone  
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Fig 4. The values of the RMSF difference curve of the c-AMP residues in the systems with the octanol and in the 
absence of the octanol 

 
Fig 5. The probability distribution of the radius of gyration in different simulation systems 

 
of c-AMP is maintained when interacting with octanol. 
This is consistent with experimental evidence that the 
peptide backbone should be maintained in the interaction 
of the cyclopeptide with the membrane to preserve the 
antimicrobial activity [9,29]. A remarkable point in Fig. 4 
is at 25% octanol, the RMSF shows the smallest values. 
This is consistent with the findings of the radial 
distribution function in Fig. 1 and 3. To examine the 
overall shape of the c-AMP, the distribution of the peptide 
radius of gyration was calculated in various simulated 
systems. The results are shown in Fig. 5. 

Based on Fig. 5, the amplitude of the change in the 
radius of gyration is about 0.1 nm, thus the presence of 
alcohol does not affect the overall shape of the peptide. 
Finally, to investigate the effect of alcohol on peptide 
dynamics, the respective diffusion coefficients in different 
systems was calculated. The diffusion coefficient is a 
criterion of motion of a molecule in a solvent. As the 
diffusion coefficient value increases, the mobility of the 
molecule  increases  [30].   Einstein  relation  was  used  to 

Table 3. Calculated values of Amyloid β-peptide (1-42) 
diffusion coefficient 

System Diffusion coefficient (D*10–5 cm2/s) 
OCT0 0.1473 (± 0.0830) 
OCT5 0.1180 (± 0.1779) 
OCT10 0.0466 (± 0.0749) 
OCT15 0.0515 (± 0.0467) 
OCT20 0.0255 (± 0.0142) 
OCT25 0.0168 (± 0.0321) 
OCT30 0.0013 (± 0.0147) 
OCT35 0.0007 (± 0.0004) 
OCT40 0.0003 (± 0.0001) 

calculate the diffusion coefficient of c-AMP in all 
simulated systems: 

( ) ( ) 2
iit

1 dD lim r t r 0
6 dt→∞

= 〈 − 〉  (2) 

where ri is the atom coordinate vector and the term 
inside the angle brackets is the mean square 
displacement (MSD). In this approach, the self-diffusion 
coefficient (D) is proportional to the slope of the MSD 
as a function of time in the  diffusional regime [31]. The  
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diffusion coefficient values of c-AMP listed in Table 3. 
Based on Table 3, it can be concluded that increasing 

alcohol concentration will reduce the mobility of the 
peptide. 

■ CONCLUSION 

The structure of cationic hexapeptide cyclo (Lys-
Lys-Trp-Trp-Lys-Phe) (c-AMP) was investigated in the 
presence of different concentrations of octanol. The c-
AMP shows conformational stability in the presence of 
octanol. Also, the obtained results show that the 
interaction of c-AMP with octanol from the beginning 
occurs through charged residues and then through 
aromatic residues. These findings results are in good 
agreement with experimental results. The results obtained 
from the radial distribution function indicate that the 
water molecules around the lysine residues are more 
structurally than in the aromatic residues. 
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