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Abstract

Antimicrobial peptides are widely preferred drugs for infectious disease treatment. Inspired from natural
antimicrobial peptides, short peptides showing good antibacterial activity are designed in this study. The peptides
consisted of repeating hydrophobic and positively charged amino acids, positioned on one side of the alpha helix.
Arginine in peptides resulted in better activity compared to lysine. Having positively charged amino acids at both
ends, created better activity for Escherichia coli compared to Staphylococcus aureus, and only at one end, created
comparable activities for both organisms. Positioning of arginines on one side in zigzag form prominently increased
the activity compared to positioning on linear axis. Elongating hydrophobic tail resulted in self-binding and eliminated
the antibacterial activity. Molecular dynamic simulations suggested that a single molecule is capable of creating
hydrophilic channel in membrane. Electron microscopic examination of staphylococci treated with these peptides
revealed that the bacteria split into halves. Docking studies revealed that the peptides strongly bind to the major
peptidoglycan synthesizing membrane protein, glycosyltransferase. The unique composition and design of these
peptides revealed a promising antibacterial activity that may further lead to the development of new antimicrobial
compounds effective to multi-drug resistant organisms.
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Introduction
Antimicrobial peptides (AMPs) are becoming a focus area for the

emerging infectious diseases. They make up a large proportion of the
natural immunity in a large group of organisms, from insects to
humans. These are broad-spectrum antimicrobial peptides as a part of
the cell-mediated immune system [1]. Most antimicrobial peptides
(AMP) are stored in neutrophils and macrophage granules in animals
and humans [2]. One of the most important common features of
antimicrobial peptides is their amphophilic character, which is
necessary for penetration into the membranes of pathogenic
microorganisms. Additionally, the presence of negatively charged
groups on bacterial membranes also creates electrostatic interaction
with positively charged amphipathic groups of AMPs with the
membranes. The hydrophilic site in the structure of AMP enables the
peptide to align correctly in a pathogenic membrane [3,4]. With the
alteration of the secondary and tertiary structures of the cathelicidins
changes the vertical orientation so that they are buried in the lipid
bilayer and creates pores in the membrane. The AMPs diffusing into
the outer membrane of Gram-negative bacteria can pass through the
peptidoglycan layer and the inner membrane to the cytoplasm of the
bacterial cell, respectively [5]. Although AMPs have common features,
they have several different activities. These include immune-
stimulation, antimicrobial activity and endotoxin neutralization [6].
The main advantages of antimicrobial peptides are their broad-

spectrum efficiency, rapid action and low level of induced pathogen
resistance. However, high costs of synthesis and susceptibility to
proteases are their major disadvantages. Therefore, proteolytic
susceptibility, pH sensitivity, their complex mode of action, decreased
activity in physiological saline and serum and their production cost
should be considered when developing AMPs to overcome their
drawbacks [6-10].

Among AMPs, cathelicidins are members of a group of cationic
peptides, a large group of molecules with amphipathic properties.
Cathelicidins have a phylogenetically protected cathelin area [2].
Cathelicidins vary in amino acid sequence, and therefore in structure
and size. They were first found in mammalian bone marrow myeloid
cells and later in epithelial cells. Cathelicidins have two functional
domains that allow them to exhibit both interspecies and intraspecies
diversity. These are the N-terminal Cathepsin L inhibitor site and the
C-terminal antimicrobial domain [11-14]. Cathelicidins are positively
charged peptides that electrostatically interact with microorganisms
that have negatively charged cell membranes such as bacteria, fungi
and parasites by forming transmembrane pores in the cell membrane
and directly kill microorganisms. Additionally, they inhibit bacterial
biofilm formation and act as antiviral agents [15-24]. The cathelicidin
mechanism of action, like other antimicrobial peptides, is in the form
of disruption (damage and puncture) of cell membranes. Human
cathelicidins do not act on healthy human cell membranes at
physiological concentrations. It is suggested that the interaction of
negatively charged lipid membranes with microorganisms and cationic
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peptides is due to direct, parallel adhesion, stabilization and
neutralization of the membrane charge [25]. Human cathelicidin
LL-37 is a representative member of the alpha helix family, and acts by
disrupting bacterial membrane structure in three steps. First, the
cationic peptide covers the anionic surface of the bacterial cell. Then,
the helical structure in the amphipathic feature embeds itself in the
membrane. Finally, it passes through the membrane, creating damage
to the lipid bilayer and is connected parallel to the surface of the inner
membrane as shown in the carpet model [1]. The peptide may disrupt
the structure of the membrane by micellization at high concentrations.
Alternatively, the peptide can take a vertical position to build up pores
[26,27]. Only one cathelicidin protein which termed hCAP18 and
Cathelicidin Related Antimicrobial Protein (CRAMP), are expressed in
humans and mice, while in other species multiple cathelicidin peptides
can be expressed [28,29].

In this study, we designed cathelicidin like helical peptides by
mimicking phylogenetically protected general sequences and
structures of these cathelicidins yield better antibacterial activities
compared to the antimicrobial peptides that exist in nature. With this
promising peptide design, we have the potential to treat the emergent
bacteria threats.

Methods

Computional modelling
The general structure of catelicidin-like peptides developed in this

study were derived from conserved regions of human catelicidins
which also show high homology with cathelicidins of many other
organisms in nature. The amino acid sequences of catelicidins were
obtained from NCBI. In the computational part, molecular dynamics
(MD) simulations were carried out using the program NAMD 2.11
software [30] along with CHARMM27 all-atom force field [31]
running in parallel on Intel Xeon multicore workstation. 3D structures
of the peptides were constructed according to their amino acid
sequences via PEP-FOLD3 server [32,33] with computed accuracy
values greater than 99%. One or more of these peptides were either
embedded in or placed above membrane structures, which are
constructed via VMD membrane plug-in version 1.1 [34]. To be
consistent with the experiments, in order to mimic the bacterial
membrane our membrane models were made up of 1-Palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipid molecules,
which constitutes the major part of the bacterial ones. Furthermore,
these starting structures were solvated with explicit TIP3P [35] water
molecules, which had a margin of at least 10 Å from any edge of the
water to any membrane or peptide atom within a cubic simulation box.
Then, all systems were neutralized by adding chloride ions. All of these
steps were performed by Tcl commands embedded in VMD [34]. In
the first simulation, everything except lipid tails was fixed. In this way,
the appropriate disorder of a fluid-like bilayer was induced. In the
second part, all systems were minimized for 1000 steps. Then, this was
followed by equilibration run with the protein constrained. After
minimization and protein-constrained equilibration, we proceeded by
releasing the harmonic constraints and equilibrated the whole system
for 2 ns. After the final equilibration, we performed further production
runs for 2 ns, with time steps of 2 fs. All trajectories were stored at
every 2 ps for analysis. Throughout the simulations, long range
electrostatic interactions were treated by Particle Mesh Ewald method
(PME) [36,37], and truncation at 12 Å cutoff distance and switch at 10
Å were applied for van der Waals interactions under periodic

boundary conditions. All these NPT ensemble simulations were
conducted at in silico correspondence of physiological conditions with
temperature 310 K and under the normal pressure of 1 atm, both
controlled by Langevin dynamics. Throughout the analysis, to generate
the radial distribution function plots we used Graphing Advanced
Computation and Exploration (GRACE) program and for the
snapshots Discovery Studio Visualizer version 16.1 [30] was used.

Besides the individual or self-clustered dynamic behavior of the
designed peptides in water and/or membrane media, we were also
interested in their dynamic interaction behavior with a certain
membrane protein, especially which has vital function for the
microorganisms. The protein chosen for this purpose was S. aureus
membrane-bound glycosyltransferase molecule with a known three
dimensional crystal structure (PDB code 3VMT) taken from the
Protein Data Bank. In order to investigate this behavior, we have
performed a molecular dynamics (MD) simulation of one of these
well-performing peptides complexed with this membrane protein,
which is attached on the top of the surface of the membrane. Prior to
molecular dynamics simulation, during the preparation of the input
structures, molecular docking was performed in order to find out the
best binding positions of the peptides on the freely available surface of
the protein, i.e. not in contact with the membrane. These docking
simulations were performed by using a web-based service GRAMM-X
[38], which is a widely accepted rigid-body protein–protein docking
server, to predict the interactions between these kind of complexes
computationally. The docking simulation of the peptide TN3 into the
non-membrane-penetrating part of peptidoglycan glycosyltransferase
structure was performed and 4 best non-overlapping docked positions
out of this simulation were selected. Together with these 4 differently
positioned TN3 peptides on the surface of the protein, 5 randomly
positioned TN3 peptides, away from but close enough to sense the
surface of the protein, were complexed with peptidoglycan
glycosyltransferase to form the input structure for the molecular
dynamics simulation. This 9-peptides-protein complex bound to POPE
membrane model was simulated for a total of 4 ns within explicit water
molecules by following the same procedures for the previous MD
simulations. 

Peptide synthesis
Designed peptides were synthesized by Metabion, Germany,

according to clinical laboratory standards institute guidelines.

Antimicrobial activity
The minimal inhibitor concentrations (MIC) of the peptides were

determined by microdilution assays.

Hemolytic activity and cytotoxicity assays
Hemolytic activity assays were carried out using human blood cells,

using triton X-100 as lysis control agent. Cytotoxicity of AMPs was
investigated by the sulforhodamine B (SRB assay G-Biosciences) using
HeLa cells [39].

Electron microscopy
Detailed effects of AMPs on bacterial cells were investigated by

transmission electron microscopy (TEM) (Jeol, Japan) [40].
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Fluorescent microscopy
The penetration of SYBR Green dye through the membrane by the

effect of AMPs, were investigated using fluorescent microscopy (Zeiss,
Germany). For this purpose SYBR Green stock solution (Invitrogen,
ABD) was diluted 1/500 times as final concentration when preparing
different concentrations of AMPs. The incubation time with AMPs was
15 min in these experiments before preparing smears.

The developed peptides were examined separately for their MIC
concentrations using Proteinase K for protease activity.

Results

Design, prediction and production of new antibacterials
inspired from cathelicidins

Peptides were designed by considering the structural properties of
the shared homologous sequences between cathelicidins in the C-
terminal region, which have been previously shown to be responsible
of antimicrobial activity. We particularly tried to mimic the alpha
helical structure, which has hydrophobic amino acids targeting the
hydrophobic part of bacterial cell membrane phospholipids on one
side and positively charged amino acids on the other side of the
backbone. To create this structure, one positively charged amino acid
was succeeded by two to four hydrophobic amino acids. For this
purpose, we chose leucine (Leu), which has the longest hydorophobic
side chain and arginine (Arg) with highest and largest positively
charged side chain. We predicted that the hydrophobic part will be
burried in the membrane, while, positively charged amino acids will
interact with negatively charged phosphate groups of phospholipid
membrane. Taking all these into consideration, we designed different
peptides rich in Leu and Arg or lysine (Lys) (Table 1). While, Arg
containing peptides had a pI between 12.4 and 12.6, TN2 which was
the only Lys containing peptide, had a pI of 11.0. We used PEP-FOLD
program [33] to estimate the three-dimensional structures of the
molecules when designing the peptides. Synthetic peptides TN1-7
(Table 1) were obtained from Metabion, Germany.

Antibacterial activity of the peptides
We have selected S. aureus to represent gram positive cocci, E. coli

and Klebsiella pneumonia (K. pneumonia) for fermentative gram
negative bacilli and Pseudomonas aeruginosa (P. aeruginosa) for non-
fermentative gram negative bacilli which are major pathogens of
community acquired and hospital infections. Some of our newly
designed peptides showed activity at lower concentrations than many
antibiotics currently used. TN1, which contained arginine on each end,
was the most effective AMP against E. coli and showed significant
activities against all other tested organisms (Table 1). TN6, which
contained one less Leu (in the middle) than TN1, showed 4 fold higher
activity against S. aureus and 2 fold higher activity than K. pneumonia.
TN3, which contained arginine on only one end showed better activity
to S. aureus than E. coli, however, still maintained good activity against
E. coli. TN4, which has 3 more leucine at the carboxy terminus
compared to TN3, had no detectable activity on any of the organisms
tested.

We suspected that elongating the hydrophobic tail may increase the
self-interaction between the peptides and may inhibit their interaction
with the membranes. Molecular dynamic modeling revealed that while
2 molecules of TN3 are joining together, it requires 4 molecules of TN4

for the similar self-interaction. TN5, which has one more Leu on each
end compared to TN6, also did not show any significant activity.
Compared to TN3, TN7 has one less Leu at the carboxy terminal
revealed significantly lower activity. Changing arginines to lysines in
TN2 compared to TN3 also lowered antibacterial activity significantly.

Haemolytic activity and cytotoxicity
The effects of TN AMPs on human red blood cells are shown in

Figure 1. Triton-X 100 was used as a positive control for 100%
hemolysis. When we assessed the hemolysis ratio of peptides to Triton
X 100, we observed that TN1, which has the best antibacterial effect on
E. coli (MIC 2 μg/ml), causes hemolysis in 50% of the cells (HC50) at
16 μg/ml. TN3 and TN6, which showed significant activity to all
species of bacteria tested, had an HC50 of 64 μg/ml. Compared to
LL-37, the MIC of TN1 was about 10 fold lower, while the HC50 was
10 times higher. For TN3 and TN6, the MIC was about 5 fold lower,
while the HC50 was approximately 40 times higher than LL37, making
safety index better than this natural AMP [1]. The hemolytic activity of
TN1, TN2, TN3 and TN4 dropped rapidly after 64 μg/ml for TN1 and
128 μg/ml for the others. The cytotoxicity of AMPs to HeLa cells is
shown in Figure 1. In general the cytotoxicity was lower than the
hemolytic activity. The IC50 for TN1 was 128 μg/ml while its HC50
was 4 μg/ml.

Figure 1: The hemolytic activity and cytotoxicity of AMPs-
Hemolytic activity assays were used human blood cells by
measuring the absorbance at 414 nm. Cytotoxicity of AMPs were
used HeLa cells by the sulforhodamine B (SRB assay G-
Biosciences).

Transmission electron microscopic (TEM) investigation of
AMPs effects on bacteria

We investigated the effects of the AMPs TN1 on S. aureus with
TEM, to understand their target in the cells. S. aureus cells were split in
half incubation with 64 µg/ml of TN1 for 15 min (Figure 2).
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Figure 2: TEM investigation of AMPs effects on bacteria S. aureus
pictures obtained by TEM showing the splitting of cells and
damaging the membranes when treated with TN1.

Fluorescent microscopic investigation of disruption of cell
membrane

It is known that the nucleic acid fluorescent dye SYBR green, does
not rapidly penetrate through eucaryotic cell membrane [41]. When
the membrane is disrupted, SYBR green rapidly enters the cell, binds to
DNA starting to fluoresce under UV light. We have adapted this assay
to bacterial cells to investigate the effect of the designed AMPs to
bacterial cell membranes. When treated with SYBR green, intact
bacteria did not stain. However, when treated with the AMPs, bacteria
were stained, indicating the penetration of SYBR green and binding to
DNA (Figure 3).

Figure 3: Penetration of SYBR Green dye by the effect of TN1 at
different concentrations on S. aureus cells. (a) No peptide; cells are
not visible since there is no penetration of dye and staining of DNA
(b) TN1 0.5 μg/ml (c) TN1 2.0 μg/ml cells become visible by
staining of their DNA (d) TN1 4.0 μg/ml cells start to be lysed and
probably released DNA can be seen outside the cells.

Investigating the interaction of AMPs with bacterial
membrane and membrane bound glycosyltransferase
protein, by molecular dynamic simulations

We have investigated the interaction of the most active AMPs, TN1
and TN3, by themselves, membrane lipids and TN3, membrane bound
glycosyltransferase by molecular dynamics simulations. TN1 and TN3
integrated themselves into membrane lipids by pulling the negatively
charged phosphate groups of the inner and outer side lipids by the
positively charged Arg , which shrinked the membrane and decreased
its original thickness (Figure 4).

Figure 4: The interactions of TN1 (left) and TN3 (right) by the
bacterial membrane. The membrane lipids are shown in light grey;
water molecules red and white; phosphates green; arginines of the
peptide blue; hydrophobic part dark grey.

They also created a hydrophilic channel between the charged
groups, which allowed the free passage of water molecules, as well as
hydrophilic molecules like SYBR green predicted by fluorescent
microscopy data (Figure 3). Docking studies showed that TN3 bound
strongly to active site of glycosyltransferase of S. aureus, the major
enzyme responsible of building the cell wall peptidoglycan (Figure 5).

Figure 5: Binding of TN3 molecules to glycosyltransferase of S.
aureus. Glycosyltransferase colored blue; TN3 molecules green;
phosphates red.

Discussion
In recent years, global problem of increasing resistance to

antimicrobials made impossible the treatment of many serious
infections by antimicrobials. Drug companies lost their interest to
develop new antimicrobials, since microorganisms develop resistance
very quickly to these when they are started being used widely. There
has been always an interest to develop antimicrobials that
microorganisms cannot get resistant to them or at least it takes very
long time until they get resistance. Natural peptide antibiotics are in
fact antimicrobials of this kind. Although they are present in nature
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since millions of years, they still show activity against many species of
microorganisms. One of the reasons for that, maybe that peptide
antibiotics mostly target cell membranes. Resistance, against
antimicrobials, which target enzymes, develops quickly since a single
mutation that changes the drug-binding site is usually sufficient for
this. However, it is needed to modify lipids that make up the
membranes in order to develop resistance to antimicrobials, which
target membranes. This requires changing an important part of the
pathway of the synthesis of membrane lipids. Even if such a change
occurs in a microorganism, this is usually detrimental to the organism
and the mutants probably either cannot survive this major change or
lose their pathogenicity. For this reason, developing new AMPs may be
an important way to fight with antimicrobial resistance.

We chose to develop catelicidin-like AMPs because of their simple
structure, which makes easy to design and synthesize. Since the general
structure of catelicidins consists of repeating positively charged amino
acids separated by hydrophobic amino acids creating alpha helices
which contain positively charged groups on one side of the helical
backbone, we tried to design AMPs accordingly. Previously, Park et al.
obtained the best activity with a peptide (named P5) which contained
several repeating lysine and leucine, among all peptides they studied
[42]. To understand the effect of using Lys or Arg, we designed TN2
and TN3 (Table 1), which are exactly the same except Lys present in
TN2 were replaced by Arg in TN3. This change increased the
antibacterial activity of the AMP by 4- to 32-fold in different species of
bacteria while increasing the hemolytic activity only one fold. The
hemolytic activity usually decreased at concentrations higher than 64
μg/ml. This may be due to exceeding the critical micelle concentration
resulting in self-binding of AMPs that inhibits their binding to the
cells. The cytotoxic activity on HeLa cells was usually lower than
hemolytic activity. The IC50 (concentration that inhibited the growth
of 50% of cells) of TN1 and TN3 which showed marked activity on
bacteria, were 126 and 64 μg/ml respectively while their HC50 were 4
and 8 μg/ml, respectively. The susceptibility of different cell types to
AMPs should be taken into account when AMPs will be applied to
different parts of the body for therapeutic use in the future.

Similarly, Wang et al. showed that a small 12 amino acid portion of
catelicidin LL-37 showed significant antibacterial activity however
replacing Arg by Lys decreased the activity [43]. We also investigated
the positioning of positively charged amino acid on the helix by
changing the number of Leu which changed the degree of turn from
one positively charged amino acid to the other. TN5 which contained 3
Leu in between each Arg, positioned these at almost to a linear axis.
When the number of Leu was decreased to 2 between the Arg at the
end of molecule, positioning the Arg in a zigzag form on a linear axis,
the activity increased more than one hundred times for S. aures and E.
coli. Increasing the number of Leu in the middle of the molecule, from
3 as in TN6 to 4 in TN1, which resulted in the separation of two Arg in
the middle from each other, increased the activity of the molecule two
folds to E. coli while decreasing the activity in other species (Table 1).
This may be due to different positioning of phosphate groups, which
interact with Arg in different species of bacteria. Deleting the Arg from
one end in TN3, turned the molecule into a three-branch corkscrew
like structure which may ease the entrance of hydrophobic end without
Arg, while the positively charged groups bind to phosphates. TN3 was
one of the most active molecules among all the molecules we have
designed. Decreasing one Leu from the hydrophobic end in TN7
decreased the activity significantly to all species of bacteria tested
compared to TN3.

Antimicrobial
Peptides

S. aureus

ATCC
29213

E. coli

ATCC
25922

K. pneumoniae

ATCC 10031

P. aeruginosa

ATCC 27853

TN1:
RLLRLLLLRLLR 16 2 16 16

TN2: KLLKLLKLLL 64 16 512 ˃512

TN3: RLLRLLRLLL 8 4 16 16

TN4:
RLLRLLRLLLLLL ˃512 ˃512 512 256

TN5:
RLLLRLLLRLLLR ˃512 ˃512 ˃512 ˃512

TN6: RLLRLLLRLLR 4 4 8 32

TN7: RLLRLLRLL 256 64 256 64

Table 1: Minimal Inhibitor Concentration (µg/ml) of TN AMPs (Patent
pending).

TN AMPs hemolytic activity was usually much lower compared to
their natural cathelicidin counterparts making their safety index better.

Conclusion
Developing peptide antimicrobials by mimicking natural antibiotics

to microorganisms that rarely develop resistance, is an important way
to fight with multi-drug resistant organisms. We have developed
cathelicidin-like AMPs with a better safety index and better activity to
microorganisms compared to their natural counterparts. Once their
safety is proven by animal and human studies and made resistant to
proteases, they may be important tools to treat infections caused by
multi-drug resistant organisms. Our initial data revealed promising
results for the efficacy of antimicrobial peptides against many
clinically-relevant bacteria, which are the causative agents of serious
human infections. We further plan to design new molecules with
antimicrobial activities, and assess the efficacies of these molecules
against other microorganisms. In conclusion, emerging bacterial
diseases can be potentially treated with these novel antimicrobial
peptides.
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