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Abstract: Background: Antimicrobial peptides are on the first line of defense against pathogenic
microorganisms of many living beings. These compounds are considered natural antibiotics that
can overcome bacterial resistance to conventional antibiotics. Due to this characteristic, new pep-
tides with improved properties are quite appealing for designing new strategies for fighting patho-
genic bactera.

Methods: Sixteen designed peptides were synthesized using Fmoc chemustry; five of them are
new cationic antimicrobial peptides (CAMPs) designed using a genetic algorithm that optimizes
the antibacterial activity based on selected physicochemical descriptors and 11 analog peptides de-
rived from these five peptides were designed and constructed by single amino acid substitutions.
These 16 peptides were structurally characterized and their biological activity was determined
ARTICLE HISTORY against Escherichia coli O157:H7 (E. coli O157:H7), and methicillin-resistant strains of Staphvio-
coccus aureus (MRSA) and Pseudomonas aeruginosa (P. aeruginosa) were determined.
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iﬂvis&dﬁfﬂ_l%;géﬂm Results: These 16 peptides were folded into an o-helix structure in membrane-mimicking envi-
B L ronment. Among these 16 peptides. GIBIM-P5S9K (ATKKCGLFKILKGVGKI) showed the
Dor highest antimicrobial activity against E. coli O157:H7 (MIC=10uM). methicillin-resistant Stap/hv-

10.2174/1573406414666180508120024
lococcus aureus (MRSA) (MIC=25uM) and Pseudomonas aeruginosa (MIC=10 puM). Peptide

GIBIM-P5S9K caused permeabilization of the bacterial membrane at 25 uM as determuned by the
Sytox Green uptake assay and the labelling of these bacteria by using the fluoresceinated peptide.
GIBIM-P5S9K seems to be specific for these bacteria becanse at 50 uM. it provoked lower than
40% of erythrocyte hemolysis.

Conclusion: New CAMPs have been designed using a genetic algorithm based on selected physi-
cochemical descriptors and single amino acid substitution. These CAMPs interacted quite specifi-
cally with the bacterial cell membrane, GIBIM-P5S9K exhibiting high antibacterial activity on
Escherichia coli O157:H7, methicillin-resistant strains of Staphviococcus aureus and P.
aeruginosa.

Keywords: Genetic algorithm, peptide design, antimicrobial peptides. pathogen bacterial. peptide synthesis. fluorescence mi-
CTOSCOpY.

1. INTRODUCTION Furthermore, infections with resistant bacteria lead to a
high economic burden due to the extended treatments and
expensive drugs required [2]. To tackle this threat, new and
more potent antibacterial molecules with a different mecha-
nism of action are urgently required [3-6]. In this context,

The worldwide spread of antibiotic-resistant pathogenic
bacteria is a severe threat to global public health [1].
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low propensity to develop resistance, rapid clearance of
pathogens, different mechanisms of action and synergism
with classical antibiotics [7-9].

It has been demonstrated that it 1s possible to improve the
antibacterial activity of natural AMPs by modifying the
AMP amino acid sequence by taking into account the re-
duced length of amino acid chain and the scarcity of post-
translational modification. In fact, improvement of AMP
antimicrobicidal activity relies mostly on physicochemical
characteristic modifications of the entire AMPs rather than
the modification of specific sequential motifs. This 1s associ-
ated with the evidence that most of the natural AMPs exe-
cute their lethal activity by interacting with the charge of
membrane phospholipids [10-14]. Frequently. the discovery
of the minimal active sequence is the first step in the optimi-
zation process. which decreases the AMP production cost
and immunogenicity of the active peptide. This 1s the case of
the peptide hLF1-11(GRRRRSVQWCA) encompassing the
N-terminal undecapeptide of human lactoferrin (LF), which
showed 3 to 6-fold higher antimicrobial activity than its pa-
rental protein (MW = 80 KDa), being active against methicil-
lin-resistant strains of Staphvlococcus aureus (MRSA), multidiug
resistant Acinefobacter baumannii (MDR Ab) and invasive
fluconazole-resistant Candida albicans. The potent antimi-
crobial effect of hLF1-11 is attributed to the first two argi-
nine residues at the N-terminus of human lactoferrin [15].

Antimicrobial activity optimization is frequently carried
out by an iterative process, as was shown in the design of
three Lactoferrampin (LFampin) analogs, another LF-
derived peptide. Initially the peptide design was based on
modifications of descriptors, such as charge distribution,
hydrophobicity, size and peptide sequence: then a second
peptide generation is generated by adding basic residues at
the N terminus of these first analogs looking for increasing
the activity against enterohemorrhagic E. coli O157: H7
[16]. Sometimes enhancement of peptide antimicrobial activ-
ity can be achieved through a single substitution, as was
demonstrated with the amphipathic peptide RI16, derived
from the N-terminal region of the porcine AMP PMAP-36.
This peptide exhibited an increased antimicrobial activity
against P. aeruginosa when substituting the Thr located in
the center of the hydrophobic region of the helix by Trmp
(TOW). which disrupted the amphipathicity in this sequence
stretch [17].

The multiple modifications carried out on the amphibian
AMP magainin-2 resulted in MSI-78. a peptide developed by
Genaera Corporation that reached phase III clinical trials.
MSI-78 displayed increased antimicrobial activity than ma-
gainin-2 on bacteria, even on a multiresistant strain [18].

Among the most important physicochemical characteris-
tics of peptides involved i AMP-phospholipid interaction
are: high isoelectric point (Ip). associated to the content of
basic amino acids that interact with membrane anionic phos-
pholipids [7.19]:; the presence of hydrophobic residues which
facilitates the interactions with the fatty acyl chains of the
membrane; Instability Index. that estimates the stability of
the peptide; and the Grand Average of Hydropathy (GRA-
VY) for finding the hydrophobic peptide stretch segment for
msertion into the membrane [20].
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In this work, antimicrobial peptides were designed based
on the aforementioned parameters used as descriptors of
their antimicrobial potential. The main goal of the genetic
algorithm used was to find multiple local minima antimicro-
bial function mstead of finding the best overall minumum.
Examples of peptide optimization through computational
methods can be found in several publications [21-23]. In this
study, the genetic algorithm allowed designing five new po-
tential antibacterial peptides and the prediction was validated
through biological assays.

2. MATERIALS AND METHODS

2.1. Materials

Fmoc-L-amino acids were purchased from IRIS Bio-
tech GmbH. Rink amide resin 4 MBHA was obtamed
trom Merck Novabiochem. Lysogeny agar and broth were
purchased from Sigma-Aldrich. All reagents and organic
solvents for peptide synthesis were of HPLC grade. The
three bacterial strains, E. coli O157:H7, P. aeruginosa and
MRSA were donated by the School of Microbiology at Pon-
tificia Universidad Javeriana, an institution belonging to the
World Federation of Culture Collection, and were kept in
BHI until analysis. The A549 human lung carcinoma epithe-
l1al-like cell line was donated by “Biological and cell culture
oxidation laboratory” at Universidade Federal do Rio de
Janeiro (Brazil).

2.2. Peptides Design

The design of antibacterial peptides was performed
through genetic algorithm optimization strategy. This pro-
vides antibacterial peptide candidates in short computational
time. This algorithm designed peptides fulfilling the selected
physicochemical descriptors and their established range val-
ues of charge, hydrophobicity. 1soelectric point. and instabil-
ity index. The optimization was performed using the Equa-
tion 1. where x;. x,. x3 and x4 are the charge. 1soelectric point.
hydrophobicity and instability index. respectively.

min f(x x2x3x) = (1 — 4% + (6, —9.5)2 + x2 + x4
e U‘::Xl‘ig; ?‘:IE{IZ: _1.5‘::3:3{1.5; x4 <
40 (1)

The ranges of physicochemical properties were estab-
lished using the average and standard deviation of the
CAMP antibacterial peptide database [24]. The number of
physicochemical descriptors was kept as low as possible for
minimizing the fitness evaluation time for each candidate
peptide. i.e.. the computational time required for obtaining
the result of fifmess in Equation 2.

fitness = —((x; —4)2 + (x; —9.5)2 + xZ + x4 + 1 *
(p? + p3 + p? + pi +pZ + p¢ + p2))(2)

Where x; 1s the charge, x, 1s the mean hydrophobicity, x; 1s
the 1soelectric point. x; 1s the instability imndex and r 1s set to
100. p; 1s zero if x;=0. Otherwise p;=-x;. p> 1s zZero if x;-8<0.
otherwise p,=x;-8. p; 1s zero if 7-x, <0. if not p;=7-x,. If x>-
12<0. then p,~=0. In other case. p,=x,-12. p; was set to zero if
-1.5-x3<0. otherwise ps=-1.5-x;. ps was zero if x;-1.5 <0.
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Fig. (1). The genetic algorithm diagram.

otherwise, ps=x;-1.5. Finally, p;, was zero if x,-40<0. or
p7~x440 in other cases.

The inputs for the genetic algorithm basic operation (Fig.
1) were: peptide length, the size of the peptides population.
number of generations used by the genetic algorithm, cross-
over percentage, (the ratio of how many couples of peptides
will be selected to create the new individuals), the “muta-
tion” percentage that i1s the probability of a given peptide to
undergo a random mutation in one amino acid. the popula-
tion replacement percentage per generation (the percentage
of peptides that will be replaced with new peptides in each
cgeneration), and the population genotype diversity bias (the
desired value of genotypic diversity among the peptide popu-
lation). The algorithm used the antibacterial peptide se-
quences compiled at the CAMP database to create the initial
population. Firstly., all antibacterial peptides are joined in
one sequence; then, a random number between 1 and the
length of the new sequence munus the candidate peptide
length 1s generated. At that position, the algorithm starts cre-
ating the individuals of the population by cutting the long
sequence 1n fragments of the desired length. When the end of
the long sequence 1s reached. a new random number 1s gen-
erated, and this process 1s performed as many times as re-
quired to generate the imitial population. The crossover 1is
performed using the single-point operator for obtaining two
offsprings from the information exchange coming from the
amino acid sequences between the parents. The parent selec-
tion for crossover uses the roulette method. The mutation
operator modifies a candidate peptide character in a random
way by generating two random numbers: j=rand(l, ....n).
which 1s the amino acid that will be mutated. being »n the
desired length of the peptides and c=rand/(1,..., 20), which 1s
the new amino acid. In each generation, the genetic algo-
rithm replaces a population percentage with the worst fitness
values. The genetic algorithm calculates the population
genotypic diversity per generation: if lower than the estab-
lished threshold, 40% of the population 1s replaced with new
individuals until the number of generation stop criterion is
reached. The correction action allows the algorithm to find a
list of 50 different peptides per simulation. In this sense, the
main purpose of the proposed genetic algorithm is to find
multiple local minima instead of finding the best local mini-
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diversity
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mum. Our approach 1s different than that used for the in sili-
co design of new antimicrobial peptides in multiple studies
[21-23]. For example, in the study of Fjell and co-workers
[21], a genetic algorithm was designed to generate candidate
antibacterial peptide sequences. In this approach, the results
were dependent on the starting population, and this fact is
considered as a limitation. On the contrary, in our approach
this 1s taken as an advantage due to the goal of the algorithm,
which is the generation of a library of new potential antibac-
terial peptides and not the specific improvement of a given
antibacterial peptide.

Five peptides with the higher antimicrobial score
were designed with our genetic algorithm and their predicted
secondary structure were determined by the CPH model tool
(http://www.cbs.dtu.dk/services/CPHmodels/Raout Ghavami
MC MS.docx) and visualized using Pymol v3.0. m.

2.3. Design of Peptide Analogues

Eleven analogue peptides were derived from these five
designed peptides by changing their non-conserved amino
acid in order to keep the peptides’ positive charges >3, hav-
ing a high score as AMPs and exhibiting a theoretical a-helix
structure. To find the conserved amino acid 1 the original
five peptides. their sequences were compared with the amino
acid sequences of proteins compiled in the NCBI database
(https://blast.ncbi.nlm.nih.gov/), as well as in the CAMP
antimicrobial peptide database by BLASTP (https://blast.
ncbi.nlm.nih.gov/) [25, 26]. The alignment of the peptide
sequences having homology <87% were performed with
Clustal W [27-29].

2.4. Peptide Synthesis and Characterization

Peptides were synthesized by solid phase peptide synthe-
sis (SPPS) [30, 31] using the tea-bag procedure reported by
Houghten for multiple peptide synthesis [32, 33], in accord-
ance with standard Fmoc chemistry and using a Rink amide
4MBHA resin (100-200 mesh; Loading: 0.63 mmol/g) as
solid support and Fmoc amino acids [34-36].

The coupling reactions were performed by activating the
carboxylic group of each amino acid with equivalent moles
of 2-(1H-benzotriazol-1-yl)-1,1,3.3-tetramethyluronium hex-
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afluorophosphate (HBTU) in N, N-dimethylformamide using
N, N-diisopropylethylamine (DIPEA) as a neutralizer and the
reaction efficiency was verified with the bromophenol blue
assay. The removal of the protecting group (Fmoc-), from
the NH,-terminal, was performed with 20% piperidine. A
portion of peptide-resin was used for rhodamine B coupling
to the N-terminus.

These peptides were cleaved from the resin by treatment
with trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/etha-
nedithiol/H,O (92.5/2.5/2.5:2.5) for 2 hours and then precipi-
tated with cold diethyl ether [37]. The peptides were desalted
by gel exclusion chromatography using G-10 columns
(Amersham, USA).

Peptides were purified by reverse phase-high Perfor-
mance liquid chromatography (RP-HPLC) (Jasco Corpora-
tion, Tokyo, Japan) in a Vydac C-18 preparative column
using a 30 min mobile phase gradient of (A) H,O with TFA
0.1% (v/v) and (B) acetonitrile (ACN) containing TFA 0.1%
(v/v) between 5 and 70% of B, at 1 mL/min and detection at
220 nm. Molar mass of purified peptides was determined by
MALDI-TOF [38, 39].

2.5. Secondary Peptide Structure Determination by Cir-
cular Dichroism (CD) and Structure Modeling

CD spectra of these peptides were determined at 25°C 1n
a 1 mm path length cuvette over 190-260 nm 1n a CD spec-
trometer (J-815 Jasco Corporation, Japan) using 0.2 mM
peptide solution in 70% (v/v) 50 mM sodium phosphate
buftfer (pH 7.4)/ 30% (v/v) 2.2.2-trifluoroetanol (TFE). Each
spectrum was recorded as an average of four scan repetitions
1n contmuous scanning mode at 50 nm/min scanning speed
and at a response time of 1 s. The solvent contribution blank
was subtracted from each sample spectrum. Molar ellipticity
[6] was calculated for the next equation for each peptide as:

[0] = 3298.2 Ae: where ¢ is the molar extinction coef-
ficient

In addition. the secondary structure of the peptides was
simulated by the PEP-FOLD 3.5 software (http://mobyle.
rpbs.unmiv-paris-diderot.fr/cgi bin/portal.py#forms::PEP-
FOLD3) and was visualized in Pymol.

2.6. Determination of Peptide Antibacterial Activity

Antibacterial activity of these peptides was assessed as
described previously [17]. In brief, 7.0 x10° CFU per mL of
E. coli O157: H7, MRSA and P. aeruginosa were grown in
96-well microplates (Corning) containing Luria-Bertani (LB)
agar for Gram-negative bacteria and Mueller-Hinton (MH)
agar for Gram-positive bacteria in the presence and absence
of peptides, at a range of peptide concentrations between 0.5
and 100 pM. The commercial Ofloxacin was used as a
control for growth inhibition. These bacterial cultures were
incubated at 37°C with constant shaking. Bacterial growth
was monitored every hour for 8 hours by quantifying the
optical density at 595 nm in a microplate reader.

2.7. Peptide Bacterial Killing Assays

To evaluate the bactericidal effect of the peptides at the
end of the 8 hours of bacterial growth, a 100 uL. aliquot of
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the bacterial culture was inoculated into brain heart infusion
(BHI) culture medium in Eppendort tubes at 37°C, and incu-
bated for 24 h. Then, 10 pL of these cultures were poured
into BHI agar petri dishes, and the minimal bactericidal con-
centration (peptide concentration inhibiting 100% of bacteri-
al growth, MBC) was determined. Control experiments were
performed in the absence of peptides.

2.8. Peptide Hemolytic Activity on Sheep Erythrocytes

The peptide cytotoxic activity on the mammalian cell
was determined by measuring hemolysis of sheep erythro-
cyte induced by these peptides [40]. One mL of defibrinated
sheep blood was centrifuged at 1000xg for 10 min, at 4°C;
and the erythrocytes were subsequently washed four times
with Hanks + glucose balanced salt solution (HBSS + Glc).
Aliquots of 100 pL of 2x10’ erythrocytes/mL in HBSS + Glc
were transterred to Eppendort tubes and incubated at 37°C
for 4 h with peptides at different concentrations. At the end
of incubation, the erythrocyte suspension was centrifuged at
13,000xg for 5 min and 80 pL aliquots of the supernatant
were transferred to a 96-well microplate. Absorbance at 550
nm, accounting for the release of hemoglobin, was measured
in a Bio-Read 640 microplate reader. As a control, 100%
hemolysis was obtained by treatment of erythrocytes with
0.1% Triton X-100. The percentage of hemolysis was calcu-
lated as: hemolysis (%) = (A- A,) / (Aqgo-Ap) X100, where
A, 1s the absorbance of the sample, A,y 1s the absorbance of
the completely lysed erythrocytes in 0.1% Triton X-100 and
Ay 1s the absorbance in the absence of hemolysis.

2.9. Peptide Permeabilization of the Bacterial Membrane

The vital fluorescent probe SYTOX green was used to
determine permeabilization of the bacterial membrane. Ali-
quots of 100 pL of the bacterial culture (1x10° CFU/mL)
having 1 uM of SYTOX green in HBSS + Glc were trans-
ferred to black 96-well microplate and incubated at 37°C,
fluorescence being measured in a microplate fluorescence
reader Polarstar Galaxy (Aexc = 504nm, Aem = 523nm).
Once the baseline fluorescence (in the absence of peptide)
was stable, peptides were added at different concentrations
and fluorescence monitored for 40 min or until reaching a
plateau. Maximum permeabilization of Gram-negative path-
ogenic bacteria (100%), was obtained by addition of 4 uM
Peptide Cecropin A (1-8)-melittin (1-10) (CAME) plus 0.1%
Triton X -100; for MRSA. cells were treated with Lyso-
staphin (0.07pg/uL, final concentration) plus 0.1% TX-100.
All assays were performed in triplicate [41].

2.10. Cell Culture and in vitro Cytotoxicity Assay

The MTT (3-(4.5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide) tetrazolium reduction assay was per-
formed according to a previously described method [42].
Briefly, cells from human lung carcinoma cell line A549
were cultured in modified Eagle’s medium (EMEM) plus
10% FBS (complete media). Cells were seeded into a 96-
microwell plate at 7500 cells/well and 0.2 mL/well in com-
plete medium and incubated under 5% CO,at 37°C. After 24
h incubation, cells were treated with GIBIM-P5S9K (5 to
100 uM final concentration) and incubated for 48 h. Then,
200 pL of MTT (0.5 mg/ml.) was added and incubated for 3
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h. The supernatant was removed, and 200 pL. DMSO was
added to the cells in order to solubilize the formed formazan.
Cytotoxicity was determined, measuring the absorbance at
550 nm using a microplate reader (Thermo) with respect to
untreated controls.

2.11. Confocal Laser Scanning Microscopy

E. coli O157:H7, P. aeruginosa and MRSA cells incu-
bated in the presence of rhodamine labeled peptide were
analyzed by confocal laser scanning microscopy in Leica
TCS SP5 II microscope (Berlin, Germany) for determining
the cellular distribution of the GIBIM-P5S9K. Aliquots of
bacterial cultures in the mid-logarithmic phase were centri-
fuged (2500 g x 5 min) and resuspended in the presence of
37 uM rhodamine labeled- GIBIM-P5SF8W, in i1sotonic PBS
buffer during 1.5 h. Then, the cell suspension was centri-
fuged (2500 g * 5 min), the supernatant was discarded, and
the cells were washed four times in PBS, and resuspended in
TO-PRO®-3 stain (Molecular Probes) solution for 2 min,
centrifuged at 2,500 x g for 5 min and washed four times
with PBS. Afterward, the bacterial cells were fixed with par-
aformaldehyde on glass slides. Finally, fluorescence mount-
ing medium was added. The images were analyzed by Leica
Application Suite Advanced Fluorescence (LAS AF) soft-
ware in a 512x512 pixel format [35].

2.12. Statistical Analysis

All experiments were carried out by triplicate and repeat-
ed at least three times in independent assays. The results
were reported as mean + SD. The results are reported as
mean + SD Results were subject to the t-test analysis of vari-
ance using R, and statistical significance of differences (p <
0.05) was evaluated by the least significant difference (LSD)
procedure.

3. RESULTS
3.1. Peptide Design

Five peptides (GIBIM-P1 to P5) were selected from a
collection of twelve peptides designed by the genetic algo-
rithm (Fig. 1, Table 1), and eleven analogues were obtained
by single amino acid substitution of these five peptides. The
peptide positive charge, which 1s directly related to its anti-
microbial activity, was increased by replacing the residues
Ala6 in the analogue peptide GIBIM-P3A6K, Thr2 in the
analogue peptide GIBIM-P5T2K and Ser9 in the analogue
peptide GIBIM-P5S9K by Lys [43]. In order to increase hy-
drophobicity, Glyl7 were replaced by Ile and Leu in pep-
tides GIBIM-P2G17I and GIBIM-P2G17L, respectively.
Alal was replaced by Ile and Val in the analogue peptides
GIBIM-P4A1Il, and GIBIM-P4A1V, respectively. Asn2 was
replaced by Phe in the analogue peptide GIBIM-P4N2F. All
these 16 peptides had a probability of being an antimicrobial
peptide (PAP) higher than 96% according to the prediction
tool of CAMP database and an instability index lower than
40, except for GIBIM-P3A6K (Table 1).

These 16 peptides were synthesized, purified by RP-
HPLC (purity<95%) (See Supplementary Information, fig.
S1) and their molecular weight verified by MALDI-TOF
mass spectrometry (Table 1 and Supplementary Information
figure S2). Their a-helical conformation was characterized in
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30% TFE by CD and identified by two minima at 202 and
210 nm and one maximum at 190 nm (Fig. 2). The CD struc-

tural data agreed with those provided by Pepfold (Fig. 2).

3.2. Antibacterial Activity of GIBIM Peptides on Patho-
genic Bacteria

The designed cationic peptides inhibited the growth of
the Gram-positive bacterium MRSA and the Gram-negative
bacteria E. coli O157: H7 and P. aeruginosa in a con-
centration-dependent manner (Table 2). Overall, 14, 15 and
11 out of 16 peptides exhibited MICgy (peptide concentration
inhibiting 99% of bacterial growth) equal or lower than 100
UM against E. coli O157: H7, MRSA and P. aeruginosa,
respectively.

In the five peptides designed with the genetic algorithm
GIBIM-P1 and GIBIM-P3 showed the highest antibacterial
activity against E. coli O157:H7 (MICge 50 uM) and MRSA
(MICy9 25 uM), and GIBIM-PS5S against P. aeruginosa
(MICg9 10 pnM). GIBIM-P4 had MICggs between 50 and 100
UM against E. coli O157: H7, MRSA and P. aeruginosa.
Some of the analogue peptides showed higher antibacterial
activity than the genetic algorithm designed peptides; i.e. the
analogue peptide GIBIM-P5S9K., derived from GIBIM-P5
by S5K substitution showed a MIC value 10 uM against E.
coli O157: H7 and P. aeruginosa, and 25 pM against MRSA
(Fig. 3). This peptide exhibited the highest activity and was
close to the activity of ofloxacin against E. coli O157: H7
(Table 2). Peptides GIBIM-P4All and GIBIM- P4A1V
showed increased antibacterial activity against P. aeruginosa
with respect to GIBIM-P4, having MICgos of 25 uM.

Additionally, some of these peptides showed antibacterial
effect; GIBIM-P3, GIBIM-P4 and GIBIM-P5S9K against E.
coli O157: H7 and MRSA, with MBCs between 50 and 100
uM. GIBIM-P3A6K against E. coli O157: H7 with a MBC
of 100 uM. GIBIM-P2G17L, GIBIM-P4All and GIBIM-
P5T2K against MRSA with the MBC between 75 and 100
uM. Eleven out of the 16 peptides were bacteriostatic against
P. aeruginosa, but none of them were bactericidal.

3.3. GIBIM-P5S9K Induced the Bacterial Membrane
Permeability

One of the most frequent mechanisms of action of AMPs
is cell membrane permeabilization in which they interact
with membrane phospholipids, distorting the bilayer struc-
ture and resulting in the loss of membrane functionality [44,
45]. SYTOX green is a cationic probe (Mw = 600 Da), una-
ble to access the intracellular space in unscathed cells, but
not in permeabilized ones. Once inside the bacteria, this
probe binds to nucleic acids increasing its fluorescence. In
the presence of SYTOX green, E. coli O157: H7, MRSA and
P. aeruginosa incubated with GIBIM-P5S9K at concentra-
tions between 1.0 and 10.0 uM increased SYTOX fluores-
cence over time to a final value dependent on peptide con-
centration (Fig. 4).

3.4. Cytotoxicity of Peptides Against Mammalian Cells

Plasma membrane permeabilization of mammalian cells
was monitored by hemolysis of sheep erythrocytes and the
A549 cell proliferation. None of these peptides at 50 uM,
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Table 1. Physicochemical properties of designed and analogs peptides.

Peptide Sequence Net Charge MW(Da) m/z PAP(%)" pl Instab. Index” GRAVY"®
GIBIM-P1 QVEKGAKLWLSLMEWGGI 3 1915.37 1915.15 96.5 10.3 5.65 0.28
GIBIM-P2 GFLGKGLFSVVKGVLEKG 3 1706.1 1706.06 99.3 10.3 -17.25 0.89
GIBIM-P2G171 GFLGKGLFSVVKGVLEKI 3 1762.21 1762.04 99.5 10.3 -17.25 1.18
GIBIM-P2G17L GFLGEKGLFSVVKGVLEL 3 1762.21 1762.04 99.5 10.3 -17.25 1.14
GIBIM-P2G13N GFLGKGLFSVVENVLEG 3 1763.16 1763.17 99.3 10.3 -12.26 0.71
GIBIM-P3 NVAATARGWLEKKLGKRI 5 1882.29 1882.45 96.7 12.02 23.13 -0.29
GIBIM-P3A3G NVGATARGWLKEKLGEKRI 5 1868.26 1868.20 96.4 12.02 13.14 0.42
GIBIM-P3T55 NVAASARGWLEKLGEKRI 5 1868.26 1868.41 972 12.02 23:13 -0.29
GIBIM-P3A6K NVAATKRGWLKEKLGKRI 6 1939.38 1938.38 98.0 12.03 42.31 -0.62
GIBIM-P4 ANVAATARGWLEKEKIGEK 3 1812.19 1811.96 98.7 11.33 3.95 -0.37
GIBIM-P4A1l INVAATARGWLEKKIGEKK 5 1854.27 1854.09 99.3 11.33 3.95 -0.21
GIBIM-P4A1V VNVAATARGWLEKEKIGEK 5 1840.25 1840.10 98.9 11.33 3.95 -0.23
GIBIM-P4N2F AFVAATARGWLEKIGEKK 3 1845.26 1844.97 98.5 11.33 3.95 0.00
GIBIM-P5 ATKKCGLFSILKGVGKI 4 1763.22 1763.02 97.0 10.04 -4.23 0.56
GIBIM-P53TIK AKKKCGLFSILKGVGKI 5 1790.28 1790.04 96.6 10.2 -4.23 0.37
GIBIM-P559K ATKKCGLFKILKGVGKI 5 1804.31 1804.03 96.0 10.2 -18.06 0.38

* Percentage probability of being an antimicrobial peptide
" Instability Index
“Grand Average of Hydropathicity

which was the highest concentration assayed (Fig. 5). Also,
peptides GIBIM-P3, GIBIM-P4, GIBIM-P5 and GIBIM-
P5S9K at 100 uM displayed no detectable cytotoxicity
againt A549 cells. However, the viability of A549 cells in-
cubated with peptide GIBIM-P5S9K at 100 uM (which is
four times higher than the MICsgy) was 50% of the viability of
untreated cells.

3.5. GIBIM-P3S9K-peptide Interaction with Bacteria
Assessed by Fluorescence Microscopy

Confocal fluorescence microscopy was employed to de-
termine the intracellular location in E. coli and P. aeruginosa
of the rhodaminated version GIBIM-P5S9K. After 1.5 h of
incubation, the peptide was localized at the surface of the
bacteria, but not inside the cytoplasm (Fig. 6A and B). Inter-
estingly, in the Gram-positive bacteria MRSA, the peptide
was located in both in the membrane and in the cytoplasm
(Fig. 6C).

4. DISCUSSION

New potent AMPs were designed using a combination of
genetic algorithm named DEsign and PRediction of AntiMi-
crobial Peptides (DEPRAMPs) and the rational modification
of the sequences generated by this program. In the design of
analogues non-conserved amino acids were substituted by
other natural amino acids predicted to increase the effective-
ness of an AMP by reducing the instability index (<40%),
while maintaining both its pI between 7 and 12 and its am-

phipathicity. Our approach is different than reported by oth-
ers for the in silico design of new AMPs [21-23].

The amphipathic structure of AMPs 1s key to their anti-
microbial activity by ensuring their interaction with the cell
membrane, their further insertion and disruption of the phos-
pholipid membrane matrix [46]. Additionally, Arg was sub-
stituted by Lys to avoid peptide degradation by trypsin-like
enzymes, whose hydrolytic activity i1s higher close to Arg
residues than to Lys residues [47].

The differences in antimicrobial activity of the AMPs
against different bacteria could be due to a fine tuning of
peptide-bacteria interaction, occurring mostly, but not exclu-
sively, at the level of membrane structure (Table 2). For 1n-
stance, GIBIM-P3A3G 1s more active than GIBIM-P3
against P. aeruginosa but less active against E. coli O157:H7
and MRSA, which could be due to the fact that P.
aeruginosa possesses an extremely low outer membrane
permeability compared with other bacteria [48]. This peptide
specificity underlies the importance of designing peptides
targeting pathogenic bacterial strains but hardly noxious to
eukaryotic cells. In fact, the set of peptides assayed fulfilled
this criterion.

GIBIM-P1, GIBIM-P3 and GIBIM-P5S9K presented, an-
tibacterial activity against the Gram-positive bacteria MRSA
comparable to other amphiphilic cyclic peptides and their
analogues: specifically, the cyclic peptide [R4W4], the most
potent AMP against MRSA described to date (MICgy of 2.67

ng/mL or 2 pM) [49].
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Fig. (2). Predicted secondary structures of the peptides GIBIM-P1, GIBIM-P2, GIBIM-P3, GIBIM-P4, GIBIM-P5 and GIBIM-P6 and their

corresponding CD spectra. The peptides were dissolved in 30% TFE at 100 uM. The mean residue ellipticity was plotted against wavelength.
The values from three scans per sample were averaged.

Table 2. Antibacterial activity of designed peptides and their analogs.

Peptide E. coli O15T7:H7 MRSA P. aeruginosa
MICgo (nM) MBC (uM) MICgs (nM) MBC (pM) MICgo (nM) MBC (pnM)
GIBIM-P1 S0 =100 25 =100 =100 =100
GIBIM-P2 100 =100 75 =100 =100 >100
GIBIM-P2G171 S0 =100 75 =100 =100 =100
GIBIM-P2G17L =100 =100 50 100 =100 =100
GIBIM-P2G13N 100 =100 100 =100 100 =100
GIBIM-P3 S0 100 25 75 =100 =100
GIBIM-P3A3G TS =100 100 =100 50 =100
GIBIM-P3TS5S 100 =100 73 =100 i - =100
GIBIM-P3A6K 75 100 =100 =100 100 =100
GIBIM-P4 S0 73 50 75 100 =100
GIBIM-P4A1I =100 =100 50 100 25 =100
GIBIM-P4A1V S0 =100 75 =100 25 =100
GIBIM-PANZ2F TS =100 100 =100 50 =100
GIBIM-P5 100 =100 100 =100 10 =100
GIBIM-P5T2K S0 =100 75 100 ¥ =100
GIBIM-P5S9K 10 30 25 75 10 =100
Ofloxacin 8.8 >8.8 3.6 >§5.5 2.8 5.5

Each MIC value 1s the average of at least three independent experiments.
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The potential of the proposed strategy for designing and
optimizing AMPs was demonstrated. As a proof-of-concept,
GIBIM-P5S9K increased ten times the antimicrobial activity
of its parental GIBIM-P5 against E. coli and four times
against MRSA, and was more active than GIBIM-P5T2K on
these bacteria. The modifications in GIBIM-P5T2K and in
GIBIM-P5S9K were made at the hydrophobic face of the a-
helix. In both cases the replacement was similar: Thr and Ser
were changed by Lys. This suggests that the higher antimi-
crobial activity 1s not exclusively due to the increase of the
overall peptide positive charge, but also to the distribution of

positive charges throughout the peptide structure. In fact,
GIBIM-P3A6K having the highest positive net charge +6,
did not increase its antibacterial activity against these strains
compared to GIBIM-P3. Peptide positive charge promotes
binding to the anionic head of phospholipids on the bacterial
membrane, but could impair its membrane insertion [50].
This fact would presumably make the peptide antibacterial
activity less susceptible to the well-known strategy of re-
sistance to AMP activity by decreasing the anionic character
of lipopolysaccharides or teichoic acids in Gram negative
and positive bacteria, respectively [51].
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Fig. (5). Cytotoxicity on mammalian cells of the peptides having the higher antimicrobial activity. A) Hemolytic activity on sheep erythro-
cytes; B) in vifro cytotoxicity assay in A549 line cells. Emror bars indicate SD. Little or no SD was observed. Cell viability is expressed as

percentage of viability respect to 0.1% TX-100.

GIBIM-P1, GIBIM-P3 to GIBIM-P4N2F, presented low-
er antibacterial activity than other peptides having similar
composition [18], possibly because the location of Trp resi-
dues does not allow the a m-cation interaction, with a con-
comitant stabilization of the indole aromatic ring and a high-
er antibacterial activity [52-54]. Moreover, the presence of
the indole aromatic ring might produce a depolarization of
the bacterial membrane by the presence of this conjugation
system.

The differences in the antimicrobial activity cannot be
ascribed to differences in the secondary structure. In fact, no
significant differences were observed among the peptide
circular dichroism spectra (See Fig. 2). These differences
could be due to other physicochemical characteristics, for
example, some antimicrobial peptides can form aggregates in
solution that compete for an effective insertion of monomers

or peptide aggregates into the membrane. These peptide ag-
gregates have been described as inactive because they do not
effectively insert in the membrane and thus do not promote
the cell depolarization [55]. Another possibility is peptide
degradation by bacterial enzymes.

Some of the new peptides produced in this paper have
antibacterial activity comparable or higher than peptides
such as Cecropin B, Cecropin P1 and Hepcidin [56, 57].

Interestingly, GIBIM-P5S9K has 92% homology with the
Amphibian AMP esculentin (http://www.ebi.ac.uk/pdbe/
entry/pdb/2n6m). In some way, the algorithm may mimic the
evolution driven by nature on some AMPs.

Therefore, we have developed a method using a compu-
tattonal model for correlating sequence-derived physico-
chemical peptide properties with the antimicrobial activity
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Fig. (6). Cellular location of GIBIM-P5S9K 1n bacteria. (A) E. coli O157:H7: (B) P. aeruginosa: (C) MRSA. Confocal laser scanning mi-
croscopy images of E. coli O157:H7 cells treated with GIBIM-P5F8W rhodamine coupled (RJJG-GIBIM P5S9K) and TO-PRO®-3 fluoro-
phore was used as DNA stain. Wavelengths used were Agxc = 642 nm and Agy = 661 nm for TO- PRO®-3 and Agxc = 554 nm and hgy = 579

nm for the rhodaminated peptide.

that resulted in the design of efficient AMPs, as illustrated
by GIBIM-P5.

CONCLUSION

New AMPs were designed using a novel genetic algo-
rithm and rational modifications of their sequences based on
optimization of some peptide physicochemical characteris-
tics. Additionally, tryptophan and lysine amino acid substitu-
tions in the middle of the sequences were found to improve
the antimicrobial activity to a greater extent than substitu-
tions in the C- or N-terminal region. The evaluated cytotoxi-
city of the new AMPs against human cell line A549 and
erythrocytes demonstrated the specificity towards bacterial
cells of these peptides.

The most potent AMP against the most common patho-
genic bacteria (MRSA, P. aeruginosa and E. coli O157:H7),
designed in this work was GIBIM-P5S9K. This peptide
adopts an a-helical structure in environments designed to
mimic cell membranes and 1s able to permeate the membrane
of pathogenic bacteria in a dose-dependent manner. In addi-
tion, it can be considered a selective compound due to its
low toxicity to eukaryotic cells. Overall, these data suggest
that GIBIM-P5S9K 1s an attractive AMP and a promising
candidate against ifectious diseases caused by these patho-
genic bacteria.

LIST OF ABBREVIATIONS
CAN =
AMPs =

acetonitrile

antimicrobial peptides

BHI
CAMPs

Ch
DEPRAMPs

DIPEA

DMEF

E. coli O157:H7
EMEM

GA

GRAVY

HBSS

HBTU

Ip
LASAF

i &
LB
LSD
MBC

brain heart infusion
cationic antimicrobial peptides
circular dichroism

DEsign and PRediction of An-
tiMicrobial Peptides

N, N-diisopropylethylamine

N, N-Dimethylformamide
Escherichia coli O157:H7
Eagle’s modified Eagle medium
genefic algorithm

Grand Average of Hydropathy
Hanks balanced salt solution

2- (1H-benzotriazol-1-yl) -1.1,
3,3-tetra-methyluronium hex-
afluorophosphate

isolelectric point

Leica Application Suite Ad-
vanced Fluorescense

Lactoferrin
lipopolysaccharide
least significant difference

minimal bactericidal concentra-
tion
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MDRAD = multidrug resistant Acinetobac-
ter baumannii

MH = Mueller-Hinton

MRSA = methicillin-resistant  Staphylo-
COCCUHS dUrels

OM = outer membrane

P. aeruginosa = Pseudomonas aeruginosa

RP-HPLC = Reverse Phase-High Perfor-
mance Liquid Chromatography

SPPS = solid phase peptide synthesis

TA = teichoic acids

TFA = trifluoroacetic acid

TFE = 2.2 2-trifluoroetanol

TIS = tritssopropylsilane
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