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Background and purpose: The world is heading to a post-antibiotic era where the
treatment of bacterial infections will not be possible even with well-known last-line anti-
biotics. Unfortunately, the emergence of multidrug resistant bacterial strains is uncontrolla-
ble, and the humanity will face a life-threatening fate unless new antimicrobial agents with
new bacterial target sites are promptly developed. Herein, we design a hybrid antimicrobial
peptide (B1) from helical parts taken from the parent peptides: LL-37 and BMAP-27. The
purpose of this design is to improve the potency and enhance the toxicity profile of the parent
peptides.

Methods: Rational design was used to hybridize two antimicrobial peptides, in which two
helical parts from the bovine analog BMAP-27, and the human cathelicidin LL-37 were used
to generate a novel peptide (B1). The physicochemical properties were checked using in
silico methods. The antimicrobial activities were tested against nine control and resistant
strains of Gram-positive and Gram-negative bacteria. On the other hand, the antibiofilm
activities were tested against four resistant strains. The cytotoxicity on mammalian cells was
tested using HEK293, and the hemolysis activity was also investigated on human blood.
Finally, synergistic studies were performed with four conventional antibiotics against four
resistant strains of Gram-positive and Gram-negative bacteria.

Results: The new peptide B1 exhibited broad-spectrum activities against all tested strains.
The concentration against planktonic cells ranged between 10 and 20 puM. However, 40—60
uM were needed to eradicate the biofilms. B1 showed reduced toxicity toward mammalian
cells with minimal hemolysis risk. On the other hand, the synergistic studies showed
improved activities for the combined conventional antibiotics with a huge reduction in
their minimum inhibitory concentration values. The concentrations of B1 peptide combined
with the tested antibiotics were also decreased markedly down to 0.5 uM in some cases.
Conclusion: Bl is a hybrid peptide from two cathelicidin peptides. It showed an improved
activity compared to parent peptides. The hybridization was successful in this study. It
generated a new potent broad-spectrum antimicrobial. The toxicity profile was improved,
and the synergism with the convention antibiotics showed promising results.

Keywords: antimicrobial peptides, rational design, hybridization, antimicrobial resistance,

antibiofilm activity, synergism

Introduction

The prevalence of antibiotic resistance is increasing worldwide, leading to serious
challenges in public health, and sets forth extra pressure on the pharmaceutical
industry and public health leaders to tackle the problem.' This is coupled with the
crisis in antimicrobial drug discovery progress, as evidenced by declined rates of
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development of new anti-infectious agents into the
market.>* Therefore, it is urgently needed to explore dif-
ferent strategies to address antibiotic resistance and to
develop new safer and more effective antimicrobial agents.

Antimicrobial peptides (AMPs) are ubiquitously
expressed in various species in nature, including animals,
insects, and plants,* and have been shown to play essential
roles in the immune system, as they represent host defense
mechanism in expressing species. Investigating biological
activity of these peptides has revealed promising antimi-
crobial activity that could be harnessed in clinical practice
to treat wide variety of bacterial, parasitic, fungal, and
viral infections.” AMPs exert antimicrobial effects by dif-
ferent mechanisms; through disruption of bacterial mem-
branes, inhibition of essential cellular processes like cell
well, DNA and proteins synthesis, as well as enzymatic
activity.® Given the wide diversity in these peptides and
their biological effects, increasing research is directed
toward the development of novel AMPs, and/or further
improvement of current AMPs for enhanced antimicrobial
activities with minimal adverse events.

Cathelicidins encompass several families of AMPs
expressed in epithelial and neutrophils to act as host defense
peptides.” While
N-terminal domain (called cathelin domain) and a cationic

cathelicidins contain a conserved
C-terminal domain of variable lengths and sequences, the
antimicrobial activity of cathelicidins resides in the
C-terminal domain.® Mammalian cathelicidins exhibit
a wide variety of linear and circular structures that are
distinct from amphibian and insect cathelicidins, with a-
helix is the most common peptide conformation in environ-
ments of biological membranes.*® The primary features of
cathelicidins that account for their antimicrobial activity are
net cationic, as a result of the dominance of basic residues in
their sequences, and overall amphipathic structural topol-
ogy, together allowing these peptides to bind and be inserted
into negatively charged macrobian membranes.'® The only
cathelicidin that has been reported in human is hCAP18;
a propeptide having a cathelin domain and the C-terminal
domain of 37 residues called LL-37 peptide. The antimi-
crobial activity of hCAP18 is attributed to the C-terminal
LL-37 region, which is characterized by a-helical confor-
mation and amphipathic topology, with a net charge of +6 at
physiological pH."" LL-37 is a membrane-active agent with
a broad-spectrum activity against Gram-positive (G+ve)
and Gram-negative (G-ve) pathogens, and most importantly
against common clinical isolates of uropathogens and
wound pathogens, such as Escherichia coli HU734,

Pseudomonas aeruginosa AKI1, Klebsiella pneumoniae
3a, and Group A Streptococcus.'>'> BMAPs (bovine mye-
loid antimicrobial peptides) are bovine cathelicidins that
share many structural and functional features with human
cathelicidin."* BMAP-27 is a 26 amino-acid peptide with
amidated C-terminus. It has shown potent antimicrobial
effects against various species of bacteria and parasites.
However, it seems to have hemolytic effects on cultured
blood cells, as well as cytotoxic effects to hematopoietic
cells and activated human lymphocytes.'”

In this study, we introduced a rationally designed pep-
tide that combines essential features of LL-37 and BMAP-
27 peptides to generate a hybrid peptide with enhanced
antimicrobial activity along with minimized toxicity. In
fact, our new peptide B1 demonstrated promising antimi-
crobial and antibiofilm activity against representative spe-
cies of Gtve and G-ve bacteria, and displayed minimal
toxicity compared to the parent peptides.

Material and methods

Bacterial strains

Methicillin-susceptible Staphylococcus aureus (MS S. aureus)
ATCC 29213, methicillin-resistant Staphylococcus aureus
(MR S. aureus) ATCC 33591, MR S. aureus ATCC 43300
(oxacillin-resistant), and MR S. aureus ATCC BAA-41,
S. epidermidis ATCC12228, Escherichia coli (E. coli) ATCC
25922, E. coli ATCC 35218, Enterococcus faecium
(E. faecium) BAA-2316 (vancomycin and teicoplanin-
resistant), and multidrug-resistant (MDR) Pseudomonas aer-
uginosa (P. aeruginosa) ATCC BAA-2114 were acquired
from the American Type Tissue Culture Collection (ATCC;
Manassas, VA, USA).

Materials and chemicals

All antibiotics and chemical reagents were bought from
Sigma Chemical Co. (St. Louis, MO, USA) and were dealt
with according to the manufacturer’s recommendations.

Peptide design, molecular modeling, and

in silico analyses

The HNN (Hierarchical Neural Network) software was used
to calculate the helicity of the hybrid peptide,'® whereas
ProtParam/ExPASy server'” and the antimicrobial peptide
database (APD)'® were used to predict the physicochemical
properties. The HHpred'? and MODELLER software®” from
MPI Bioinformatics Toolkit server®' were used to run homol-
ogy modeling, and the Ramachandran Plot** were assessed
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using The RAMPAGE software. ProSA-web® was also used
to validate the model and finally, the '-TASSER?* was finally
used to confirm the model reliability.

Peptide synthesis and purification

The peptide was purchased from GL Biochem (Shanghai)
Ltd. Solid-phase peptide synthesis method was adopted to
synthesize the new hybrid peptide (NH2- KFKKLFKKLS
PVFKRIVQRIKDFLR-COOH). The purity of higher than
95% was then obtained and checked by reversed-phase
high-performance liquid chromatography (RP-HPLC) and
electrospray ionization mass spectrometry (ESI-MS).

Bacterial susceptibility assay

The minimum inhibitory concentrations (MICs) of the
hybrid peptide were evaluated using the broth dilution
method outlined by the
Standards Institute guidelines.*

Clinical and Laboratory

Fifty microliter of bacterial suspensions (1x10° CFU/
mL) and 50 pL of the twofold serial dilutions of the
peptide were placed in 96-well microtiter plates. The posi-
tive control consisted of 50 puL of Mueller-Hinton broth
and 50 pL of bacterial suspension, whereas the negative
control was 100 pL of sterilized Mueller-Hinton broth.
The plates were then incubated for 18 hrs at 37°C and
MICs were determined by an enzyme-linked immunosor-
bent assay (ELISA) microplate reader (Epoch™; BioTek,
Winooski, VT, USA) at 4 =600 nm. On the other hand, the
minimum bactericidal concentration (MBC) was con-
firmed by plating 10 puL of the bacterial suspension from
each well that showed no visible turbidity on Muller-
Hinton Broth agar (MHB; Oxoid Ltd., Basingstoke, UK)
at 37°C for 24 hrs or 48 hrs. The lowest concentration with

less than 1% bacterial growth was considered the MBC.

Antibiofilm activity

Biofilms of S. aureus; ATCC 33591 and ATCC BAA-2114
were formed using the Calgary biofilm device (Innovotech,
Innovotech Inc. Edmonton, Canada).z(k29 Briefly, the biofilm
formation was initiated by placing 150 pL of (1x10° CFU/mL)
bacterial suspension of the tested microorganism inside each
well of the 96-well base. The plate was covered by a lid
consisting of 96 pegs and incubated in an orbital incubator at
37 °C for 16+2 hrs and 120 rpm. The lid with the pegs was
then removed and washed three times with phosphate buffered
saline (PBS) to remove unattached bacterial cells. The lid was
then transferred to a 96-well challenge microtiter plate which
contains 200 pL of different concentrations of the hybrid

peptide in MHB medium and incubated for 4 hrs in the orbital
shaker as previously. The peg-lids were then removed from the
challenge plate, re-washed three times with PBS, and trans-
ferred into a 96-well recovery microtiter plate containing 150
pL PBS buffer for sonication. The sonication on high for 16
mins. The 96-pegs lid was removed, and a new lid covered the
plate. The minimum biofilm eradication concentration
(MBEC), which is the minimum concentration needed to
inhibit the regrowth of biofilm after peptide exposure for 4
hrs was measured by determining the absorbance of the plate
at OD=595 nm. On the other hand, the minimum bactericidal
concentration (MBECD), which is the lowest concentration to
kill 99.9% of the viable bacteria in a biofilm, was measured by
colony count method; this was done by plating 10 uL on agar
plates followed by incubation for overnight.*°

Synergistic checkerboard assay

The synergistic effects were studied against four clinical
bacterial isolates, and five antimicrobial agents; LVX,
CHL, RIF, AMP, and ERY. The tests were performed on
96-well microplates according to previous studies.*'?
Each well contained 25 pL of one of the five antibiotics
mentioned above with equal volume of the hybrid peptide,
and 50 pL of 5x10° CFU/mL of a single bacterial strain
suspension. The agents and the hybrid peptide were seri-
ally diluted along the microplates, which were then incu-
bated for 18-24 hrs at 37°C. The MICs were then
calculated using ELISA microplate reader (EpochTM,
BioTeck, Winooski, VT, USA) at 600 nm.

Finally, the values of the fractional inhibitory concentra-
tions (FIC) index were calculated by adding the FIC value of
the peptide (in combination divided by its value alone) and
the FIC value of the antibiotic used (in combination divided
by its value alone). The reactions were considered synergis-
tic when FICs are <0.5, additive when 0.5< FICs <1, indif-
ferent when 1< FICs <2, and antagonistic when <2.

Hemolytic assay

This assay was performed using human blood purchased
from Sigma Aldrich (St. Louis, MO, USA). Two milliliters
of the blood was centrifuged at 2,000 rpm for 5 mins. The
supernatant was aspirated and replaced by 50 mL PBS
buffer at pH 7.4 and centrifuged as previously. The step
was performed twice. The resulted supernatant was again
discarded and replaced with 50 mL PBS to produce
a suspension of 4% red blood cells (RBCs) (vortex). The
final suspension of RBCs was divided into nine test tubes
and tested under different concentrations of the hybrid
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Table | Predicted percentages of secondary structure for the parent peptides (LL-37 and BMAP-27) and Bl using HNN

Peptide | Natural sequence Amino acid | Alpha helix | Extended Random coil
(n) (%) strand (%) (%)

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES | 37 78.38 0.00 21.62

BMAP-27 | GRFKRFRKKFKKLFKKLSPVIPLLHL 26 53.85 15.38 30.77

BI KFKKLFKKLSPVFKRIVQRIKDFLR 25 88.00 0.00 12.00

Notes: The software used to generate the percentages in this table was from Guermeur Y.'® The bold letters represent the parts that were taken from LL-37 sequence to

produce the hybrid peptide.
Abbreviation: HNN, Hierarchical Neural Network.

peptide using equal volumes from each. The positive control
contained 2 mL of RBCs suspension, 2 mL PBS, and 5 pL
10% Triton X-100 (Santa Cruz Biotechnology, Dallas, TX,
USA), while the negative control only consisted of 2 mL of
RBCs suspension and 2 mL PBS. Incubation was performed
for all samples for 60 mins at 37°C followed by gentle
vortex. One milliliter of each sample was then placed in pre-
sterilized Eppendorf tubes and centrifuged as mentioned
previously. Finally, the absorbance of each supernatant was
measured using the ELISA microplate reader (450 nm). The
percentage of hemolysis was measured by subtracting the
absorbance value of the Triton X-100 treated suspension
from the absorbance values of the tested solutions.

Mammalian cell cytotoxicity assay
Human Embryonic Kidney 293 cell line (HEK293),
obtained from Sigma—Aldrich (St. Louis, MO, USA),
was selected as a model to investigate the cell cytotoxicity
and selectivity of B1. The cells were cultured in RPMI
1640, containing 10% fetal bovine serum, and 1% v/v
concentration of penicillin and streptomycin. Cells were
grown as monolayers in 5% CO, and 95% air at 37°C.
The cells were seeded into a 96-well microtiter plate at
a density of 5x10° cells/well. Cells were incubated for 18 hrs
with different peptide concentrations. Subsequently, 20 uLL of
5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) was added and incubated for 6 hrs.
Changing the color of MTT into purple indicates the forma-
tion of formazan by viable cells. The medium was replaced

by 100 pL of dimethylsulfoxide and mixed to dissolve the
formed formazan crystals. Absorbance was measured using
an ELISA microplate reader at 550 nm, and the GraphPad
Prism software was used for statistical analyses.

Results
Peptide design, molecular modeling, and

in silico analyses

The B1 hybrid peptide has 25 amino acids. It consisted of
two parts, the N-terminal side was taken from the sequence
range of 9-20 from the parent peptide BMAP-27, and the
C-terminal side was taken from the sequence range of 17-29
from human LL-37 peptide. The helicity percentages were
predicted using HNN,'® which is considered as one of the
most accurate softwares to predict helical structures.*

The prediction of the secondary structure of B1 showed
88% of the alpha helices and 12% of the random coils.
These values were different from the parent peptides
which adopted a lesser degree of helicity and more random
coils as shown in Table 1.

ProtParam software from the EXPASy server'’ and the
APD,'® were used to predict the physicochemical parameters
of the parent peptides and Bl (Table 2). The molecular
weight of Bl is 3163.98 g/mol, and the isoelectric point is
11.77. The instability index is 20.99; this value indicates the
stability of the peptide in a test tube which should be less
than 40. Furthermore, the aliphatic index value represents its
thermostability. For B1, the value suggests that our peptide is

Table 2 The prediction of the physiochemical properties of LL-37, BMAP-27, and BI.

Peptide [ Amino Molecular | Theoretical | Instability | Aliphatic | GRAVY# | Hydrophobic | Total net
acid (n) weight pl index index ratio charge

LL-37 37 4,493.32 10.61 23.34 89.49 —0.724 35% +6

BMAP-27 | 26 3,226.10 12.32 21.48 101.15 —0.365 42% +10

Bl 25 3,163.98 11.77 20.99 101.20 —0.408 44% +9

Note: The parameters were calculated using ProtParam from ExPASy'” and APD.'®

Abbreviations: pl, isoelectric point; GRAVY, The Grand Average hydropathy value of the peptide.
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Table 3 MICs of Bl against different bacterial strains
Bacterial strains ATCC MIC (uM)
Gram positive
Standard strains 29,213 20
MS S. aureus
S. epidermidis 12,228 20
Resistant strains
MR S. aureus 33,591 20
\ MR S. aureus 43,300 20
MR S. aureus BAA-4| 20
E. faecium BAA-2316 20
Figure | Three-dimensional structure of Bl. ' - " Gram negative
Note: The structure was generated by homology modeling using MODELLER
and the figure was prepared using PyMol.>® Standard strains
E. coli 25,922 20
thermostable, which is slightly higher in value compared to | Resistant strains
parent peptides. GRAVY value, on the other hand, is the | & < _ 35.218 20
Grand Average of Hydropathy.34 It is negative and close to MDR P aeruginosa BAA2II4 0

zero for our peptide, which suggests the moderate hydrophi-
licity of the peptide. Finally, the last parameter calculated
using the ProtParam tool was the charge. The total net charge
for B1 is +9, which is higher than LL-37 charge but lower
than BMAP-27 charge.

For homology modeling, the HHpred,"” the
MODELLER software’® then the RAMPAGE* were
used (Figure 1). HHpred suggested cathelicidin antimicro-
bial peptide LL-37 (pdb: SNMN_A) as the best template
with approximately 95% probability with an Expect value
(E-value) of 0.011. The selected model was forwarded to
MODELLER, which created a pdb file. The validation was
performed using The RAMPAGE,** and ProSA-web.*
ProSA calculated a z-score of —0.80 which suggests
a model of good quality, and the RAMPAGE showed
100% of the residues in the favored region. The quality
indicators; the C-score, the estimated TM score, and the
estimated RMSD in I-TASSER?** confirmed a helical
structure. The values obtained were as following: the
C-score equal —0.11, the estimated TM score is 0.7+0.12,
and the estimated RMSD is 1.5£1.4 A,

Protein synthesis and purification

The solid-phase method was used for peptide synth-
esis)GL Biochem (Shanghai) Ltd.). (RP-HPLC) con-
firmed >95% purity, which
in vitro studies. Moreover, ESI-MS confirmed the iden-
tity of the hybrid peptide. The ESI-MS showed the
following peaks: [M+3H]**=1056.41 Da, [M+4H]*"
=792.52 Da, [M+5H]°" =634.23 Da, [M+6H]*
=528.67 Da.

is recommended for

Abbreviations: ATCC, American Type Culture Collection; MIC, minimum inhibi-
tory concentration; MBC, minimum bactericidal concentration; MS, methicillin
sensitive; MR, methicillin resistant; MDR, multidrug resistant.

Bacterial susceptibility assay

B1 showed similar potency against all tested strains as
shown in Table 3. The MIC values were 20 uM against
MS S. aureus ATCC 29213, S. epidermidis ATCC12228,
MR S. aureus ATCC 33591, MR S. aureus ATCC 43300
(oxacillin-resistant), and MR S. aureus ATCC BAA-41
and E. faecium BAA-2316 (vancomycin and teicoplanin-
resistant), E. coli ATCC 25922 and E. coli ATCC 35218.
On the other hand, it showed enhanced potencies with
MIC values of 10 uM against MDR P. aeruginosa ATCC
BAA-2114. The MIC values were always equal to MBC
values which indicated a cidal effect for B1 peptide.

Antibiofilm activity of Bl

The antibiofilm activity of Bl was studied against MR
S. aureus ATCC 33591 and MDR P. aeruginosa ATCC
BAA-2114. The MBEC was defined as the minimum
concentration of the peptide needed to inhibit the
regrowth of the biofilms after an exposure of 4 hrs.
The MBEC value for MR S. aureus ATCC 33591 was
40 puM, which is two-fold higher than the MIC value
against the planktonic cells. The MBEC value was also
60 uM for MDR P. aeruginosa ATCC BAA-2114 which
is sixfold higher than the MIC values. On the other
hand, the viable count method showed complete eradi-
cation of biofilm cells (99.9% killing) (MBECDb) at 140
pM for both resistant strains (Table 4). At MBEC con-
centrations, the percentage of viability in biofilm cells
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Table 4 The antibiofilm activity of Bl against MR S. aureus
ATCC 33951 and MDR P. aeruginosa ATCC BAA-2114

Peptide con- Viable biofilm Viable biofilm

centration cells (%) - MR cells (%) - MDR

(xM) S. aureus P. aeruginosa
ATCC 33951 ATCC BAA-2114

200 0.0% 0.0%

140 0.0% 0.0%

80 3.5% 4.5%

60 4.0% 8.5%

40 6.5% 21.0%

20 14.0% 45.0%

10 55.0% 62.0%

Abbreviations: MR, methicillin resistant; MDR, multidrug resistant.

were reported to be 6.5% for MR S. aureus ATCC
33591% and 8.5% for MDR P. aeruginosa ATCC
BAA-2114.

Synergistic checkerboard assay
Synergistic studies were performed with five antibiotics; LVX,
CHL, RIF, AMP, and ERY. The resistant bacterial strains used

were MR S. aureus ATCC 33591, MR S. aureus ATCC 43300
(oxacillin-resistant), and MR S. aureus ATCC BAA-41 and
MDR P. aeruginosa ATCC BAA-2114.

The FIC indices were calculated, and the values were
interpreted according to EUCAST as synergistic, additive,
indifferent, or antagonistic when the values are <0.5, 0.5<
FIC index <I, 1< FICI <2 and >2, respectively.’® The
results of the synergistic studies are presented in Table 5.
The combination between B1 and LVX showed mixed
effects against different strains; it was synergistic against
MR S. aureus ATCC 33591 and MR S. aureus ATCC
BAA-41 with 92.50% and 25% reduction in LVX MIC
values, respectively. It was additive against MR S. aureus
ATCC 43300 with a 60% reduction in LVX MIC but
showed an indifferent effect against MDR P aeruginosa
ATCC BAA-2114, yet 58.33% reduction in LVX MIC.

On the other hand, the combination between B1 and
CHL was additive with a 50% and 75% reduction in MIC
values against MR S. aureus ATCC 33591 and MDR
P. aeruginosa ATCC BAA-2114, respectively; synergistic
with 73.33% reduction in MIC value against MR S. aureus
ATCC 43300, and indifferent against MR S. aureus ATCC

Table 5 Correlation between FIC and the synergistic effect upon combination with antibacterial agents

Bacterial | Antibiotics | MIC of MIC of Bl | MIC of MIC of anti- | (%) FIC Synergism
strains Bl alone | combined | antibiotic biotic com- Reduction in | index
ATCC (nM) (uM) alone (uM) | bined (pM) antibiotic
MIC
MR LvX 20 25 10 0.75 92.50% 0.20 Synergistic
S. aureus CHL 20 25 130 65 50.00% 0.63 Additive
33591 RIF 20 25 0.04 0.00125 96.88% 0.16 Synergistic
AMP 20 5 85 375 55.88% 0.69 Additive
ERY 20 2.5 125 35 97.20% 0.15 Synergistic
MR LvX 20 5 10 4 60.00% 0.65 Additive
S. aureus CHL 20 2 15 4 73.33% 0.37 Synergistic
43300 RIF 20 5 | 0.3 70.00% 0.55 Additive
AMP 20 75 20 75 62.50% 0.55 Additive
ERY 20 25 100 20 80.00% 0.75 Additive
MR LvX 20 75 10 75 25.00% 0.33 Synergistic
S. aureus CHL 20 0.25 25 5 80.00% 1.13 Indifferent
BAA-41 RIF 20 0.5 0.005 0.00075 85.00% 0.21 Synergistic
AMP 20 3.75 40 15 62.50% 0.18 Synergistic
ERY 20 75 350 250 28.57% 0.56 Additive
MDR LvX 10 25 12 5 58.33% 1.09 Indifferent
P. aeruginosa | CHL 10 1.25 200 50 75.00% 0.67 Additive
BAA-2114 RIF 10 0.25 50 375 25.00% 0.38 Synergistic
AMP 10 75 >500 375 - - -
ERY 10 25 125 375 70.00% 0.55 Additive

Abbreviations: MR, methicillin resistant; MDR, Multidrug resistant; LVX, levofloxacin; CHL, chloramphenicol; RIF, rifampicin; AMP, ampicillin; ERY, erythromycin; MIC,

minimum inhibitory concentration; FIC, fractional inhibitory concentration.
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BAA-41. Alternatively, RIF showed synergistic effects
against three resistant strains: MR S. aureus ATCC
33591 with 96.88% reduction in the MIC value of the
antibiotic, MR S. aureus BAA-41 with 85% MIC reduc-
tion and MDR P. aeruginosa BAA-2114 with 25% MIC
reduction. However, B had an additive effect against MR
S. aureus ATCC 43300 in the presence of the RIF peptide
with a MIC reduction percentage of around 70%.

Moreover, AMP combination also showed additive
effects against MR S. aureus ATCC 33591 and MR
S. aureus ATCC 43300 with a reduction of over 50% in
AMP MIC values; but showed a synergistic effect against
MR S. aureus BAA-41 with over 60% reduction in its
inhibitory concentration. Finally, the final combination with
AMP against MDR P. aeruginosa BAA-2114 could not be
tested since the MIC value of AMP alone was over 500 uM.

Meanwhile, the MICs of ERY changed markedly in
this study. The combination showed a synergistic effect
against MR S. aureus ATCC 33591 with a 97.20% reduc-
tion in ERY inhibitory concentration. On the other hand,
the ERY combination with Bl against the other three
resistant strains stated additive effects against MR
S. aureus ATCC 43300 (80.00% MIC reduction), MR
S. aureus ATCC BAA-41 (28.57% reduction) and MDR
P aeruginosa ATCC BAA-2114 (70.00% reduction).

Hemolytic assay

Different concentrations of B1 were tested against human
erythrocytes. The concentration ranged from 200 uM to 10
pM. Bl showed a maximum concentration of 20 uM to
exert its antimicrobial activity against different strains, and
at this value, B1 caused slight hemolysis after 1-hr expo-
sure time (Figure 2). Nonetheless, even with increasing the

B [o2]
o o

Hemolysis percentage (%)
N
o

S P& S
)

Peptide concentration (UM

P

Figure 2 Hemolytic activity of Bl against human erythrocytes after an exposure
time of | hr.

150 7

100

50 1

Cell viability percentage (%)

O T T L] L] 1
0 20 40 60 80 100

Peptide concentration (uM)

Figure 3 Cytotoxicity assay of Bl on HEK293 mammalian cell line using MTT assay.

concentration of this hybrid peptide two times the MIC
value, the hemolysis percentage is still less than 18%.

Mammalian cell cytotoxicity assay

The average half maximal inhibitory concentration (ICs)
of Bl against HEK293 mammalian cell line is 23.4 uM
(Figure 3). This value is higher than the maximum con-
centration of B1 needed to inhibit the most resistant strains
of bacteria, either be it alone or in combination. Therefore,
B1 exhibits minimal cell cytotoxicity toward mammalian
cells and can be safely used as an antimicrobial agent.

Discussion

The emergence of MDR bacterial strains is becoming
a serious health concern.>’ There is an urgent need to
develop new antibiotics and to adopt new strategies to
treat infections caused by MDR. AMPs have been pro-
posed as one of the most promising antimicrobial agents,
in particular, cationic antimicrobial peptides.*® Intensive
studies have been done to discover and investigate new
AMPs from different organisms.'® Trials have been made
to synthesize new AMPs by a simple mutation in specific
amino acids positions to natural and unnatural residues, by
amidation of the C-terminal, and also by using computer-
assisted methods.*”

The mechanism of action of AMPs is complex, yet, it is
well known that the cationic charge of any antimicrobial
peptide and their hydrophobicity are critical for the mechan-
ism of action. The cationic charge will facilitate the binding
with the negatively charged bacterial cell membrane, which
enables the permeabilizing of the amphiphilic peptide into
the hydrophobic membrane, which can cause disruption of
the membrane integrity or translocation of the peptide to
affect intracellular targets.*>*' AMPs could also activate
cell-wall lytic enzymes as suggested by Sahl et al,** inhibit
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efflux pumps,® protein synthesis and DNA replication,** ¢

which make them an excellent antibiotic adjuvant.*’ >

In this paper, we designed a hybrid peptide from two
natural AMPs, checked it in silico and performed
a homology modeling. The physicochemical properties
were investigated by several online tools before proceeding
with the in vitro experiments. The new hybrid, B1, consists
of an N-terminal extracted from 9 to 20 of BMAP-27 and
a C-terminal fragment obtained from 17 to 29 of LL-37. B1
consists of 25 amino acids in total with an improved helicity
content of 88.0% (Table 1). It contains one negatively
charged aspartic acid residue and ten positively charged
residues including three arginine and seven lysine residues;
this is created a net charge of +8 which is high enough to
interact electrostatically with the negatively charged com-
ponents in the cell membranes of the bacterial strains, such
as the lipoteichoic acid of G+ve bacteria and the LPS
moieties in G-ve bacteria.> B1 also contains ten hydropho-
bic residues (ie, one isoleucine, two valine, three leucine,
and four phenylalanine) with a total hydrophobic ratio of
45%, which facilitated the protein binding to the bacterial
membranes and disrupted their integrity. The GRAVY value
of B1 indicates the moderate hydrophilicity characteristic,
and the stability and the aliphatic indices, calculated by the
APD showed remarkable stability and thermostability
(Table 2)."®

B1 displayed a MIC value of 20 pM against all
tested strains except MDR P. aeruginosa which showed
an inhibitory concentration of 10 uM (Table 3). The
resemblance in the MIC values against G+ve and G-ve
despite the differences in their cell wall compositions
was due to the amphiphilic nature of B1, since it con-
tains a balanced ratio between the hydrophilic and the
hydrophobic residues. Furthermore, the similarity in the
MIC values and the MBC values indicates that Bl is
bactericidal.

On the other hand, the MIC values of the parent pep-
tide LL-37 were reported previously against all resistant
strains of S. awureus to be more than 128 pM,>* and
increased resistance to LL-37 was previously reported.>
Nevertheless, the MIC values of BMAP-27 were in the
range of 4-19.5 uM.>®

Antibiofilm activities were also investigated for B1. Bl
showed excellent antibiofilm activities and eradicated the
formation of biofilms. It was tested against MR S. aureus
ATCC 33951 and MDR P. aeruginosa ATCC BAA-2114.
These bacteria are known as biofilm formers.’”>® The
MBEC values were two-fold and six-fold higher than the

MIC values against the planktonic form of the aforemen-
tioned bacterial strains, respectively (Table 4).

The toxicity of Bl peptide toward mammalian cells
using HEK293 cells was also examined. It is essential
that the antimicrobial agent be active at a concentration
that does not affect the mammalian cell viability. The
(ICs0) value of B1 was 23.4 uM, and this is higher than
the MIC values (<20 pM) needed to kill all the tested
planktonic bacterial cells if used alone. Besides, the MIC
values of Bl (20 uM) causes less than 8% hemolytic
activity against human erythrocyte (Figure 2), which ren-
ders this hybrid safer to treat bacterial infections compared
with the parent peptide BMAP-27, which
a hemolytic activity at 6.2 pM,> along with poor selectiv-

showed

ity toward microbial organisms, which limited its potential
therapeutic applications.'* However, using Bl at the con-
centrations needed to inhibit or kill tissues-associated bio-
films inside the human body should be avoided, since
these concentrations will affect the viability of the eukar-
yotic cells.

On the other hand, synergistic studies were also eval-
uated with five antibiotics against four resistant strains MR
S. aureus ATCC 33591, MR S. aureus ATCC 43300, and
MR S. aureus ATCC BAA-41 and MDR P. aeruginosa
ATCC BAA-2114. The combination therapy or so-called
synergistic studies are intensively studied during the appli-
cation of peptides.*’ > Generally, peptides are pricey
depending on the length of their sequence and the amino
acid nature. And although bacterial resistance against these
drugs has not emerged yet because of their unique
mechanism of action, it could arise in the near future
after extensive or abusive use of these agents. Therefore,
combination therapy is a good strategy to avoid the possi-
bility of the emergence of resistance, increase the efficacy
of the agents, and finally, decrease the dose of the peptide;
hence the cost.*

The antibiotics used for the synergistic studies were
LVX, CHL, RIF, AMP, and ERY. LVX is a bactericidal
agent that inhibits the DNA gyrase and topoisomerase IV
enzymes. Whereas CHL is a bacteriostatic agent that inhi-
bits protein synthesis.®! RIF, on the other hand, is bacter-
icidal or bacteriostatic dependent on the type of the
bacterial strains and the concentration of the drug.®® It
suppresses the RNA synthesis by inhibiting the DNA-
dependent ribonucleic acid (RNA) polymerase.®® AMP is
a bactericidal cell wall inhibitor, whereas ERY is a protein
synthesis inhibitor and it can be bacteriostatic or bacter-
icidal for the same conditions mentioned for RIF.®* The
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emergence of resistance against these agents has been
reported continuously in the past decades.®

The combinations of B1 with the five agents displayed
synergistic and additive effects, except in two cases of “indif-
ference” after using Bl with CHL against MR S. aureus
ATCC BAA-41 and with LVX against MDR P. aeruginosa
BAA-2114. B1 as an antimicrobial peptide is expected to
disrupt the integrity of the bacterial membranes, and this
could facilitate the entry of the combined agents. Also, Bl
possibly inhibited the efflux pumps of the resistant strains as
suggested by Rishi et al,** and that could explain the syner-
gistic effect on the activity of CHL, AMP, and ERY.
However, the exact mechanisms of action of the combination
therapy were not studied in this paper.

The results reported great enhancement in the activities
of the five antibacterial agents with Bl against highly
resistant strains with a massive reduction in the MIC
values of the antibiotics and B1 as well (Table 5). The
MIC values of B1 were measured as 20 pM if used alone
against all tested resistant strains of S.aureus; ATCC
33591, ATCC 43300, and ATCC BAA-41. However,
these MIC values were decreased markedly when com-
bined with different antibiotics. The strongest synergism
was seen with CHL and RIF (80%, and 85% reduction in
MIC, respectively) against MR S. aureus ATCC BAA-41.
The MIC values of Bl were decreased to 0.25 uM, and 0.5
uM when accompanied by CHL and RIF, respectively. In
the other combinations against resistant strains of
S. aureus, there was a range of concentration reduction
for both the antibiotics and B1, however, the MIC value
for B1 did not exceed 7.5 uM.

On the other hand, synergistic studies were also per-
formed on MDR P aeruginosa BAA-2144. The only
synergism was found with RIF with a reduction percentage
of 25% in RIF and the MIC value of B1 was reduced to
0.25 uM, which is 97.5% reduction in the MIC value. It is
worthwhile to mention that these MIC values are extre-
mely safe to use with less than 1% hemolysis risk.

Conclusion

Designing an antimicrobial peptide using computer-based
methods is considered one of the fastest techniques in drug
development. Herein, a new hybrid peptide, B1 was devel-
oped using the sequences of LL-37 and BMAP-27. Bl
showed enhanced antimicrobial activity and excellent toxi-
city profile against planktonic G+ve and G-ve bacterial
cells. B1 showed selectivity, reduced cytotoxicity with
decreased effect mammalian

hemolytic against

erythrocytes. Also, the antimicrobial activities and the
toxicity profiles were improved markedly upon combining
with five different antibacterial agents.

On the other hand, B1 showed strong antibiofilm activ-
ities, but it can only be used to eradicate biofilms on abiotic
surfaces since the concentrations needed to inhibit or kill the
studied biofilms will risk the viability of mammalian cells.
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