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Abstract:



The recent upsurge of multidrug resistant bacteria (MDRB) among global communities has become one of the most serious challenges facing health professionals and the human population worldwide. Cationic ultrashort antimicrobial peptides (USAMPs) are a promising group of molecules that meet the required criteria of novel antimicrobial drug development. UP-5, a novel penta-peptide, displayed significant antimicrobial activities against various standard and clinical isolates of MDRB. UP-5 displayed MICs values within the range of (10–15 μM) and (55–65 μM) against Gram-positive and Gram-negative bacteria, respectively. Furthermore, UP-5 displayed antibiofilm activity with minimum biofilm eradication concentration (MBEC) value as equal to twofold higher than MIC value. At the same inhibitory concentrations, UP-5 exhibited very low or negligible toxicity toward human erythrocytes and mammalian cells. Combining UP-5 with conventional antibiotics led to a synergistic or additive mode of action that resulted in the reduction of the MIC values for some of the antibiotics by 99.7% along a significant drop in MIC values of the peptide. The stability profile of UP-5 was evaluated in full mouse plasma and serum with results indicating a more stable pattern in plasma. The present study indicates that USAMPs are promising antimicrobial agents that can avoid the negative characteristics of conventional antimicrobial peptides. Additionally, USAMPs exhibit good to moderate activity against MDRB, negligible toxicity, and synergistic outcomes in combination with conventional antimicrobial agents.
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1. Introduction


The uncontrolled, outspread and extended use of antibiotics in recent decades has led to an unbounded resistance development by bacteria against most conventional antibiotics. Antimicrobial resistance develops when microorganisms (such as bacteria, fungi, viruses, and parasites) start to combat the effectiveness of antimicrobial agents. As a result, these agents gradually become ineffective. The multidrug resistance (MDR) phenomenon has become one of the most serious challenges in the clinical management of human infections [1].



From an economic point of view, the patients with resistant infections increase the cost of health care due to the longer duration of illness and hospitalization. The requirement for additional tests and the use of more expensive drugs contributes further in increasing the cost of health care for those patients than patients with non-resistant infections [2]. This issue has turned into a main concern worldwide, as there is no clear medication strategy to handle these types of serious infections. Therefore, massive efforts have been applied in order to develop new antimicrobial agents with unique modes of actions and low potential of bacterial resistance development to manage multidrug-resistant related infections and the post-antibiotic era.



All species of living organisms produce antimicrobial peptides (AMPs), which play a vital function within the organism by acting as fast weapons in the innate immune system against infecting pathogens, such as bacteria, fungi, and yeast [3,4,5,6]. These peptides are usually less than 50 amino acid residues long, display net positive charges, and exhibit an amphipathic nature [7].



The mode of action of AMPs is significantly different when compared to conventional antibiotics that act by targeting specific sites within the microbial cell, such as enzymes, ribosomes, or bacterial DNA. On the other hand, the mode of action of AMPs is related to causing irreversible damage to the cell membrane, thus allowing the AMPs to permeate the cell membrane physically and rapidly. Due to this unique mechanism of action, the probability of bacterial cells developing microbial resistance is very low compared to the available conventional antibiotics [8]. Furthermore, many models were proposed in order to explain AMPs’ modes of action, these models are matched by the diversity of AMPs in sequences, structures, and lengths [4,9,10,11].



In general, the antimicrobial activity of AMPs is governed by two substantial merits: positive net charge and hydrophobic residues. Based on the previous structure-activity related studies [12,13,14], the cationic and hydrophobic residues should be in a properly balanced state in order to avoid eukaryotic toxicity. There is a strong belief that the initial binding of cationic AMPs with the lipopolysaccharide (LPS) layer or lipoteichoic acids that hold a negative charge in Gram-negative and Gram-positive bacteria, respectively, is an essential step. It is the first substantial step to govern the antimicrobial activity of cationic AMPs. After that, AMPs navigate into and permeate the inner phospholipid membrane. Furthermore, it is suggested that DNA is another potential target for AMPs where binding to DNA leads to inhibition of DNA replication and transcription without damaging the cell membrane of bacteria [15,16,17,18]. It is believed that the bacterial membrane is broken down through the “carpet” mechanism which results in piling up of these peptides on the microbial surface till reaching a sensitive threshold concentration that eventually leads to the devastation of the bacterial membrane in a detergent-like a manner [19,20].



Regrettably, several factors limit the use of native peptides as therapeutics, including mammalian cell toxicity which is considered as a major disadvantage for AMPs, very poor bioavailability due to poor absorption and low metabolic stability towards proteolytic enzymes in the gastrointestinal tract after oral ingestion, in addition to the rapid excretion through the kidneys and liver [21]. Furthermore, complex structure and relatively large size are important factors that limit the chemical synthesis of the natural antimicrobial peptides, so accordingly significant efforts and high costs are needed to synthesize them. The defensins group is an example of AMPs of such criteria that consists of 18–45 amino acids including six disulphide linked cysteines [3,22].



Despite of all these drawbacks, development of new therapeutics based on proteins and peptides has attracted interests and therefore efforts are oriented toward the development of peptidomimetics, a new concept that have shown great promise both in medicinal and organic chemistry. This approach is based on enhancing the bioavailability and activity of native peptides and proteins, which are considered as tools to develop drug candidates and new therapeutic classes, by introducing both functional and structural specific modifications while maintaining main features responsible for biological activity [21]. Apart from displaying greater oral bioavailability and biological activity, peptidomimetics may also show high cell selectivity than native peptides [23,24]. Peptidomimetics are divided into three classes depending on their functional and structural characteristics and these include [25]:

	-

	
Class I (structural mimetics): show a structural analogy with the native substrate in a well- defined spatial orientation, they carry all the functionalities responsible for the interaction with a receptor or an enzyme.




	-

	
Class II (functional mimetics): the analogy of this type is based on the interaction with the target enzyme or receptor regardless of their apparent structural similarity with the native compound.




	-

	
Class III (functional-structural mimetics): all the functional groups required for biological activity are mounted in a scaffoldwith a structure different from that of the starting compound.









Thyrotropin-releasing hormone (TRH) mimetic represents an elegant example of a peptidomimetic scaffold. This mimetic is based on a cyclohexane scaffold that replaces the peptide backbone. The pharmacophore represented by three functional groups are placed on the scaffold with maintaining spatial orientation of the amino acid side chains found in TRH hormone [26].



Current efforts for developing AMPs and enhancing their development towards the clinic are being focused on the design of a new sub-family called ultrashort antimicrobial peptides (USAMPs) which consist of three to eight amino acids. Several environmental and economic advantages are associated with the development of these new promising peptides. Chemically, they can be synthesized easily and purified simply. The amount of solvent and time required for synthesis is limited [27,28,29,30,31,32,33,34,35,36,37,38].



It was observed that according to previous studies aimed to design ultrashort peptides that using only two lysine or two ornithine amino acids to represent charged residues has led to loss of activity [28]. Further investigations showed that the antimicrobial and antibiofilm activity was significantly reduced as a result of replacing arginine with lysine residues due to favoring particular binding characteristics to bacterial membrane and DNA [39,40]. These results prove that membrane disruption is cation residue specific and furthermore cationic charges must arise from arginine and not lysine or ornithine, especially when the peptide is ultrashort in length. On the other hand, the hydrophobic moieties were represented by tryptophan which has a significant preference for the membrane interface compared to other hydrophobic amino acids. Also, biphenylalanine was used to represent hydrophobic moieties in order to enhance membrane insertion properties and using it led to reinforce peptide activity against methicillin-resistant staphylococcus aureus (MRSA) [28,41]. Furthermore, incorporation of non-natural amino acids was used as a main strategy to enhance peptide stability [42,43]. The biphenylalanine motif was reported as the shortest antimicrobial peptide-based agent. A severe damage to bacterial morphology and bacterial cell death were observed as a result of biphenylalanine interaction with bacterial cell membrane [44]. Besides that, the substitution of H by phenyl group in biphenylalanine is expected to incorporate a superior biological protection against enzymatic degradation compared to other non-natural motifs used alkyl substitution. This stability enhancement is secured via increasing basicity and decreasing polarity in addition to eliminate the predominance of trans versus cis peptide bond confirmation and some inter- and intramolecular hydrogen bonds [42,45].



Taking this into consideration, biphenylalanine (an unnatural amino acid) and arginine were used rationally in the present study to design a novel penta-peptide named UP-5. The peptide displayed potent antimicrobial activities against various standard and clinical isolates of MDRB. Additionally, UP-5 displayed potent antibiofilm activity with MBEC values as equal to MIC values. At the same inhibitory concentrations, UP-5 exhibited very low or negligible toxicity toward human erythrocytes and mammalian cells (Vero cells).




2. Materials and Methods


2.1. Peptide Design, Synthesis and Purification


The pentapeptide UP-5 (NH2-RBRBR-COOH, where B represents biphenylalanine and R represents arginine), was synthesized by G.L. Biochem (Shanghai, China), employing solid-phase methods and Fmoc chemistry. The purity and the identity (>98%) of the synthetic peptide were confirmed by reversed-phase high performance liquid chromatography (RP-HPLC) and electrospray Ionization (ESI-MS) mass spectrometry, respectively (supplementary material).




2.2. Antibiotics


Conventional antibiotics levofloxacin, chloramphenicol, rifampicin, and ampicillin were obtained from Sigma-Aldrich (Shanghai, China) and erythromycin from Sigma-Aldrich (St. Louis, MO, USA). According to the manufacture’s recommendations, the antibiotic powders and stock solution preparations were stored at the optimum temperature for each antibiotic.




2.3. Bacterial Strains


All bacterial susceptibility, biofilm, and synergistic assays of peptides, antibiotics, and peptides-antibiotics combinations used bacterial strains obtained from the American Type Tissue Culture Collection (ATCC, Manassas, VA, USA) that states the mechanism of resistance for each strain according to ATCC number. Gram-positive bacteria were represented by five strains, the wild type strain Staphylococcus aureus (ATCC 29213) and methicillin-resistant S. aureus (MRSA) (ATCC 33591) in addition to clinically isolated strains S. aureus (ATCC BAA-41& 43300) and Enterococcus faecalis (ATCC BAA-2316). The Gram-negative bacteria strains were represented by wild type strains of Escherichia coli (ATCC 25922 & 35218) and Pseudomonas aeruginosa (ATCC 27853) as well as the clinically isolated multidrug-resistant strain P. aeruginosa (ATCC BAA-2114). The bacteria were cultured onto Muller Hinton Agar (Scharlab, S.L, Barcelona, Spain). Mueller Hinton Broth (Oxoid Ltd., Basingstoke, UK) was used to prepare all bacterial suspensions and to dissolve the peptides and the antibiotics. The assay was performed in sterile 96-well polypropylene microtiter plates.




2.4. Bacterial Susceptibility Assays


All bacterial susceptibility assays were conducted according to the microbroth dilution method outlined by the Clinical and Laboratory Standards Institute (CLSI) guidelines [46,47].



2.4.1. MIC and MBC Values of UP-5


Briefly, pre-sterilized MHB was used as a growth medium for organisms obtained from stock media with glycerol. Bacterial cells were grown overnight in MHB and diluted to 106 CFU/mL in the same medium prior to use. For peptide, serial concentrations in the range of 0.5–100 μM were prepared. Then, 50 μL of each peptide concentration and 50 µL of diluted bacterial suspension were added to each well of a 96-well microtiter plate. Peptide solutions were prepared by dissolving the peptide in sterile MHB. Then, the plates were incubated overnight in a humidified atmosphere, and at 37 °C. Bacterial growth was determined by measuring the optical density (OD) at λ = 600 nm using an ELISA plate reader (Epoch, BioTek, Winooski, VT, USA) and the minimum inhibitory concentration (MIC) was determined. For the minimum bactericidal concentration (MBC), 10 μL was withdrawn from wells having various concentrations of the peptide, clear negative wells, and turbid positive control wells, and were allowed to grow after sub-culturing on pre-sterilized labeled agar plated for 24 h at 37 °C. The lowest concentration that led to having <0.1% viable cells (killing 99.9%) of the subcultures refers to the MBC value.




2.4.2. MICs and MBC Determination of Individual Antibiotics


As described in the previous section, the MIC and MBC values of antibiotics employed in this study were determined against subjected bacterial strains via preparing different concentrations of each antibiotic.




2.4.3. MIC and MBC Determination for Peptide and Antibiotics in Combinations


According to the broth microdilution checkerboard technique [48], the MIC and MBC values of peptide-antibiotics combinations against wild type and multidrug resistant bacterial strains were determined. Serial concentrations of peptide and each antibiotic were prepared in the range of 0.005–100 μM. In each well of a 96-well microtiter plate, 25 μL of each peptide concentration were added to 25 μL of each antibiotic concentration which is followed by adding 50 μL of diluted bacterial suspension (106 CFU/mL) to each well. The prepared concentrations of peptide and each antibiotic were arranged into rows and columns, respectively, in a 96-well microtiter plate according the checkerboard technique. Then as described previously (see Section 2.4.1), the procedure was followed. All MIC and MBC determinations of all assays were made in triplicate.




2.4.4. FIC Determination


The fractional inhibitory concentration (FIC) is defined as the inhibitory concentration of the antimicrobial combination divided by that of the single antimicrobial component. To calculate FIC index for peptide-antibiotic combinations, the following equation was used:
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(1)







The FIC indices were interpreted as follows: ≤0.5: synergistic activity, 0.5–1: additive activity, 1–4 indifferent, >4: antagonism. Interpretation and assessment of the FIC indices were performed according to the broth microdilution checkerboard technique [48].





2.5. Antibiofilm Assay


Biofilm formation relied on a published protocol employing the Calgary biofilm device (Innovotech, Edmonton, AB, Canada) [49,50]. Briefly, S. aureus (ATCC 33591) bacterial strain was incubated in MHB and cultures were diluted in the same medium to achieve a concentration of 105 CFU/mL. Next, diluted bacterial suspension (150 µL) was added to the sterile 96 peg-lids on which biofilm cells can build up. Negative control lanes were prepared by adding 150 µL MHB to six wells. And then the pegs were incubated for 14–16 h under rotation of 125 rpm at 37 °C to allow biofilm formation on the purpose designed pegs. The pegs were rinsed twice with phosphate-buffered saline (PBS) to remove planktonic cells as a washing step. Each peg-lid was then transferred into a “challenge 96-well microtiter plate” containing 200 μL of different peptides concentrations and the peg-lids containing the biofilms were incubated for four hours at 37 °C under rotation at 125 rpm. After biofilm treatment with the challenge plate, the biofilms were re-washed twice with PBS then transferred into the recovery plate for eight hours. The minimum biofilm eradication concentration MBEC value is defined as the minimum concentration needed to inhibit the re-growth of biofilms after four hours of peptide treatment, washing twice with PBS and incubating in pre-sterilized MHB (recovery plate) for 8 h, using an ELISA plate reader λ = 600 nm. Additionally, the biofilms were assessed for their minimum bactericidal concentration (MBECb), this assay was conducted similar to MBC assay (see Section 2.4.1). MBECb parameter is defined as the lowest concentration able to eradicate 3log10 of the viable microorganisms in a biofilm (99.9% killing) after 8 h of incubation in recovery plates using the colony count method.




2.6. MTT Cell Proliferation Assay


Vero cells were seeded at 5 × 103 cells per well in flat-bottomed 96-well plates, and the plate was incubated for 18–24 h at 37 °C under 5% CO2 to allow cell attachment on the bottom of the plates. Next day, different concentrations of the peptide were prepared as a gradient using growth medium as the diluent (150, 200, 250, 300, 400, 500, and 600 µM). The plates were incubated for 24 h at 37 °C under 5% CO2. Next, 30 μL (2.5 g/L) MTT solutions were added to all wells and the plates were incubated for 4–6 h. After incubation, the MTT-Peptide solution was removed and a 100 μL of DMSO was added to each well and mixed thoroughly by pipetting to dissolve the Formazan crystals at the bottom of the wells until a clear purple color was achieved. The plates were then placed on an ELx808™ Absorbance Microplate Reader (BioTek, Winooski, VT, USA) and the absorbance was measured at λ = 540 nm.




2.7. Erythrocyte Hemolytic Assay


Two milliliters of human blood were placed into a 50 mL centrifuge tube and centrifuged (3000× g). The supernatant was discarded, the cell pellet re-suspended in 48 mL of PBS, and centrifuged as above; this step was repeated twice. Finally, 2 mL of cell pellet were re-suspended in a sterile tube containing 48 mL PBS to reach a final concentration of 4% RBC. Different concentrations of the peptide were prepared (40, 60, 80, 100, 125, 150, 175, and 200 μM), and then 1 mL of each peptide concentration was added to 1 mL of erythrocyte suspension. Positive controls were prepared by adding 5 µL of 0.1% (Triton 100X) to 2 mL of 4% RBC suspension and negative controls were prepared by adding 2 mL of 4% RBC suspension only. All preparations were incubated for 60 min at 37 °C. Next, the tubes were gently vortexed and 1 mL of each sample were removed and placed into sterilized eppendorf tubes and then centrifuged (3000× g). Then, 200 µL of each supernatant was placed into a 96 well-plate. Absorbance was measured at λ = 450 nm with the aid of an ELISA reader [51]. The percentage hemolysis was calculated according to the following equation:


[image: ]



(2)




where A is the optical density at 450 nm (OD450) of the peptide solution, AO is the OD450 of the negative control (0.9% NaCl) and AX is the OD450 of the positive control (0.1% Triton 10X).




2.8. Stability Assays


The stability assay of UP-5 relied on a previously reported stability test procedure [52] employing mouse plasma or mouse serum (PAA Laboratories, Pasching, Austria). Briefly, a stock solution of the peptide was prepared in 5% aqueous DMSO. The highest DMSO concentration was less than 0.5% after dilution in order to have a final concentration of peptide equal to 1 g/L. Each peptide was dissolved in plasma or serum at a final concentration corresponding to 75 µg/mL and incubated at 37 °C (750 rpm, Eppendorf, Hamburg, Germany). After different time periods, aliquots (47.5 µL) were taken and proteins were precipitated by addition of 150 µL of a mixture composed acetonitrile, water, and formic acid (89:10:1 by volume). The samples were incubated on ice for 45 min and centrifuged for 10 min at 13,000× g (Eppendorf, Hamburg, Germany). After transfer to a new reaction tube, the supernatant (170 µL) showed partial precipitation and was therefore centrifuged a second time. The second supernatant (155 µL) was collected and dried under vacuum. The samples were dissolved in 3% aqueous acetonitrile containing, 0.1% formic acid, and were analyzed using an Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA), coupled online to an Esquire HCT mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) equipped with an analytical Jupiter C18-reversed phase column (2 mm inner diameter, 150 mm length, 5 µm particle size, 125 nm pore size). Eluent A contained 0.1% formic acid in water and Eluent B was 60% aqueous acetonitrile containing 0.1% formic acid.




2.9. Statistical Analysis


All statistical analyses were performed using the GraphPad Prism 7 software (La Jolla, CA, USA) program and Microsoft Office excel 2016.





3. Results


3.1. Design of UP-5


UP-5 was designed rationally with the balance between the hydrophobic and charged moieties taken into account. Arginine (R) was chosen to represent the charged moieties, while biphenylalanine (B) was incorporated in between to represent the hydrophobic residues. Five amino acids residues represents the overall sequence of UP-5 (Mw = 932.15 g/mol) which exhibited a charge of +3. The structure of UP-5 is displayed in Figure 1.


Figure 1. Chemical structure of UP-5.
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3.2. In Vitro Antimicrobial Activity of UP-5


The in vitro antimicrobial activity of UP-5 was assessed against representative wild type and multidrug resistant bacterial strains of Gram positive and Gram negative bacteria (Table 1). UP-5 managed to inhibit the growth of wild type and methicillin resistant G+ bacterial strains of S. aureus (ATCC 29213 & 33591, respectively) with a MIC value of 10 μM. The other G+ bacterial strains including the two clinically isolated methicillin resistant strains S. aureus (ATCC 43300 & BAA-41) were less susceptible with MIC values of 15 μM. The vancomycin resistant bacterial strain E. faecalis (ATCC BAA-2316) was inhibited at a significantly higher MIC value of 70 μM. UP-5 was less potent against G− bacteria, E. coli, P. aeruginosa, with MIC values ranging from 55 to 65 μM.


Table 1. Minimum inhibitory concentrations (MIC) and minimum bactericidal concentrations (MBC) of UP-5 against the subjected bacterial species.


	Bacterial Species
	ATCC #
	MIC Value (μM)
	MBC Value (μM)





	Staphylococcus aureus
	29231
	10
	10



	Staphylococcus aureus
	43300
	15
	15



	Staphylococcus aureus
	BAA-41
	15
	15



	Staphylococcus aureus
	33591
	10
	10



	Enterococcus faecalis
	BAA-2316
	70
	70



	Escherichia coli
	25922
	55
	55



	Escherichia coli
	35218
	60
	60



	Pseudomonas aeruginosa
	27853
	65
	65



	Pseudomonas aeruginosa
	BAA-2114
	55
	55









Additionally, the bactericidal activity of UP-5 against all the subjected bacteria strains was evaluated by quantifying the minimum bactericidal concentration (MBC) (Table 1). All measured MBC values of UP-5 were equal to MIC values of the tested G+ and G− bacterial strains indicating that UP-5 is a bactericidal peptide.




3.3. Antimicrobial Synergistic Assays


The antimicrobial activity of UP-5 in combination with five conventional antibiotics (levofloxacin, chloramphenicol, rifampicin, ampicillin, and erythromycin) was assessed against S. aureus (ATCC 29213), S. aureus (ATCC 33591), S. aureus (ATCC 43300), S. aureus (ATCC BAA-41), and P. aeruginosa (ATCC BAA-2114).



3.3.1. Determination of the MIC and MBC of the Individual Antibiotics


The five studied antibiotics were tested against wild type and multidrug-resistant bacterial strains in order to determine the antimicrobial activity of each antibiotic against the employed bacterial strains. In addition to the MIC values, the bactericidal activity of the applied antibiotics was evaluated by determining the minimum bactericidal concentrations (MBCs). All reported data of MIC and MBC values of antibiotics are summarized in (Table 2). As reported, the MIC values of levofloxacin, rifampicin and ampicillin were on a par with the MBC values. This is an indication of the bactericidal activity of these antibiotics. On the contrary, a bacteriostatic activity was reported for chloramphenicol and erythromycin due to having higher MBC values when compared to their MIC values.



Table 2. Minimum inhibitory concentrations (MICs) and minimum bactericidal concentration (MBCs) of the individual antibiotics; MICs of UP-5 and the antibiotics in combination; Percentage reduction of antibiotic MIC values in combination with UP-5 compared to the individual MICs; the fractional Inhibitory concentrations (FIC) indices for the antimicrobial combinations against tested bacterial species.



	
Bacterial Species

	
Antibiotics

	
UP-5

	
FIC Index




	

	

	
MIC/MBC Alone (μM)

	
MIC in Combination (μM)

	
Reduction in MIC (%)

	
MIC in Combination (μM)






	
S. aureus

ATCC 29213

	
Levofloxacin

	
0.5/0.5

	
0.05

	
90

	
0.125

	
0.11




	
Chloramphenicol

	
20/30

	
10

	
<50

	
2.5

	
0.75




	
Rifampicin

	
0.025/0.025

	
0.025

	
<50

	
10

	
2




	
Ampicillin

	
2.5/2.5

	
2.5

	
<50

	
0.25

	
1.025




	
Erythromycin

	
0.5/1.5

	
0.5

	
<50

	
10

	
2




	
S. aureus

ATCC 33591

	
Levofloxacin

	
10/10

	
1.25

	
87.5

	
0.125

	
0.13




	
Chloramphenicol

	
130/150

	
65

	
50

	
5

	
1




	
Rifampicin

	
0.04/0.04

	
0.005

	
87.5

	
0.125

	
0.13




	
Ampicillin

	
85/85

	
12.5

	
85.3

	
1.25

	
0.27




	
Erythromycin

	
8/10

	
8

	
<50

	
0.125

	
1




	
S. aureus

ATCC 43300

	
Levofloxacin

	
20/20

	
5

	
<50

	
0.025

	
0.25




	
Chloramphenicol

	
15/20

	
7.5

	
<50

	
7.5

	
1




	
Rifampicin

	
1/1

	
0.125

	
87.5

	
5

	
0.45




	
Ampicillin

	
20/20

	
2.5

	
<50

	
7.5

	
0.62




	
Erythromycin

	
100/150

	
100

	
<50

	
7.5

	
1.5




	
S. aureus

ATCC BAA-41

	
Levofloxacin

	
10/10

	
10

	
<50

	
15

	
2




	
Chloramphenicol

	
25/30

	
7.5

	
70

	
7.5

	
0.8




	
Rifampicin

	
0.005/0.005

	
0.002

	
60

	
15

	
1.4




	
Ampicillin

	
40/40

	
20

	
<50

	
7.5

	
1




	
Erythromycin

	
350/400

	
125

	
64.3

	
15

	
1.35




	
P. auroginosa

ATCC BAA-2114

	
Levofloxacin

	
12/12

	
5

	
58.3

	
20

	
0.78




	
Chloramphenicol

	
200/325

	
12.5

	
93.7

	
10

	
0.24




	
Rifampicin

	
50/50

	
0.25

	
99.5

	
25

	
0.46




	
Ampicillin

	
>500/>500

	
250

	
>50

	
20

	
0.86




	
Erythromycin

	
125/150

	
50

	
60

	
27.5

	
0.9











3.3.2. Checkerboard Assay Results


As shown in (Table 2), the MIC values of peptide decreased dramatically, while calculating the percentage of dropping of MIC values of antibiotics in combination with UP-5 compared to MIC alone displayed a significant reduction (p value p ≤ 0.05). A reduction equal to 99.5% to rifampicin MIC value compared to MIC alone was reported when tested against the MDR strain P. aeruginosa (ATCC 2114), displaying the most synergistic behavior (FIC value = 0.46). Additionally, this combination led to an 87.5% reduction of rifampicin MIC value when tested against the S. aureus (ATCC 43300 and 33591) strains and displayed synergistic effects with FIC values equal to 0.45 and 0.13, respectively. On the other hand, according to FIC values, this combination led to indifferent effects when tested against the clinical isolate of S. aureus (ATCC BAA-41) strain, despite showing a 60% reduction of antibiotic MIC value compared to MIC alone, and S. aureus (ATCC 29213). The chloramphenicol-UP-5 combination led to a 93.7% and 70% reduction of antibiotic MIC values compared to the MIC alone when tested against P. aeruginosa (ATCC 2114) and S. aureus (ATCC BAA-41), respectively. Based on FIC values, this combination displayed only one synergistic effect against P. aeruginosa (ATCC 2114) with FIC value equal to 0.24, otherwise, it displayed additive effects. Combining levofloxacin with UP-5 against S. aureus (ATCC 29213 & 33591) strains led to a percentage of reduction of levofloxacin MIC value equal to 87.5% and 90%, respectively, compared to MIC alone. Levofloxacine-UP-5 combination exhibited synergistic effects against S. aureus (ATCC 29213, 43300 and 33591), additive effect against P. aeruginosa (ATCC 2114) and indifferent outcome when tested against S. aureus (ATCC BAA-41). A reduction of MIC value equal to 85.3% of ampicillin compared to MIC alone was obtained when tested against S. aureus (ATCC 33591) with FIC value equal to 0.27 that showed a synergistic effect. The ampicillin-UP-5 combination also displayed additive effects when tested against P. aeruginosa (ATCC 2114) and S. aureus (ATCC 43300) with FIC values equal to 0.86 and 0.62, respectively. The last combination (erythromycin-UP-5) displayed an additive effect with a 60% reduction of erythromycin MIC value compared to MI alone, FIC value was equal to 0.9. Other combinations displayed a reduction of 50% or less of antibiotics’ MIC values when combined with UP-5 against subjected bacterial species. In summary, out of the overall twenty-five antimicrobial combinations of UP-5 and the antibiotics, 32% were synergistic and 44% were additive against the tested bacterial strains while the other combinations did not show any antagonism effect according to the FIC index.




3.3.3. Determination of MBCs of UP-5 and Antibiotics in Combinations


Determining the MIC values of UP-5 and antibiotics in combinations was followed by evaluating the bactericidal activity of those combinations. This issue was evaluated by measuring the minimum bactericidal concentration (MBC) against the subjected bacterial species included in this study. Both chloramphenicol and erythromycin, which exhibit bacteriostatic antimicrobial activity, displayed bactericidal activity in combination with UP-5. Thus, the MBC values of all antibiotics were equal to the MIC values in all combinations (see Table 2).





3.4. Antibiofilm Activity of UP-5


The antibiofilm activity of UP-5 against biofilm structures formed by the multidrug resistant strain S. aureus (ATCC 33591) was evaluated by two distinct techniques using the Calgary device: measuring the minimum biofilm eradication concentration (MBEC) and counting viable bacterial cell (MBCb) after treatment in accordance to the colony count method. As summarized in (Table 3), treatment of bacterial biofilm cells with peptide concentration equal 10 μM caused a reduction of viable biofilm cells to about 0.35% (99.65% killing) compared to negative control (untreated formed biofilm). The reported UP-5 concentration required to eradicate biofilm formation after 4 h of exposure at 37 °C was equal to 20 μM, a concentration that is twofold higher than the MIC value. This is a clear indication that UP-5 has a potent antibiofilm activity at relatively a low concentration. Additionally, the minimum UP-5 concentration needed to reduce the number of viable biofilm cells to almost zero (99.9% killing) (MBECb) against biofilm cells was also found equal to the MBEC value (20 μM) (Table 3). These results clearly display the antibiofilm potential of UP-5 and the innate antimicrobial resistance of biofilms towards ultrashort peptides.


Table 3. The antibiofilm activity of UP-5 against a standard resistant S. aureus (ATCC 33591) strain.







	Peptide Concentration (μM)
	Viable Biofilm Cells (%)
	±SD





	100
	0
	0.0002



	80
	0
	0.0005



	60
	0
	0.0006



	40
	0
	0.002



	30
	0.054
	0.005



	20
	0.108
	0.03



	10
	0.35
	0.09



	MBEC value
	20
	



	MBCb
	20
	










3.5. Hemolytic Assay


The hemolytic activity of UP-5 peptide was assessed against human erythrocytes. All the results are summarized in (Table 4). The obtained results indicate that only 1% hemolysis was reported after 1h of incubation with human erythrocytes at 100 μM concentration, which is equal to about a sevenfold higher concentration than UP-5 MICs (10–15 μM) against G+ and G− bacteria. Additionally, UP-5 didn’t cause a hemolytic effect over 4% even at 200 μM concentration.


Table 4. Hemolytic activity of UP-5 against human erythrocytes. The results were recorded at λ = 450 nm.


	Hemolysis (%)
	Concentration (μM)
	±SD





	0.09
	40
	0.0005



	1.01
	60
	0.004



	1.04
	80
	0.001



	1.04
	100
	0.0005



	2.06
	125
	0.002



	3.0
	150
	0.001



	3.04
	175
	0.001



	3.09
	200
	0.01










3.6. Cell Cytotoxicity


The cytotoxicity and selectivity of UP-5 against eukaryotic mammalian cells was also assessed using MTT cell proliferation assay and employing Vero mammalian cells. Different peptide concentrations (150, 200, 250, 300, 400, 500 and 600 μM) were subjected against the employed cell line and the proliferation activity was studied. Cell viability (%) equal to 79% (killing 21%) of Vero cells was obtained at concentration of 150 μM concentration of peptide treatment. Reaching a concentration of 600 μM led to a killing of 79% of Vero cells. The relationship between cell viability (%) and the UP-5 concentrations was also determined (Figure 2), the IC50% value of UP-5 against Vero mammalian cells was more than 250 μM, which is equal to about seventeen fold higher than UP-5 MICs (10–15) against G+ and G− bacteria. The results obtained from the hemolytic assay and cell toxicity assay indicate that UP-5 is exerting negligible toxicity against eukaryotic cells at the antimicrobial concentrations needed to inhibit bacterial growth.


Figure 2. Cell viability (%) of Vero mammalian cells as a response to different UP-5 concentrations exposure. Bars represent the standard deviation (±SD). Values represent means of three different experiments.
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3.7. Stability Assay


The stability assay was used to provide preliminary information about the in vivo profiles of UP-5. To what extent the peptide has the ability to resist proteolytic degradation by blood enzymes was determined in the assay. As summarized in Figure 3, the stability of UP-5 in full mouse plasma was studied at different time points. The peptide amount was determined based on the peak areas relative to the initial peptide quantity at 0 min (set to 100%). It was reported that: after 1-h incubation in plasma, only 27% of initial amount was degraded (73% intact peptide) and at 4 h of incubation the peptide was degraded by 66% (34% intact peptide).


Figure 3. The serum and plasma stability profiles of UP-5. Samples were incubated at 37 °C with full mouse serum and plasma. Aliquots were taken at different time points. Results are the mean values ± SEM of three independent experiments.
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On the other hand, regarding the serum stability test, UP-5 was studied in full mouse serum at different time points (Figure 3). As reported, more than 80% of the initial peptide amount was degraded after 15 min and after 30 min, the peptide was totally degraded. These results indicate that UP-5 is more stable in plasma (t1/2 = 173 min = 2.9 h) than in serum (t1/2 < 15 min). This data indicates that the peptide suffers from high in vivo degradation and poor stability which would consequently limit the application of this peptide for topical antimicrobial therapy.





4. Discussion


‘‘Fight the resistance”, has become one of the most famous slogans launched by all the human health-care communities worldwide in view of the alarming emergence of infectious diseases as well as the increase in bacterial multi-resistance. In order to manage this issue, new antimicrobial agents using new modes of action have been in development to meet this imminent challenge [53]. AMPs represent a promising class of antimicrobial agents providing a lot of advantages compared to conventional antibiotics including the lower likelihood of resistance development, accompanied with high potency against multi-drug resistant strains. In the literature, over 600 AMPs have been reported as potent agents against multi-drug resistant bacteria (MDRB) and biofilm forming strains [54]. The last research efforts were directed to the introduction of novel or modified amino acids displaying several features which have represented a promising approach to develop valuable and effective peptidomimetics. For instance: replacing proteinogenic amino acids with their corresponding D-variants resulted in enhanced in vivo biological activity, introduction of a stereocenter at the β-position using β-methylamino acids has been reported to result in a conformational restriction of bioactive peptides and substitution of proline with 5,5-dimethylthiazolidine-4-carboxylic acid (an unnatural amino acid) resulted in 39% greater agonist activity toward angiotensin II, a key peptide in blood pressure regulation [21]. The current efforts are aimed at developing AMPs with ultrashort sequences (ultrashort peptides) based on a selection of specific amino acids that exhibit specific and unique characteristics suitable for antimicrobial activity. Those ultrashort sequences represent new alternative antimicrobial agents designed to mitigate and avoid the negative shortcomings of the long and short peptides that are reflected by the occurrence of high mammalian toxicity as well as high cost issues. The ultrashort peptides are cost effective as they can be chemically synthesized via simpler and less complex procedures [55].



The antimicrobial activity of AMPs is mainly governed through targeting the bacterial cell membranes. Targeting is facilitated by the notable hydrophilic positively charged residues of AMPs and the microbial negatively charged surfaces leading to pore formation and hence cell membrane lysis and death. As UP-5 displays a net cationic charge of +3, which carries a sufficient positive charge in order to create sufficient electrostatic attraction and hence achieves complete interaction with the negative head groups of phospholipids in the bacterial cell membrane and cationic residues of the peptide [28].



The charged moieties of UP-5 were represented by arginine since the side chain can interact through the formation of hydrogen bonds and also through electrostatic interactions with the negatively charged surface of bacteria. The arginine’s guanidine moiety as well as arginine side chain play a vital role for anchoring cationic AMP to the membrane surface via formation of a complex with the phosphate groups of the phospholipid bilayer [28,56].



The hydrophobic moieties of UP-5 were represented by the unnatural amino acid biphenylalanine, as well as the C5-chain of arginine amino acid. Insertion of two lipophilic residues created a sufficient ‘grip’ to these residues for the peptide, thus allowing the peptide to disrupt the bacterial membrane integrity after membrane insertion. The existence of at least two lipophilic residues will ensure a maximal thinning of the membrane at a certain radius around the peptide followed by membrane disruption [28].



As demonstrated in the present study, the MIC values of Gram-negative bacteria were significantly higher than the MICs of the Gram-positive bacteria; these differences could be explained due to differences in their respective cell wall compositions. Gram-negative bacteria contain a thin peptidoglycan lipid bilayer (~7–8 nm) which is a three-dimensional rigid structure consisting of a linear polysaccharide chains cross-linked by short peptides. and is also surrounded by an additional outer membrane of a lipopolysaccharide (LPS) layer while Gram-positive bacteria possess a thick peptidoglycan lipid bilayer (~20–80 nm) but lacks an outer layer of LPS [20,57,58]. The MBC values reported for UP-5 against subjected bacterial species were equal to the MIC values, which indicate that the peptides are bactericidal in nature.



The antimicrobial activities of UP-5 in different combinations with antibiotics were also evaluated. The results of the targeted MIC assay of five conventional antibiotics and UP-5 differed according to the bacterial strain; furthermore, the MIC values of the same antibiotics were significantly different from the MICs of the ultrashort peptide on the same strains. These differences can be explained due to differences in the mechanism of action that is suggested for the ultrashort peptides and the known mechanisms of action of the antibiotics used in the study. The antibiotics used in our study have different mechanisms of action such as inhibiting protein synthesis, interfering with nucleic acid synthesis, and blocking cell wall synthesis while, the antimicrobial activity of AMPs is mainly governed by cell membrane disruption and destabilization that leads to increasing membrane permeability through pore formation, which ultimately causes cell lysis and death [59,60,61].



As many of the tested combinations displayed synergistic activities or at least additive effects, this behavior suggests that the possible membrane targeting of UP-5 might have potentiated the effects of antibiotics. However, the mechanisms of the synergistic effects of the peptide- antibiotic combinations are still unclear. One of the proposed mechanisms for the synergistic effect was the destruction, permeabilization, and pores formation effects of AMPs against bacterial membranes which facilitates and enhances the intracellular entry of antibiotics. Additionally, it is suggested that the peripheral membrane proteins essential for cell wall biosynthesis and respiration are mainly delocalized, cellular energy is limited and cell wall integrity is undermined by the small cationic antimicrobial peptides. All antibiotics used act intracellularly except ampicillin, which functions via inhibiting bacterial cell wall synthesis. Therefore, combining antimicrobial agents with different mechanisms of action usually leads to the enhancement of the performance of each combination’s constituent, and causes bacterial cell disruption rapidly and efficiently [62,63,64]. Based on these studies data, we propose that these proposed mechanisms are the most probable mechanisms for peptide-antibiotic combinations.



In regards to the results of combining UP-5 with five different types of antibiotics, the MIC values for both antibiotics and peptides in combination decreased dramatically (Table 2) in most groups. It is reported in general that 10 to 1000-folds higher concentrations of conventional antibiotics are required to restrain biofilm growth effectively, when compared with planktonic cells due to the presence of the extracellular lipopolysaccharide matrix surrounding the biofilms [65]. The development of antibiofilm therapeutics has generally been based on enhancing the dispersion of biofilm pioneer cells, inhibition of adhesion and interfering with the quorum sensing system. In the present study, the antibiofilm activity was determined and UP-5 displayed potent antibiofilm activity Compared to previous rare studies that investigated the antibiofilm activities of different ultrashort peptides. For instance: the MBEC values of OOWW-NH2 and C6-OOWW-NH2, two ultrashort peptides previously designed by Bisht et al., were sometimes 128-fold higher than the MIC values [30,65]. This is a clear indication that UP-5 is a potent antibiofilm agent that displays significant antibiofilm activity at relatively low concentrations.



Based on previous studies, some AMPs such as melittin and newly synthesized antimicrobial peptides (long and short sequences) displayed hemolytic and cytotoxicity activity ranging from moderate to high rates toward eukaryotic cells [66,67,68] while, very low or negligible toxicity was reported for UP-5. The low toxicity of the ultra-short peptide is thought to be due to its low hydrophobicity and short size. Furthermore, the high cationic charges of UP-5 (+3 net charges) mainly participated in minimizing the toxicity towards eukaryotic cells. Thus, mass charge plays a major role in creating sufficient electrostatic attraction and hence targeting the negative head groups of the bacterial cell membrane and consequently increasing the peptide’s selectivity. This higher selectivity towards bacterial cell membrane is thought to be due to having a higher proportion of anionic phospholipids compared to the zwitterionic phospholipids in eukaryotic cells [12,69,70,71]. Additionally, it is suggested that erythrocytes are protected against the peptides lysis via neutralization of the cationic peptides with the negatively-charged sialic acid that is available abundantly and is located about 80 Å above the cells’ surface.



The stability of UP-5 was studied in full mouse plasma and serum at different time points. The results indicated that UP-5 has a better stability profiles in plasma (t1/2 = 173 min = 2.9 h) than in serum (<15 min). The mechanism of this enhanced stability profiles in plasma than in serum is unclear but, it’s proposed that the presence of clotting factors and fibrinogens in blood plasma is playing a major rule for maintaining peptide intact and protecting cleavage sites.



In a previous study in accordance to our results, Nguyen et al., investigated the stability profiles of short AMPs that are rich in arginine and tryptophan residues. It is reported that short peptide sequences usually display low stability profiles (h1/2 < 2 h) and they are considered susceptible agents for proteolytic enzymes especially that they exhibit a linear conformation [72]. In the present study, UP-5 displayed a better stability profile in plasma (h1/2 > 2 h) compared to the other short peptides reported in literature. This enhancement proves that incorporation of non-natural amino acids have a positive effect against enzymatic degradation. However, that degradation pattern is not yet optimal for systemic delivery and places restrictions on the peptide to be applied in topical antimicrobial applications only.




5. Conclusions


Herein, we report the design of a novel pentapeptide named UP-5, which displayed significant antibacterial activity against wild type and clinical isolates of multidrug resistant strains, including MRSA, with a bactericidal mode of action. Additionally, UP-5 displayed potent antibiofilm activity with negligible hemolytic activity and cytotoxicity towards human erythrocytes and mammalian Vero cells. The UP-5 combinations with conventional antibiotics led to a remarkable reduction of the peptide and antibiotics’ MIC values that usually were represented by a synergistic or additive outcome. The ultrashort peptide displayed better stability profiles in plasma than in serum. All these results indicate that UP-5 is a promising antimicrobial agent against both planktonic and biofilm forming MDR G+ and G− bacterial species and could have potential for developing topical antimicrobial applications.
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The supplementary material incorporating HPLC analysis and Mass spectra pf UP-5 are available online at www.mdpi.com/1424-8247/11/1/3/s1, Figure S1: Analytical RP-HPLC chromatogram of the peptide UP-5, Figure S2: Positive electrospray ionization (ESI) mass spectrometric (MS) analysis of the peptide UP-5.





Acknowledgments


This study was funded by the Deanship of Research at the Jordan University of Science and Technology. The authors also express their gratitude to the generous financial support provided by the German Academic Exchange Service (DAAD) for supporting Mohammed T. Qaoud’s master studies at Jordan University of Science and Technology. The authors are extremely grateful and sincerely acknowledge the guidance, encouragement, and help of Nid”a Alshraiedeh at the Faculty of Pharmacy, Jordan University of Science and Technology, during the course of this study.




Author Contributions


Ammar Almaaytah, Mohammed T. Qaoud, Daniel Knappe, Ahmad Abualhaijaa and Ralf Hoffmann conceived and designed the experiments; Gubran Khalil Mohammed and Daniel Knappe performed the stability assay. Mohammed T. Qaoud, Ammar Almaaytah, Gubran Khalil Mohammed, Daniel Knappe, and Qosay Al-Balas analyzed the data; Ralf Hoffmann and Qosay Al-Balas revised the manuscript; Ammar Almaaytah, Mohammed T. Qaoud, and Qosay Al-Balas, wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
World Health Organization (WHO). Antimicrobial Resistance. Available online: http://www.who.int/mediacentre/factsheets/fs194/en/ (accessed on 13 November 2017).

	2. 
Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A.K.; Wertheim, H.F.; Sumpradit, N.; Vlieghe, E.; Hara, G.L.; Gould, I.M.; Goossens, H.; et al. Antibiotic resistance—The need for global solutions. Lancet Infect. Dis. 2013, 13, 1057–1098. [Google Scholar] [CrossRef]

	3. 
Selsted, M.E.; Ouellette, A.J. Mammalian defensins in the antimicrobial immune response. Nat. Immunol. 2005, 6, 551–557. [Google Scholar] [CrossRef] [PubMed]

	4. 
Otero-González, A.J.; Magalhães, B.S.; Garcia-Villarino, M.; López-Abarrategui, C.; Sousa, D.A.; Dias, S.C.; Franco, O.L. Antimicrobial peptides from marine invertebrates as a new frontier for microbial infection control. FASEB J. 2010, 24, 1320–1334. [Google Scholar]

	5. 
Wang, G.; Li, X.; Wang, Z. APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res. 2016, 44, D1087–D1093. [Google Scholar] [CrossRef] [PubMed]

	6. 
Lai, Y.; Gallo, R.L. AMPed up immunity: How antimicrobial peptides have multiple roles in immune defense. Trends Immunol. 2009, 30, 131–141. [Google Scholar] [CrossRef] [PubMed]

	7. 
Yeung, A.T.; Gellatly, S.L.; Hancock, R.E. Multifunctional cationic host defence peptides and their clinical applications. Cell. Mol. Life Sci. 2011, 68, 2161. [Google Scholar] [CrossRef] [PubMed]

	8. 
Yin, L.M.; Edwards, M.A.; Li, J.; Yip, C.M.; Deber, C.M. Roles of hydrophobicity and charge distribution of cationic antimicrobial peptides in peptide-membrane interactions. J. Biol. Chem. 2012, 287, 7738–7745. [Google Scholar] [CrossRef] [PubMed]

	9. 
Chen, L.; Li, X.; Gao, L.; Fang, W. Theoretical insight into the relationship between the structures of antimicrobial peptides and their actions on bacterial membranes. J. Phys. Chem. B 2014, 119, 850–860. [Google Scholar] [CrossRef] [PubMed]

	10. 
Wimley, W.C.; Hristova, K. Antimicrobial Peptides: Successes, Challenges and Unanswered Questions. J. Membr. Biol. 2011, 239, 27–34. [Google Scholar] [CrossRef] [PubMed]

	11. 
Porto, W.F.; Silva, O.N.; Franco, O.L. Prediction and rational design of antimicrobial peptides. InProtein Struct. 2012. [Google Scholar] [CrossRef]

	12. 
Albada, H.B.; Prochnow, P.; Bobersky, S.; Langklotz, S.; Bandow, J.E.; Metzler-Nolte, N. Short Antibacterial Peptides with Significantly Reduced Hemolytic Activity can be Identified by a Systematic l-to-d Exchange Scan of their Amino Acid Residues. ACS Comb. Sci. 2013, 15, 585–592. [Google Scholar] [CrossRef] [PubMed]

	13. 
Ong, Z.Y.; Wiradharma, N.; Yang, Y.Y. Strategies employed in the design and optimization of synthetic antimicrobial peptide amphiphiles with enhanced therapeutic potentials. Adv. Drug Deliv. Rev. 2014, 78, 28–45. [Google Scholar] [CrossRef] [PubMed]

	14. 
Jacob, B.; Park, I.S.; Bang, J.K.; Shin, S.Y. Short KR-12 analogs designed from human cathelicidin LL-37 possessing both antimicrobial and antiendotoxic activities without mammalian cell toxicity. J. Pept. Sci. 2013, 19, 700–707. [Google Scholar] [CrossRef] [PubMed]

	15. 
Mardirossian, M.; Grzela, R.; Giglione, C.; Meinnel, T.; Gennaro, R.; Mergaert, P.; Scocchi, M. The host antimicrobial peptide Bac7 1-35 binds to bacterial ribosomal proteins and inhibits protein synthesis. Chem. Biol. 2014, 21, 1639–1647. [Google Scholar] [CrossRef] [PubMed]

	16. 
Li, Y.; Xiang, Q.; Zhang, Q.; Huang, Y.; Su, Z. Overview on the recent study of antimicrobial peptides: Origins, functions, relative mechanisms and application. Peptides 2012, 37, 207–215. [Google Scholar] [CrossRef] [PubMed]

	17. 
Nguyen, L.T.; Haney, E.F.; Vogel, H.J. The expanding scope of antimicrobial peptide structures and their modes of action. Trends Biotechnol. 2011, 29, 464–472. [Google Scholar] [CrossRef] [PubMed]

	18. 
Haney, E.F.; Petersen, A.P.; Lau, C.K.; Jing, W.; Storey, D.G.; Vogel, H.J. Mechanism of action of puroindoline derived tryptophan-rich antimicrobial peptides. Biochim. Biophys. Acta (BBA)-Biomembr. 2013, 1828, 1802–1813. [Google Scholar] [CrossRef] [PubMed]

	19. 
Balhara, V.; Schmidt, R.; Gorr, S.U.; DeWolf, C. Membrane selectivity and biophysical studies of the antimicrobial peptide GL13K. Biochim. Biophys. Acta (BBA)-Biomembr. 2013, 1828, 2193–2203. [Google Scholar] [CrossRef] [PubMed]

	20. 
Lee, T.H.N.; Hall, K.; Aguilar, M.I. Antimicrobial peptide structure and mechanism of action: A focus on the role of membrane structure. Curr. Top. Med. Chem. 2016, 16, 25–39. [Google Scholar] [CrossRef] [PubMed]

	21. 
Trabocchi, A.; Guarna, A. The basics of peptidomimetics. In Peptidomimetics in Organic and Medicinal Chemistry: The Art of Transforming Peptides in Drugs; John Wiley & Sons: New York, NY, USA, 2014; pp. 1–7. [Google Scholar]

	22. 
Rekha, R.S. Role of Antimicrobial Peptides in Tuberculosis and Respiratory Tract Infections: Clinical and Mechanistic Studies. Ph.D. Thesis, Inst för laboratoriemedicin/Dept of Laboratory Medicine, Karolinska Institute, Stockholm, Sweden, 14 October 2015. [Google Scholar]

	23. 
Liskamp, R.M. Conformationally restricted amino acids and dipeptides, (non) peptidomimetics and secondary structure mimetics. Recl. Trav. Chim. Pays-Bas 1994, 113, 1–9. [Google Scholar] [CrossRef]

	24. 
Olson, G.L.; Bolin, D.R.; Bonner, M.P.; Bos, M.; Cook, C.M.; Fry, D.C.; Graves, B.J.; Hatada, M.; Hill, D.E. Concepts and progress in the development of peptide mimetics. J. Med. Chem. 1993, 36, 3039–3049. [Google Scholar] [CrossRef] [PubMed]

	25. 
Ripka, A.S.; Rich, D.H. Peptidomimetic design. Curr. Opin. Chem. Biol. 1998, 2, 441–452. [Google Scholar] [CrossRef]

	26. 
Daily, A.E.; Greathouse, D.V.; van der Wel, P.C.; Koeppe, R.E., 2nd. Helical Distortion in Tryptophan- and Lysine-Anchored Membrane-Spanning α-Helices as a Function of Hydrophobic Mismatch: A Solid-State Deuterium NMR Investigation Using the Geometric Analysis of Labeled Alanines Method. Biophys. J. 2008, 94, 480–491. [Google Scholar] [CrossRef] [PubMed]

	27. 
Chu, H.L.; Yu, H.Y.; Yip, B.S.; Chih, Y.H.; Liang, C.W.; Cheng, H.T.; Cheng, J.W. Boosting salt resistance of short antimicrobial peptides. Antimicrob. Agents Chemother. 2013, 57, 4050–4052. [Google Scholar] [CrossRef] [PubMed]

	28. 
Lau, Q.Y.; Ng, F.M.; Cheong, J.W.D.; Yap, Y.Y.A.; Tan, Y.Y.F.; Jureen, R.; Hill, J.; Chia, C.S.B. Discovery of an ultra-short linear antibacterial tetrapeptide with anti-MRSA activity from a structure-activity relationship study. Eur. J. Med. Chem. 2015, 105, 138–144. [Google Scholar] [CrossRef] [PubMed]

	29. 
Arnusch, C.J.; Ulm, H.; Josten, M.; Shadkchan, Y.; Osherov, N.; Sahl, H.G.; Shai, Y. Ultrashort peptide bioconjugates are exclusively antifungal agents and synergize with cyclodextrin and amphotericin B. Antimicrob. Agents Chemother. 2012, 56, 1–9. [Google Scholar] [CrossRef] [PubMed]

	30. 
Bisht, G.S.; Rawat, D.S.; Kumar, A.; Kumar, R.; Pasha, S. Antimicrobial activity of rationally designed amino terminal modified peptides. Bioorg. Med. Chem. Lett. 2007, 17, 4343–4346. [Google Scholar] [CrossRef] [PubMed]

	31. 
Mangoni, M.L.; Shai, Y. Short native antimicrobial peptides and engineered ultrashort lipopeptides: Similarities and differences in cell specificities and modes of action. Cell. Mol. Life Sci. 2011, 68, 2267. [Google Scholar] [CrossRef] [PubMed]

	32. 
Fjell, C.D.; Hiss, J.A.; Hancock, R.E.W.; Schneider, G. Designing antimicrobial peptides: Form follows function. Nat. Rev. Drug Discov. 2012, 11, 37–51. [Google Scholar] [CrossRef]

	33. 
Seo, M.D.; Won, H.S.; Kim, J.H.; Mishig-Ochir, T.; Lee, B.J. Antimicrobial peptides for therapeutic applications: A review. Molecules 2012, 17, 12276–12286. [Google Scholar] [CrossRef] [PubMed]

	34. 
Makovitzki, A.; Baram, J.; Shai, Y. Antimicrobial lipopolypeptides composed of palmitoyl di- and tricationic peptides: In vitro and in vivo activities, self-assembly to nanostructures, and a plausible mode of action. Biochemistry 2008, 47, 10630–10636. [Google Scholar] [CrossRef] [PubMed]

	35. 
Serrano, G.N.; Zhanel, G.G.; Schweizer, F. Antibacterial activity of ultrashort cationic lipo-β-peptides. Antimicrob. Agents Chemother. 2009, 53, 2215–2217. [Google Scholar]

	36. 
Chen, X.; Zhang, M.; Zhou, C.; Kallenbach, N.R.; Ren, D. Control of bacterial persister cells by Trp/Arg-containing antimicrobial peptides. Appl. Environ. Microbiol. 2011, 77, 4878–4885. [Google Scholar] [CrossRef] [PubMed]

	37. 
Mensa, B.; Howell, G.L.; Scott, R.; DeGrado, W.F. Comparative mechanistic studies of brilacidin, daptomycin, and the antimicrobial peptide LL16. Antimicrob. Agents Chemother. 2014, 58, 5136–5145. [Google Scholar] [CrossRef] [PubMed]

	38. 
Hansen, T.; Alst, T.; Havelkova, M.; Strøm, M.B. Antimicrobial Activity of Small β-Peptidomimetics Based on the Pharmacophore Model of Short Cationic Antimicrobial Peptides. J. Med. Chem. 2010, 53, 595–606. [Google Scholar] [CrossRef] [PubMed]

	39. 
Wang, G.; Mishra, B.; Epand, R.F.; Epand, R.M. High-quality 3D structures shine light on antibacterial, anti-biofilm and antiviral activities of human cathelicidin LL-37 and its fragments. Biochi. Biophys. Acta (BBA)-Biomembr. 2014, 1838, 2160–2172. [Google Scholar] [CrossRef] [PubMed]

	40. 
Zarena, D.; Mishra, B.; Lushnikova, T.; Wang, F.; Wang, G. The π Configuration of the WWW Motif of a Short Trp-Rich Peptide Is Critical for Targeting Bacterial Membranes, Disrupting Preformed Biofilms, and Killing Methicillin-Resistant Staphylococcus aureus. Biochemistry 2017, 56, 4039–4043. [Google Scholar] [CrossRef] [PubMed]

	41. 
Wang, G.; Hanke, M.L.; Mishra, B.; Lushnikova, T.; Heim, C.E.; Chittezham Thomas, V.; Bayles, K.W.; Kielian, T. Transformation of human cathelicidin LL-37 into selective, stable, and potent antimicrobial compounds. ACS Chem. Biol. 2014, 9, 1997–2002. [Google Scholar] [CrossRef] [PubMed]

	42. 
Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical modifications designed to improve peptide stability: Incorporation of non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des. 2010, 16, 3185–3203. [Google Scholar] [CrossRef] [PubMed]

	43. 
Deepankumar, K.; Prabhu, N.S.; Kim, J.H.; Yun, H. Protein engineering for covalent immobilization and enhanced stability through incorporation of multiple noncanonical amino acids. Biotechnol. Bioprocess Eng. 2017, 22, 248–255. [Google Scholar] [CrossRef]

	44. 
Schnaider, L.; Brahmachari, S.; Schmidt, N.W.; Mensa, B.; Shaham-Niv, S.; Bychenko, D.; Adler-Abramovich, L.; Shimon, L.J.W.; Kolusheva, S.; DeGrado, W.F.; et al. Self-assembling dipeptide antibacterial nanostructures with membrane disrupting activity. Nat. Commun. 2017, 8, 1365. [Google Scholar] [CrossRef] [PubMed]

	45. 
De Marco, R. Synthesis of Modified Amino Acids and Insertion in Peptides and Mimetics. Structural Aspects and Impact on Biological Activity. ph.D. Thesis, University of Bologna, Bologna, Italy, 2012. [Google Scholar]

	46. 
Brown, D.F.J.; Edwards, D.I.; Hawkey, P.M.; Morrison, D.; Ridgway, G.L.; Towner, K.J.; Wren, M.W. Guidelines for the laboratory diagnosis and susceptibility testing of methicillin-resistant Staphylococcus aureus (MRSA). J. Antimicrob. Chemother. 2005, 56, 1000–1018. [Google Scholar] [CrossRef] [PubMed]

	47. 
Pereira, E.M.; Gomes, R.T.; Freire, N.R.; Aguiar, E.G.; Brandão, M.D.; Santos, V.R. In vitro antimicrobial activity of Brazilian medicinal plant extracts against pathogenic microorganisms of interest to dentistry. Planta Medica 2011, 77, 401–404. [Google Scholar] [CrossRef] [PubMed]

	48. 
Sueke, H.; Kaye, S.B.; Neal, T.; Hall, A.; Tuft, S.; Parry, C.M. An in vitro investigation of synergy or antagonism between antimicrobial combinations against isolates from bacterial keratitis. Invest. Ophthalmol. Vis. Sci. 2010, 51, 4151–4155. [Google Scholar] [CrossRef] [PubMed]

	49. 
Schwering, M.; Song, J.; Louie, M.; Turner, R.J.; Ceri, H. Multi-species biofilms defined from drinking water microorganisms provide increased protection against chlorine disinfection. Biofouling 2013, 29, 917–928. [Google Scholar] [CrossRef] [PubMed]

	50. 
Feng, X.; Sambanthamoorthy, K.; Palys, T.; Paranavitana, C. The human antimicrobial peptide LL-37 and its fragments possess both antimicrobial and antibiofilm activities against multidrug-resistant Acinetobacter baumannii. Peptides 2013, 49, 131–137. [Google Scholar] [CrossRef] [PubMed]

	51. 
Almaaytah, A.; Zhou, M.; Wang, L.; Chen, T.; Walker, B.; Shaw, C. Antimicrobial/cytolytic peptides from the venom of the North African scorpion, Androctonus amoreuxi: Biochemical and functional characterization of natural peptides and a single site-substituted analog. Peptides 2012, 35, 291–299. [Google Scholar] [CrossRef] [PubMed]

	52. 
Knappe, D.; Henklein, P.; Hoffmann, R.; Hilpert, K. Easy strategy to protect antimicrobial peptides from fast degradation in serum. Antimicrob. Agents Chemother. 2010, 54, 4003–4005. [Google Scholar] [CrossRef] [PubMed]

	53. 
Rolain, J.M.; Canton, R.; Cornaglia, G. Emergence of antibiotic resistance: Need for a new paradigm. Clin. Microbiol. Infect. 2012, 18, 615–616. [Google Scholar] [CrossRef] [PubMed]

	54. 
Mataraci, E.; Dosler, S. In vitro activities of antibiotics and antimicrobial cationic peptides alone and in combination against methicillin-resistant Staphylococcus aureus biofilms. Antimicrob. Agents Chemother. 2012, 56, 6366–6371. [Google Scholar] [CrossRef] [PubMed]

	55. 
Strøm, M.B.; Haug, B.E.; Skar, M.L.; Stensen, W.; Stiberg, T.; Svendsen, J.S. The Pharmacophore of Short Cationic Antibacterial Peptides. J. Med. Chem. 2003, 46, 1567–1570. [Google Scholar]

	56. 
Wang, G. Determination of solution structure and lipid micelle location of an engineered membrane peptide by using one NMR experiment and one sample. Biochim. Biophys. Acta (BBA)-Biomembr. 2007, 1768, 3271–3281. [Google Scholar] [CrossRef] [PubMed]

	57. 
Silhavy, T.J.; Kahne, D.; Walker, S. The Bacterial Cell Envelope. Cold Spring Harb. Perspect. Biol. 2010, 2, a000414. [Google Scholar] [CrossRef] [PubMed]

	58. 
Fayaz, A.M.; Balaji, K.; Girilal, M.; Yadav, R.; Kalaichelvan, P.T.; Venketesan, R. Biogenic synthesis of silver nanoparticles and their synergistic effect with antibiotics: A study against gram-positive and gram-negative bacteria. Nanomed. Nanotechnol. Biol. Med. 2010, 6, 103–109. [Google Scholar] [CrossRef] [PubMed]

	59. 
Ruden, S.; Hilpert, K.; Berditsch, M.; Wadhwani, P.; Ulrich, A.S. Synergistic interaction between silver nanoparticles and membrane-permeabilizing antimicrobial peptides. Antimicrob. Agents Chemother. 2009, 53, 3538–3540. [Google Scholar] [CrossRef] [PubMed]

	60. 
Maróti, G.; Kereszt, A.; Kondorosi, E.; Mergaert, P. Natural roles of antimicrobial peptides in microbes, plants and animals. Res. Microbiol. 2011, 162, 363–374. [Google Scholar] [CrossRef] [PubMed]

	61. 
Yang, P.; Ramamoorthy, A.; Chen, Z. Membrane orientation of MSI-78 measured by sum frequency generation vibrational spectroscopy. Langmuir 2011, 27, 7760–7767. [Google Scholar] [CrossRef] [PubMed]

	62. 
Zhang, Y.; Liu, Y.; Sun, Y.; Liu, Q.; Wang, X.; Li, Z.; Hao, J. In vitro synergistic activities of antimicrobial peptide brevinin-2CE with five kinds of antibiotics against multidrug-resistant clinical isolates. Curr. Microbial. 2014, 68, 685–692. [Google Scholar] [CrossRef] [PubMed]

	63. 
Hirt, H.; Gorr, S.-U. Antimicrobial peptide GL13K is effective in reducing biofilms of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2013, 57, 4903–4910. [Google Scholar] [CrossRef] [PubMed]

	64. 
Mishra, B.; Wang, G. Individual and combined effects of engineered peptides and antibiotics on Pseudomonas aeruginosa biofilms. Pharmaceuticals 2017, 10, 58. [Google Scholar] [CrossRef] [PubMed]

	65. 
Laverty, G.; McLaughlin, M.; Shaw, C.; Gorman, S.P.; Gilmore, B.F. Antimicrobial Activity of Short, Synthetic Cationic Lipopeptides. Chem. Biol. Drug Des. 2010, 75, 563–569. [Google Scholar] [CrossRef] [PubMed]

	66. 
Corzo, G.; Escoubas, P.; Villegas, E.; Barnham, K.J.; He, W.; Norton, R.S.; Nakajima, T. Characterization of unique amphipathic antimicrobial peptides from venom of the scorpion Pandinus imperator. Biochem. J. 2001, 359 Pt 1, 35–45. [Google Scholar] [CrossRef] [PubMed]

	67. 
Shin, S.Y.; Kang, J.H.; Lee, M.K.; Kim, S.Y.; Kim, Y.; Hahm, K.S. Cecropin A - magainin 2 hybrid peptides having potent antimicrobial activity with low hemolytic effect. Biochem. Mol. Biol. Int. 1998, 44, 1119–1126. [Google Scholar] [CrossRef] [PubMed]

	68. 
Almaaytah, A.; Tarazi, S.; Alsheyab, F.; Al-Balas, Q.; Mukattash, T. Antimicrobial and Antibiofilm Activity of Mauriporin, a Multifunctional Scorpion Venom Peptide. Int. J. Pept. Res. Ther. 2014, 20, 397–408. [Google Scholar] [CrossRef]

	69. 
Mohandas, N.; Gallagher, P.G. Red cell membrane: Past, present, and future. Blood 2008, 112, 3939–3948. [Google Scholar] [CrossRef] [PubMed]

	70. 
Glukhov, E.; Stark, M.; Burrows, L.L.; Deber, C.M. Basis for selectivity of cationic antimicrobial peptides for bacterial versus mammalian membranes. J. Biol. Chem. 2005, 280, 33960–33967. [Google Scholar] [CrossRef] [PubMed]

	71. 
Guilhelmelli, F.; Vilela, N.; Albuquerque, P.; Derengowski, L.D.; Silva-Pereira, I.; Kyaw, C.M. Antibiotic development challenges: The various mechanisms of action of antimicrobial peptides and of bacterial resistance. Front. Microbiol. 2013, 4, 353. [Google Scholar] [CrossRef] [PubMed]

	72. 
Nguyen, L.T.; Chau, J.K.; Perry, N.A.; De Boer, L.; Zaat, S.A.; Vogel, H.J. Serum stabilities of short tryptophan-and arginine-rich antimicrobial peptide analogs. PLoS ONE 2010, 5, e12684. [Google Scholar] [CrossRef] [PubMed]























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
R R = = N . —
m9876543

(%) ApIqeIA [[3)

250 300 400 500 600
UP-5 (uM)

200

150





nav.xhtml


  pharmaceuticals-11-00003


  
    		
      pharmaceuticals-11-00003
    


  




  





media/file2.png





media/file5.jpg
Intact peptide %

100

—e— Serum
—o— Plasma
80
&0
40
20
o0+
° 50 100 150 200 250

Time (min)






media/file7.png





media/file3.jpg
100
90
80
70
60

y (%)

10

150

200

250

300
UP-5 (uM)

400

600





media/file1.jpg
| i





media/file0.png





media/file6.png
Intact peptide %

100

150

Time (min)

200

250





