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초  록 

라이신과 트립토판의 반복적 패턴이 항균 활성 및 항균 작용기작에 

미치는 영향 

 

라마모티고팔 

지도교수: 함경수 

생물신소재학과 

조선대학교 대학원 

 

 

Lysine과 Tryptophan  많  함  양  항균 펩타 드를 하여 

미생 에 한 한 항균 과  (KW)n라는 Lysine (K) 과 

Tryptophan (W) 가 지 적 로 포함  련  scrambled 펩타 드를 

합 하 고, 들 펩타 드  항균  하 다. (KW)5 펩타 드를 제 하고 

펩타 드 chain length  가에 라 항균  가를 나타내었다. (KW)5 

펩타 드는 수  경에  self-aggregation에 한 수  가로 포독  

가  항균  감 를 나타냈다. 첫 째로 리아 생체막에 linear  펩타 드  

과를 연 했다.  펩타 드  막 과 능력에 하여 lipopolysaccharides (LPS)  

phosphate groups에 펩타 드가 강한 상  하 고, killing  막 파  

도  과 능력에 해 빠른 를 통해 나타났다. 후 펩타 드  드를 

나타내는 것 로 Circular dichroism (CD) spectra에  펩타 드가 수  액에  
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규칙적  조를 나타내지만, lipid vesicles 에 는 β-sheet 조  

나타냈다. 또한 (KW)4 펩타 드는 주사 전  미경  (SEM: scanning electron 

microscopy)  하여 리아 포에 aggregated  리아 포  

파 는 것  했다. 든 는 KW에  변   펩타 드로 (n equals 4 

or 5) 리아 에 어 aggregation 는 것  하 다. 또한 들 펩타 드  

과 LPS 착  그리고 막 과  펩타 드  수 , 

해도에 라   원  다는 것  알 수 었다.  

 째 연 는 fungal막에 linear 펩타 드들  과를 나타낸 것 로 항 

진균  펩타 드  에 라  가했고, 포 독  또한 사한 경향  

보 다. 펩타 드들  도 억제는 포막 침 를 도하지 않았지만 진균 

사  나타냈고, 펩타 드  포벽    사 억제제로 저해하지 

못했다. 포막  변 는 포  propidium iodide (PI)  포벽 사 에 

적  calcein에 해 평가 었다. Trp blue shift  CD spectra를 한 측정  

펩타 드가 진균 막에 상 하는 것  보 지만 포 과 실험에 는 들 

펩타 드가 Candida albicans에 포원 질막 과를 도하지 않았다. 또한 

SEM  통한 찰에 도 (KW)4 펩타 드가 minimum inhibitory concentration 

(MIC)에  포막 태  변 를 키지 않  하 다. 여 5-

carboxytetramethylrhodamine (TAMRA)를 착한 (KW)4 펩타 드는 Candida 

albicans  cytosol에 적 어 치하 다. 들 결과들로 (KW)4 펩타 드는 

진균에  포막  파 를 도하지 않고 포 내 로 들어가 하는 것 로 

보 다. 에 Gel retardation 실험  통해 진균  RNA에 펩타 드가 착함  

하 다. 
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상  결과로  (KW)4 펩타 드는 리아 에 어 

aggregation 었 , 진균에 는 포막에 파 를 도하지 않고 포 내 로 

들어가 RNA에 착  알 수 었다. 로  (KW)4 펩타 드는 리아  

진균에  로 다른 커니 로 포  억제를 도한다는 것  알 수 

었다. 
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1. Introduction  
 

The spread of antibiotic resistance among microbial pathogens especially in 

hospital environments but also now in the community has occurred at an alarming rate 

[1,2]. There is now a proliferation of so-called “Superbugs” that are resistant to multiple 

antibiotics and severely limit treatment options; these include methicillin-resistant 

staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), and multi-

drug-resistant Pseudomonas aeruginosa (MDRPA), among others, and cause hundreds 

of thousands of infections annually. Although, fungal infections occurs more frequently 

in people whose immune system is suppressed. Fungal infections are the major cause of 

morbidity and mortality in patients with organ transplantation, the human 

immunodeficiency virus (HIV) and cancer chemotherapy [3-5]. There are three main 

classes of clinically useful antifungal agents: polyene antibiotics, the fluoropyrimidine 

flucytosine, and azoles [6]. However, the toxicities of the currently used polyene 

antifungal drugs and the emergence of candidal species resistant to fluoropyrimidine 

flucytosine and azole based agents have resulted in the initiation of a search for innate 

peptide antibiotics as alternative drug therapies [7].  

Antimicrobial peptides (AMPs) are of particular interest because their 

proposed mode of action does not appear to stimulate rapid development of microbial 

resistance [8], and over the past two decades, numerous AMPs have been identified 

naturally in both prokaryotes and eukaryotes, designed de novo and produced 

synthetically [9-12]. The majorities of antimicrobial peptides (AMPs) are cationic with 

a net charge, imparted by the presence of lysine and arginine, and contain up to 50% 

hydrophobic amino acids. AMPs are generally characterized by a variable in length, 

sequence and conformation structure (helical, beta-sheet, extended and looped) [13-15] 
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and exhibits broad spectrum of activity against Gram-positive and Gram-negative 

bacteria, fungi, parasites and viruses [14,16,17]. The amphipathicity charcteristics, 

rendered by cationic and hydrophobic sequence features, of AMPs allow them to bind 

cellular membranes of microorganisms [18-21].  Peptide-mediated cell lysis is due to 

the disruption of cytoplasmic membranes through several mechanisms, e.g., barrel 

stave, toroidal pore, or carpeting [19-21]. In the barrel-stave model [22], the 

amphipathic a-helical or β-sheet peptides reorient perpendicular to the membrane and 

align (like the staves in a barrel) in a manner in which the hydrophobic side chains face 

outwards into the lipid environment while the polar side chains align inward to form 

transmembrane pores. These pores are proposed to allow leakage of cytoplasmic 

components and also disrupt the membrane potential. The toroidal model (Wormwhole 

mechanism) differs from the barrel-stave model in that peptides are always associated 

with the lipid head groups even when they are perpendicular in the lipid bilayer. In the 

alternative carpet model [23], the peptides do not insert into the membrane but align 

parallel to the bilayer, remaining in contact with the lipid head groups and effectively 

coating the surrounding area. This orientatation leads to a local disturbance in 

membrane stability, causing the formation of large cracks, leakage of cytoplasimic 

components, disruption of the membrane potential and, ultimately, disintegration of the 

membrane.  Also, some AMPs exert their microbicidal activities by interacting with 

nucleic acids, thus preventing the replication and/or transcription.  On the basis of these 

futures, AMPs are active in preventing multidrug-resistant strains, and are thus last line 

of defense dealing with microbial infections. Some cationic peptides also possess 

anticancer [24,25] or wound healing activity [26]. Recent studies have indicated that 

AMPs to be able to stimulate innate immune response. Several AMPs are currently in 

clinical trials, mostly for topical application [27]. Although AMPs considered as an 
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alternative therapeutic agent, however, many AMPs are unselective between 

mammalian and microbial cells (e.g., pardaxin [28], melittins [29], and cathelicidins 

[30]. In addition, the large size of AMPs is also hindered by high manufacturing costs. 

Therefore, selective short AMPs have been currently developed based on their amino 

acid combination, charge, hydrophobicity and length [31-35].  

It is well known that there are two types of amino acid side chains having a 

specific interaction between AMPs and polar head groups or non-polar hydrophobic 

core of microbial membrane: The aromatic amino acids, in particular, tryptophan (Trp) 

allow peptides to partition in lipid bilayer [36]. Trp side chains are commonly observed 

for AMPs [37-42], replacement of the three Trp residues of tritrpticin by alanine 

abolishes the antimicrobial activity [43], suggesting that the Trp side chain are 

necessary for peptide activity. The indole side chain of Trp may ensure more efficient 

interaction with negatively charged microbial membrane, compared with other 

nonpolar side chains such as phenylalanine (Phe) or tyrosine (Tyr) [41,44]. As well, 

many biologically active peptides analog have been developed by introduction of Trp 

than those with either Phe or Tyr [32,35,45].  

The charged residues, arginine (Arg) and lysine (Lys) are used to present in 

AMPs. However, it has been shown that the side chains of Arg residues of several 

cationic AMPs are not selective for bacterial membranes. For example, the 

guanidinium group of Arg interact strongly with zwitterionic phospholipids 

membranes, thereby promoting eukaryotic cell toxicity. Studies reported that the 

replacement of Arg by Lys maintained its activity, but reduced eukaryotic toxicity 

[46,47]. In addition, potent AMPs are systematically designed with all Lys residues are 

placed on the polar face of an amphipathic structure and are proposed to interact with 

anionic lipid headgroups. It likely contributes to their specificity against microbes [48-
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50]. Importantly, the action of many AMPs is mainly dependent on the primary 

sequence of the Lys [51-53]. For example, the replacement of the Lys residue in AMPs 

resulted in the nearly complete loss of microbicidal activity [51-53]. Also, studies of 

cell, internalization of Lys-rich proteins have indicated that the Lys could be essential 

[54]. Although it has been reported that synthetic peptides containing Lys residues bind 

to RNA [55] and it could be essential for peptide action in microbial cell, thus 

preventing cellular protein synthesis and leads to cell lead. Furthermore, synthetic cost 

of AMPs containing Arg is very expensive than that containing Lys.  

Therefore, the clustering of these amino acids (Lys and Trp) is very 

responsible for antimicrobial properties. However, the effects of chain length and 

composition on antimicrobial activity, selectivity and mechanism of action have not 

been clearly investigated. Keeping these points in mind, various sizes of peptides were 

synthesized with alternating Lys and Trp, and determined their antimicrobial activity. 

Firstly, their antibacterial and hemolytic activities were analyzed and then, 

their structure and organization in aqueous or model membrane were determined using 

circular dichroism (CD) and Trp fluorescence assay. The mechanism of antibacterial 

actions was investigated by various parameters, such as peptide localization, 

lipopolysaccharides (LPS) binding affinity, membrane depolarization, SYTOX Green 

uptake, time-killing assay, calcein leakage, change in vesicles size and site of peptide 

action. Therefore, designed scrambled peptides may be able to selectively target against 

bacterial membrane and exert antibacterial activity by increasing the membrane 

permeability, consequently cells were aggregated.  

Secondly, their antifungal and cytotoxicity activities were determined. The 

mode of internalization of these peptides is not required cell wall components and 

energed cells. Here, results report that the internalization of this peptide is non lytic 



- 5 - 
 

membrane perturbation. However, the peptide-membrane interaction was investigated 

and observed by CD and fluorescence spectroscopy. Thus, it is conceivable that these 

peptides use their membrane binding properties so as to enter the cytoplasm and exert 

their antifungal activity by attacking intercellular targets other than the plasma 

membrane. 
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2. Materials and Methods  

2.1. Materials  

 Rink amide 4-methylbenzhydrylamine resin, fluoren-9-ylmethoxycarbonyl 

(Fmoc) amino acids, and other reagents for the peptide synthesis were purchased from 

Calibochem-Novabiochem (La Jolla, CA). Acrylamide, P. aeruginosa LPS and sodium 

azide were purchased from Sigma Chemicals (St. Louis, MO). Cholesterol (CH, from 

porcine liver), and L-α-phosphatidylethanolamine (PE, from E. coli), egg yolk L-α-

phosphatidylcholine (PC), L-α-phosphatidylglycerol (PG, from E. coli), were obtained 

from Avanti Polar Lipids, Co. (Alabaster, AL). Calcein, 5-

carboxytetramethylrhodamine (TAMRA), 3,3’-diethylthiodicarbocyanine iodide 

(DiSC3-5) and SYTOX Green were acquired from Molecular Probes (Eugene, OR). All 

other reagents were of analytical grade. Buffers were prepared using double distilled 

water (Millipore Co.). 

Escherichia coli (KCTC 1682); Salmonella typhimurium (KCTC 1926); 

Pseudomonas aeruginosa (KCTC 1637); Staphylococcus aureus (KCTC 1621); 

Bacillus subtilis (KCTC 1918); Listeria monocytogenes (KCTC 3710); Candida 

albicans (KCTC 7270); Candida catenulate (7642); Candida intermidia (7234); 

Candida rugosa (7324); Candida glabrata (7219) and Candida melibiosica (KCTC 

7631) were obtained from the Korean Collection for Type Cultures (KCTC). Drug-

resistant E. coli strains (CCARM 1229 and CCARM 1238), S. typhimurium strains 

(CCARM 8007, CCARM 8009 and CCARM 8013) and S. aureus strains (CCARM 

3108, CCARM 3089, CCARM 3126, CCARM 3090 and CCARM 3114) were obtained 

from the Culture Collection of Antibiotic-Resistant Microbes (CCARM) at Seoul 

Women’s University in Korea.   
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2.2. Methods  

 2.2.1 Peptide synthesis and purification  

 The peptides, KWKW-NH2 (KW)2, KWKWKW-NH2 (KW)3, 

KWKWKWKW-NH2 (KW)4 and KWKWKWKWKW-NH2 (KW)5 were synthesized 

by the solid-phase method using Fmoc chemistry [56] on a solid support of rink amide 

4-methylbenzhydrydrylamine resin. Peptide labeling at the N-terminus amino acid with 

5-carboxytetramethylrhodamine (TAMRA) was done on the resin-bound peptide as 

previously described [56]. 0.1 M N-hydroxy benzotriazole (HOBt) and 0.45 M 2-(1H-

benzotriazole-1-yil)-1,1,3,3-tetramethyluroniumhexafluorophosphate (HBTU) in DMF 

and 2 M N,N-diisopropyl ethylamine (DIEA) in N-methylpyrrolidone (NMP) were 

used as coupling reagent, and 10-fold excess Fmoc-amino acid were added during 

every coupling cycle. After final deprotection with a solution of 20% piperidine in 

DMF and cleavage with a mixture of TFA/water/triisopropylsilane (90:5:5) for 2 h at 

room temperature. The crude peptides were repeatedly extracted with diethyl ether and 

then purified using reverse phase preparative HPLC on a Vydac C18 column (4.6 x 250 

mm, 300 Å, 5 nm). The molecular masses of the peptides were confirmed with a 

matrix-assisted laser desorption ionization mass spectrometer (MALDI II, Kratos 

Analytical Ins.). 

2.2.2. Antibacterial activity 

 The antibacterial activity of the peptides against Gram-negative, Gram-

positive, and ten antibiotic resistant bacteria was examined using the microbroth 

dilution method [58]. Aliquots of bacterial suspensions in mid-logarithmic phase at a 

concentration of 2 x 105 colony forming units (CFU)/ml in culture medium were added 

to each well, containing peptide solutions diluted with 2-fold serial in 10 mM sodium 

phosphate buffer (pH 7.2) or phosphate buffered saline (PBS, 1.5 mM KH2PO4, 2.7 
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mM KCl, 8.1 mM Na2HPO4, 150 mM NaCl, pH 7.2). Inhibition of growth was 

determined by measuring the absorbance at 620 nm, using a Versa-Max microplate 

Elisa Reader (Molecular Devices, Sunnyvale, CA) after incubation for 18-24 h at 37 oC. 

The minimum inhibitory concentration (MIC) is defined as the minimal peptide 

concentration that completely inhibits bacterial growth.  

2.2.3. Antifungal activity 

 The fungal strains of C. albicans (KCTC 7270); C. catenulate (7642); C. 

intermidia (7234); C. rugosa (7324); C. glabrata (7219) and C. melibiosica (KCTC 

7631) were cultured at 28 oC in appropriate media. Fungal cells ( Final concentration 2 

x 104 spore/ ml) that were grown in 50 μl of YPD media (yeast extract 0.5%, peptone 

1%, dextrose 2%) were seeded in each well of a microtitre plate containing 50 μl of 

two-fold serially diluted peptides in PBS. After incubating for 24 to 30 h at 28 oC, the 

lowest concentration of the peptides inhibiting the growth of fungi was microscopically 

determined to be the MIC [59]. 

2.2.4. Hemolysis for human red blood cell (hRBC) 

 Hemolytic activities were assessed for peptides using heparinized hRBCs 

collected from healthy donors. The fresh hRBCs were washed three times in PBS (pH 

7.2) via centrifugation at 800xg for 10 min and then resuspended in PBS. After 

washing, the peptides were dissolved in PBS and added to 100 μl of stock hRBCs 

suspended in PBS (final RBC concentration, 4% v/v). The samples were then incubated 

with gentle agitation for 60 min at 37 oC, after which they were centrifuged for 10 min 

at 800xg. The absorbance of the supernatants was recorded at 414 nm. In addition, 

controls for zero hemolysis (blank) and 100%  hemolysis were incubated with PBS and 

1% Triton X-100, respectively. Melittin was used as hemolytic peptide. Each 

measurement was conducted in triplicate. 
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2.2.5. Cell culture and cytotoxicity  

To examine cytotoxic effect of peptide, HaCaT (human keratinocyte) cells 

were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) and 10% fetal calf serum at 

37 oC in a humidified chamber in an atmosphere containing 5% CO2. The percentage of 

growth inhibition was evaluated using a MTT (Sigma) assay for the measurement of 

viable cells. A total of 4 × 103 cells/well was seeded onto a 96-well plate for 24 h, 

treated with various concentrations of the tested peptides, then incubated for an 

additional 24 h at 37 oC. Subsequently, 10 μl of MTT at a concentration of 5 mg/ml was 

added to each of the wells, and the cells were incubated for an additional 4 h. The 

supernatants were aspirated and 100 μl of DMSO were added to the wells in order to 

dissolve any remaining precipitate. Absorbance was then measured at a wavelength of 

570 nm using an ELX800 reader (Bio-Tek instruments, Inc., Winooski, VT). 

2.2.6. Bactericidal assay 

 The kinetics of bacterial killing by the peptides was evaluated using E. coli 

CCARM 1229 and S. aureus CCARM 3090. Mid-logarithmic growth phase bacteria (2 

x 105
 CFU/ml) were incubated with 1X and 2X MIC peptides at 37 °C. Aliquots were 

removed at indicated times, appropriately diluted, plated on LB agar plate, and then the 

CFU were counted after 16 h incubation at 37 °C. 

2.2.7. Fungicidal assay 

The activities of the peptides against the C. albicans were tested by using 

standard microdilution plate candidacidal assays [60]. Midlogarithmic growth phase of 

C. albicans were grown in YPD medium and then washed with PBS. The C. albicans 

cells (2x 104 spore/ml) were mixed with MIC concentration of the peptides and 

incubated at 28 °C, aliquots were removed at fixed time internals, appropriately diluted, 
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plated on YPD agar plate, and then the CFU were counted after 16-24 h incubation at 

28 °C. 

To determine whether the candidacidal activity of these peptides is dependent 

on the metabolic of candida, a killing assay was performed as described above with 

peptides in the presence of 5 mM sodimu azide, which blocks mitochondrial respiration 

[61]. In this experiment, cells were incubated with sodium azide (5 mM) for 30 min at 

28 °C, prior to the addition of the peptides. The optimal concentration of sodim azide (5 

mM) was determined in preliminary experiments to avoid toxic effects of this 

compound on C. albicans. 

2.2.8. Aggregation in aqueous solution  

 I compared the aggregation state of the peptides in water and in PBS by 

examining the fluorescence of tryptophan as a function of the peptide concentration, 

from 1 to 18 μM. The changes in emissions were recorded using a spectrofluorometer 

(Perkin-Elmer LS55, Mid Glamorgan, UK) at an excitation wavelength of 280 nm and 

an emission wavelength of 300 to 400 nm.  

CD spectroscopy was used to determine the aggregation state of the peptides 

in PBS, at various concentrations in the range of 25 to150 μM. 

Thioflavin T (ThT) assay was also used to determine the aggregation state of 

the peptides. Briefly, various concentration of peptide was mixed with 20 μM of ThT in 

appropriate medium in a final volume of 200 μl. The flourescence emission was 

recorded at room temperature using 440 nm excitation and 490 nm emissions on 

microplate spectrofluorometer gemini-XS (Molecular Devices CA, USA). 

 

2.2.9. Dansyl polymyxin B displacement assay  
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The binding affinity of each peptide for LPS was determined by using the 

dansyl polymyxin B (PMB) displacement assay [62]. Dansyl PMB (4 µM/ml) and P. 

aeruginosa (9 µg/ml) were mixed in 1 ml of 5 mM HEPES (pH, 7.2), resulting in 

maximum fluorescence. The decrease in fluorescence was used to calculate the percent 

displacement of dansyl PMB due to peptide treatment. Buffer blank was subtracted 

from ppetide spectra. Spectra were recorded on a Perkin-Elmer LS-50B 

spectrofluorimeter using a cuvette with a path length of 1 cm. The excitation and 

emission wavelengths were 340 and 350-600 nm, respectively.  

2.2.10. Binding assay with fungal cell wall components   

Assay for binding of (KW)4 to the surface of C. albicans was examined by 

assessing the effect of fungal cell wall components on the anti-candida activity of 

(KW)4 was examined by microplate plate candidacidal assay [63] and ultrasensitive 

radial diffusion assay [64]. The MIC concentration of peptide was incubated with 

different concentration of cell wall components (0.5-8 mg/ml) for 1 hr at 37 oC. The 

effect of polysaccharide on killing of (KW)4 was assessed by microdilution plate 

candidacidal assay descibed above. 

 For radial diffusion assay, (KW)4 (20 µl) (final concentration = 8 µM) was 

added to 80 µl of each polysaccharide (0.5-8 mg ml-1 in PBS, pH 7.2) including 

laminarin (Beta-1,3-glucan polymer; sigma), or mannan (mannose polymer; sigma) and 

incubated with C. albicans cells for 1 h at 37 oC. Eight microliters sample were loaded 

into 3 mm diameter wells that have been punched in underlay gels in which the wahsed 

yeast-phase C. albicans (2 X 104 spore/ml) were trapped. The underlay agars consisted 

of PBS, 1% w/v agarose (sigma), and 0.3mg of YPD/ml. After incubation at 37 oC for 3 

h, a 10 ml of overlay gel of 1% agarose and 6% YPD poured on the underlay gel. After 

the plate were incubated overnight at 37 oC to allow surviving C. albicans cells to form 
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colonies, the diameters of clearing zones indicating antifungal activity were plotted 

agaisnt polysaccharide concentrations. Experiments were performed in triplicate, and 

mean values were used to make a graph.  

Next, the secondary structure was monitored at a concentration of 50 μM of 

(KW)4 in buffer, in the presence of laminarin from digitata laminarin (0.05%; sigma-

aldrich, St. Luis, USA), and in the presence of mannan from saccharomyces cerevisiae 

(0.05%; sigma-aldrich, St. Luis, USA). 

2.2.11. Confocal laser scanning microscopy (CLSM) 

 To determine the cellualr distribution of (KW)4,  E. coli CCARM 1229, S. 

aureus CCARM 3090 and C. albicans incubated with TAMRA-labeled (KW)4 were 

observed on a CLSM. After incubation for 10 min, the cells were pelleted by 

centrifugation at 3000 rpm for 5 min and washed three times with ice-cold PBS. The 

action site of TAMRA-labeled (KW)4 was examined using an inverted LSM510 laser-

scanning microscope (Carl Zeiss, Göttingen, Germany). To simultaneously detect 

intracellular TAMRA-(KW)4, the 405 nm light from a diode laser and 543-nm light 

from a helium neon laser were directed at a UV/543 beam splitter. Images were then 

recorded digitally in a 512 x 512 pixel format. 

2.2.12. Membrane depolarization 

 The membrane-depolarizing activity of the peptides was measured with Gram-

positive bacteria, Gram-negative bacteria and fungai using the same experimental 

conditions performed previously [65,66]. E. coli CCARM 1229 and S. aureus CCARM 

3090 were grown to mid-logarithmic phase at 37 °C with gentle agitation. C. albicans 

was grown to mid-logarithmic phase at 28 °C with gentle agitation. The cells were 

washed twice in buffer (20 mM glucose, 5 mM HEPES, PH 7.3) and re-suspended to an 

OD600 of 0.05 in a similar buffer, containing 0.1 M KCl. The cells were then incubated 
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with 1 μM DiSC3-5 until stable baseline fluorescence was achieved. After addition of 

peptide at indicated concentrations, the change in fluorescence was measured with 

excitation wavelength of 622 nm and emission wavelength of 670 nm. The 

fluorescence of the cells with Triton X-100 (0.1%) gave to maximum depolarization. 

2.2.13. SYTOX Green uptake  

 Membrane permeabilization of microbial cells was determined using the 

fluorescent dye SYTOX Green [67]. Pre-cultured cells were re-suspended (2 x 107
 

CFU/ml) in PBS and were incubated with 1 μM SYTOX Green (Molecular probes, 

Eugene, OR) for 10 min in the dark, peptides were added to the cell suspension, and the 

increase of fluorescence was measured with excitation wavelength at 485 nm and 

emission at 520 nm for 60 min.  

2.2.14. PI uptake based fluorescence microscopic analysis of cell 

permeabilization by peptides. 

 Cell permeability was monitored using the DNA-staining fluorescent probe 

propidium iodide (PI) as previously described [68]. C. albicans cells were grown 

overnight in YPD media. Cells were harvested by centrifugation (4000 rpm for 10 

min), washed, and resuspended in PBS to yield 2 x 104 spore/ml; 100 μl of C. albicans 

suspensions (2 x 104 spore/ml) were incubated with 5 μl from respective peptide 

aqueous stock solutions to yield a final peptide concentration of 8 μM ((KW)4), 4 μM 

(melittin) for 30 min at 28°C. PI was added to each sample at a final concentration of 1 

μM and the plate was incubated at 28 oC for 5 min. The effects of peptides against C. 

albicans were visualized by an inverted fluorescence phase contrast microscope (IX71, 

Olympus, Tokyo, Japan) under PI filters. Cells without peptide served as a control.  
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2.2.15. Preparation of small and large unilamellar vesicles (SUVs and 

LUVs) 

 SUVs were prepared by sonication method with required amount of either 

PE:PG (7:3, w/w) or PC:CH (10:1, w/w) or PE:PC:PI:ergosterol (5:4:1:2, w/w/w/w) or 

PC:CH:SM (1:1:1, w/w/w). Dry lipids were dissolved with chloroform in a glass 

vessel. Solvents were removed over a stream of nitrogen gas and then lyophilized 

overnight to remove trace amount of organic solvent. The dry lipid film was 

resuspended in PBS at pH 7.2 with gentle vortex mixing. The lipid suspensions were 

then sonicated at 40 °C with bath-type ultrasonicator until the solution became clear. 

The lipid suspension was extruded fourteen times through polycarbonate filters with 

0.05 μm pore size using an Avanti Mini-Extruder (Avanti Polar Lipids Inc., Alabaster, 

AL). 

Large unilamellar vesicles (LUVs) were prepared by freeze-thaw method [69, 

70]. Dry lipid films were resuspended in 1-2 ml of appropriate buffer by vortexing. 

LUVs were prepared by nine freeze-thaw cycles under liquid nitrogen and water bath at 

50 °C. After preparation of vesicles, suspensions were then extruded fourteen times 

through a 0.2 μm pore polycarbonate membrane. Lipid concentration was determined 

by a standard phosphate assay [71].  

2.2.16. Calcein leakage from liposomes  

 Permeabilization of liposomes by the peptides was assayed by meauring 

leakage of entrapped calcein. Calcein-entrapped LUVs composed of PE:PG (7:3, w/w) 

or PC:CH (10:1, w/w) or PE:PC:PI:ergosterol (5:4:1:2, w/w) or PC:CH:SM (1:1:1, 

w/w) were prepared by vortexing the dried lipid in a dye buffer solution (70 mM 

calcein, PBS, pH 7.4). The suspension was freeze-thawed in liquid nitrogen for nine 

cycles and then the calcein-entrapped vesicles were separated from free calcein by gel 
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filtration chromatography on a Sephadex G-50 column. Entrapped LUVs in a 

suspension containing 2.5 μM lipids were then incubated with various concentrations of 

the peptide (0.03-1 μΜ) for 25 min. The fluorescence of the released calcein was 

assessed using a spectrofluorometer at an excitation wavelength of 480 nm and an 

emission wavelength of 520 nm. Complete (100%) release was achieved via the 

addition of 0.1% Triton X-100. Spontaneous leakage was determined to be negligible. 

All experiments were conducted at 25 oC and the apparent percentage of calcein that 

was release was calculated according to the following equation [72]:  

Release (%) =100 x (F  Fo)/(Ft  Fo) 

in which F and Ft represent the fluorescence intensity prior to and after the addition of 

the detergent, respectively, and Fo represents the fluorescence of the intact vesicles.  

2.2.17. Liposome aggregation  

Aggregation of lipid vesicles was monitored by visible absorbance 

measurements. The buffer used was PBS, pH 7.2. Peptides (5, 10, 20 and 40 μM) in 

PBS solutions were added to a suspension of 400 μM LUVs consisting of PE:PG (7:3, 

w/w) or PC:CH:SM (1:1:1, w/w). Increase of absorbance indicates the aggregation of 

liposomes. Absorbance was measures at 405 nm using a microplate Autoreader before 

and after the addition of peptide [73,74]. 

2.2.18. Tryptophan fluorescence and acrylamide quenching assay   

The fluorescence emission spectrum of Trp of peptides was monitored in the 

presence of PE:PG (7:3, w/w) or PC:CH (10:1, w/w) or PE:PC:PI:ergosterol (5:4:1:2, 

w/w/w/w) or PC:CH:SM (1:1:1, w/w) SUVs. In these fluorescence studies, SUVs were 

used to minimize differential light scattering effects [75]. The Trp fluorescence 

measurements were taken with spectrofluorometer. Each peptide was added to 1 ml of 

200 μM liposomes, and the peptide:liposome mixture (a molar ratio of 1:100) was 
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allowed to interact at 25 °C for 10 min. The fluorescence was excited at 280 nm, and 

the emission was scanned from 300 to 400 nm.  

 For fluorescence quenching experiments were conducted using acrylamide as 

the quencher. The acrylamide concentration in the cuvette was between 0.04 to 0.20 M. 

The effect of acrylamide on the fluorescence of each peptide was analyzed with a 

Stern-Volmer equation:            

F0/F=1+ KSV (Q) 

Where F0 and F represent the fluorescence intensities in the absence and the presence 

of acrylamide, respectively, KSV is the Stern-Volmer quenching constant, and (Q) is the 

concentration of acrylamide.  

2.2.19. Circular dichroism (CD) spectroscopy  

 The CD spectra were recorded on a Jasco 810 spectropolarimeter (Jasco, 

Tokyo, Japan) which was equipped with a temperature control unit, using a 0.1-cm 

path-length quartz cell at 25 oC between 190 and 250 nm. The CD spectra were 

measured for peptide samples (50 μM) that were dissolved in PBS alone (pH 7.2) and 

PBS containing 1 mM PE:PG (7:3, w/w) or PBS containing 1 mM PC:CH (10:1, w/w) 

or PBS containing PE:PC:PI:ergosterol (5:4:1:2, w/w/w/w) or PBS containing 

PC:CH:SM (1:1:1, w/w) SUVs vesicles. The peptides (50 μM) were scanned in the 

presence or absence of LPS (0.1%) dissolved in PBS. CD data represent average value 

from three separate recordings, with four scans per sample. 

2.2.20. Scanning electron microscopy (SEM) 

 A mid-logarithmic phase culture of E. coli CCARM 1229 or C. albicans 

KCTC 7270 cells were re-suspended at 2 x 107 CFU/ml in PBS (pH 7.2) and incubated 

at 37 °C and 28°C respectively, with (KW)4 at MIC concentration. A control was run in 

the absence of peptide solution. After 60 min, the bacteria cells were pelleted by 
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centrifugation at 3000xg for 5 min and washed twice in PBS. The supernatants were 

removed and the pellets were fixed in 500 μl of 5% (v/v) glutaraldehyde in 0.2 M 

sodium-cacodylate buffer (pH 7.4). After fixation for 3 h at 4 °C, the samples were 

extensively washed with 0.1 M sodium-cacodylate buffer. The samples were then 

treated with 1% (w/v) osmium tetroxide in 0.1 M sodium-cacodylate buffer, in the dark 

for 1 h at 4 °C. The bacteria cells were then washed twice in 5% (w/v) sucrose in same 

buffer and then dehydrated in 20, 40, 60, 80, 95 and 100% ethanol, sequentially. After 

lyophilization and good coating, the samples were examined using a scanning electron 

microscope (Hitachi S-2400N, Japan).    
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3. Results  

3.1. Influences of a repetitive pattern of lysine and tryptophan 

on antibacterial activity and mechanism of action 

(1) Effects of hydrophobicity and length of (KW)n peptides on  

antibacterial and hemolytic activities  

 Reversed phase-HPLC was used to determine the peptide hydrophobicity and 

to elucidate its influence on antibacterial and hemolytic activity. Table 1 shows that the 

increase in retention time and relative hydrophobicity of the (KW)n peptides, which 

followed the order (KW)2 <(KW)3 <(KW)4 <(KW)5, reflecting changes in the total 

hydrophobicity as the addition of amino acids (K/W).  

Their antibacterial activities were listed in Table 1, the (KW)2 peptide was 

inactive against all strains, but (KW)3 showed improved activity against S. 

typhimurium, P. aeruginosa and L. monocytogenes. (KW)4 peptide displayed a potent 

antibacterial activity with a broad-spectrum. Interestingly, (KW)5 peptide retained a 

similar activity to (KW)4 in the presence of PBS. In low ionic strength buffer (sodium 

phosphate (SP) buffer), (KW)4 peptide showed more potent activity than all other 

studied peptides against all strains.  

The hemolytic activity of peptides was measured using hRBCs. The (KW)2 

and (KW)3 peptides were non-hemolytic, but (KW)4 and (KW)5 peptides caused 8% 

and 71% hemolysis at 200 μM, respectively (Table 1). (KW)5 was hemolytic because 

they have higher hydrophobicity than the others.  
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Table 1. MICs of the peptides against bacterial strains 

Antibacterial assay was performed in 10 mM sodium phosphate buffer, pH 7.2 and 

phosphate buffered saline, pH 7.2 (number in the parenthesis) 

aDrug-resistant Escherichia coli strains.  

bDrug-resistant Salmonella typhimurium strains. 

cDrug-resistant Staphylococcus aureus strains.  

dHemolytic percentage at 200 μM of peptide in phosphate buffered saline 
eRetention time was measured by using a C18 reverse phase analytical column  (4.6 x 250 

mm, 300 Å, 5 nm). The peptides were eluted over 60 min, using a linear gradient of 5% to 

                                             acetonitrile in water containing 0.05% (v/v) trifluoroacetic acid. 

frelative hydrophobicity is reflected by the percent of acetonitrile at the retention time [76].  

gCationicity (number in the parenthesis) 

 

                                                     MIC (μM)   

Microorgaisms (KW)2 (KW)3 (KW)4 (KW)5 Melittin Ampicillin Oxacillin 

Gram (-) bacteria        

E. coli >200 (>200) 50 (200) 6.25 (12.5) 50 (12.5) 1.56 (1.56) 50 - 

S. typhimurium 50 (200) 3.12 (6.25) 1.56 (1.56) 6.25 (3.12) 0.39 (0.39) 25 - 

P. aeruginosa >200 (>200) 12.5 (25) 3.12 (3.12) 25 (6.25) 3.12 ( 3.12) - - 

Gram (+) bacteria       - 

S. aureus >200 (>200) 50 (200) 6.25 (12.5) 25 (12.5) 1.56 (1.56) - 12.5 

B. subtilis >200 (>200) 100 (200) 6.25 (12.5) 12.5 (12.5) 1.56 ( 3.12) - - 

L. monocytogenes 200 (>200) 12.5 (25) 3.12 (3.12) 3.12 (3.12) 1.56 (1.56) - - 

Resistant strains        

E. coli CCARM 1229a >200 (>200) 25 (100) 6.25 (12.5) 50 (12.5) 3.12 ( 3.12) >200 (>200)  

E. coli CCARM 1238a >200 (>200) 50 (200) 12.5 (12.5) 50 (12.5) 1.56 (1.56) >200 (>200)  

S.typhimurium CCARM 8007b >200 (>200) 50 (200) 12.5 (12.5) 25 (12.5) 6.25 (12.5) >200 (>200)  

S. typhimurium CCARM 8009b >200 (>200) 50 (200) 6.25 (12.5) 25 (12.5) 6.25 (12.5) >200 (>200)  

S. typhimurium CCARM 8013b >200 (>200) 50 (200) 6.25 (12.5) 25 (12.5) 3.12 (6.25) >200 (>200)  

S. aureus CCARM 3089c >200 (>200) 50 (200) 12.5 (12.5) 50 (12.5) 1.56 (1.56) - >200 (>200) 

S. aureus CCARM 3090c >200 (>200) 50 (200) 12.5 (12.5) 25 (12.5) 3.12 ( 3.12) - >200 (>200) 

S. aureus CCARM 3108c >200 (>200) 50 (200) 12.5 (12.5) 50 (12.5) 1.56 (1.56) - >200 (>200) 

S. aureus CCARM 3114c >200 (>200) 50 (200) 12.5 (12.5) 25 (12.5) 3.12 ( 3.12) - >200 (>200) 

S. aureus CCARM 3126c >200 (>200) 50 (200) 12.5 (12.5) 25 (12.5) 1.56 (1.56) - >200 (>200) 

Hemolysisd
 (%) 0 0 8 71 100 - - 

Retention timee 17.6 19.5 21.7 23.8 - - - 

Relative hydrophobicityf 
(cationicity)g

 

28 (+3)g 31 (+4)g 34 (+5)g 38 (+6)g - - - 
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Figure 1. Chemical structure of linear antimicrobial peptides, (KW)n –NH2, used in this 
study, where n=2,3,4 and 5 
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(2) Structure and organization of (KW)n peptides in aqueous solution  

 In order to ascertain a relationship between the aggregation states in aqueous 

solution and activities of the peptides, self aggregation of (KW)4 or (KW)5 was 

examined in water and PBS. Both peptides did not aggregate in water, being indicated 

by Trp fluorescence (Fig. 2A). The emission maximum of Trp fluorescence in (KW)5 

peptide was dose-dependently shifted from 352 to 340 nm in PBS (Fig. 2B), indicating 

to self aggregation of (KW)5, whereas, that of (KW)4 peptide was not changed, which 

means to be soluble.  

The aggregation states of above peptides were further analyzed using CD 

spectroscopy. In PBS (Fig. 2C-D), Trp-containing peptides show a negative band at 

200 nm region. This band is characteristic of a random coil, while the band at 225 nm is 

related to the Trp side chain in (KW)n which contributed to the CD signal in this 

spectral region [33,77,78]. The CD spectra of (KW)5 was random coil, indicating that 

they had failed formation into the β-sheet conformation at concentrations of 25, 50 μM. 

At higher concentration of 100, 150 μM, the negative band moved to higher 

wavelength, indicating that a very small ratio of (KW)5 probably adopted β-sheet (Fig. 

2D). This conformation likely implies that the (KW)5 peptide might adopt weakly or 

small aggregates, but the (KW)4 peptide maintain its complete soluble form in PBS.  
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Figure 2. Structure and organization of (KW)4 and (KW)5 peptides in aqueous solution. 

Aggregation state of peptides in aqueous solution was determined using the 

fluorescence of Trp as a function of peptide concentrations. The wavelength at 

maximum emission was taken for plotting. (KW)4 (●), (KW)5 (▲) : Water (A) and 

PBS, pH 7.2 (B). Concentrations dependent CD spectroscopy was used to examine the 

conformation of the soluble or aggregation state of these peptides. Concentrations 

dependent CD spectra of (KW)4 (C) and (KW)5 (D) in PBS, pH 7.2: 25 μM (●), 50 μM 

(■), 100 μM (▲), 150 μM (♦). 
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(3) Localization of fluorescence-labeled peptides   

In order to a examine the target site of (KW)4 peptide on E. coli CCARM 

1229 and S. aureus CCARM 3090, bacteria was treated with the peptide and observed 

under CLSM. Results showed that peptides bound with the cell surface of bacteria (Fig. 

3), indicating interaction with the bacterial membrane surface. 
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Figure 3. Confocal laser scanning microscopy images of E. coli CCARM 1229 (A) and 

S. aureus CCARM 3090 (B) cells treated with TAMRA-labeled-(KW)4. The cells were 

treated with 12.5 μM of TAMRA-(KW)4 for 10 minutes at 37 °C in PBS, pH 7.2. From 

left to right: TAMRA, differential interference contrast (DIC), and merged images. 
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(4) The interaction of peptides with LPS 

As shown in Figure 4A, the LPS-binding affinity of (KW)n peptide was 

increased in chain-length dependent manner. The 20 µM of (KW)5 peptide with the 

highest LPS-binding affinity resulted in 81% maximal displacement of dansyl PMB 

from LPS, whereas (KW)4, (KW)3, or (KW)2 was measured to 60, 55, or 40% binding 

affinity, respectivelly.  

Next CD predicted interaction of the peptides (at 50 µM) in LPS (0.1%) (Fig. 

4B). The (KW)2 and (KW)3 did not give any secondary structures, while the longer 

peptides adapted β-sheet conformation, indicating that the longer peptides strongly bind 

to LPS, which is highly correlated with their displacemrnt of dansyl PMB. 
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Figure 4. Binding affinities of the peptides for LPS as measured by the dansyl 

polymyxin B (DPX) displacement assay.  P. aeruginosa LPS (9 µg) was incubated with 

dansyl polymyxin B (4 µM) for 5 min, and the fluorescence was measured at an 

excitation of 340 nm and emission of 485 nm. Peptides was added in different 

concentrations and the DPX fluorescence was meaured after 5 min. (KW)2 (♦), (KW)3 

(●), (KW)4 (▲), (KW)5 (■). CD spectra of the peptides (50 µM) were measured in the 

presence of 0.1%  LPS (B): (KW)2 (♦), (KW)3 (●), (KW)4 (▲), (KW)5 (■). 
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(5) Membranolytic and bactericidal activity  

 The direct disruption of scrambled peptides in the membrane potential of the 

cytoplasmic membrane was determined in E. coli and S. aureus. Fig. 5A and B showed 

the dose-dependent dissipation of the membrane potential by peptides against intact 

cells of E. coli CCARM 1229 (Fig. 5A) and S. aureus CCARM 3090 (Fig. 5B). The 

ability of the longer peptides (KW)4 or (KW)5 to dissipate the bacterial membrane 

potential, correlates with their antibacterial activity against E. coli and S. aureus (Table 

1). In contrast, inactive (KW)2 did not depolarize the membrane and (KW)3 peptide 

which has the lowest antibacterial activity, also had a depolarizing activity less than 

longer peptides.  

The uptakes of the fluorescent dye, SYTOX Green were accessed to 

determine the membrane permeability of these peptides against E. coli and S. aureus. 

The influx of SYTOX Green fluorescence was measured for 60 min after the addition 

of 12.5 μM peptide in PBS. The (KW)4 and (KW)5 peptides showed a significant dye 

uptake within 35 min in E. coli (Fig. 5C) and S. aureus cells (Fig. 5D). The (KW)3 

peptide caused less uptake than them, while inactive (KW)2 peptide had no 

permeabilization effect on the bacterial membrane. These results indicate that longer 

peptides exert a potent antibacterial action through membrane-disrupting action  

 The bactericidal action of (KW)4 and (KW)5 peptides were investigated using 

the time-killing assay. Fig. 5E and F were shown the time-killing studies of the peptides 

against both E. coli CCARM 1229 (Fig. 5E) and S. aureus CCARM 3090 (Fig. 5F): at 

concentration equal to or above the MIC, bacterial counts with both peptides were 

significantly decreased within 35 min. The (KW)5 peptide killed bacteria more quickly 

than (KW)4 due to the effect of chain length or hydrophobicity, being consistent with 

their faster membrane permeability on the bacterial membrane (Fig. 5C-D ).  
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Figure 5. Membrane disrupting and bactericidal activity. Dose-response curves of the 

membrane depolarization activities of the peptides against intact E. coli CCARM 1229 

(A) and S. aureus CCARM 3090 (B). Membrane depolarization was monitored by an 

increase in the fluorescence of DiSC3-5 (excitation wavelength λex = 620 nm; emission 

wavelength  λem = 670 nm) after the addition of peptide at different concentrations: 

(KW)2 (♦), (KW)3 (■), (KW)4 (●), (KW)5 (▲). The fluorescence increase obtained 
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using 0.1% Triton X-100 was taken as 100%. Membrane permeabilization was 

monitored by entry of SYTOX Green dye. Bacteria cells (2 x 107
 CFU/ml) in PBS were 

incubated with 1 μM SYTOX Green dye. Peptides were added at 12.5 μM 

concentration and the uptake of the dye through the plasma membrane was measured 

by the time course of fluorescence at an excitation at 485 nm and emission at 520 nm 

which shows the uptake of SYTOX Green in E. coli (C) and S. aureus (D): (KW)2 (♦), 

(KW)3 (■), (KW)4 (●), (KW)5 (▲), and Melittin (○). Kinetics of the bactericidal 

activity of the peptides against E. coli CCARM 1229 (E) and S. aureus CCARM 3090 

(F). Bacteria treated with the respective peptides were diluted at the appropriate times 

and then plated on LB agar. The CFU were then counted after 16 h of incubation at 

37 °C. Black, (KW)4; White, (KW)5; squares and triangles 1 and 2 times the MIC 

value, respectively; cells (2 x 105 CFU/ml) incubated in the absence of any peptide 

served as controls 
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(6) Calcein release from liposomes and turbidity assay  

 A calcein leakage assay was used to investigate interactions between AMPs 

and artificial membranes. PE:PG (7:3, w/w) vesicles with (KW)4 at 2.5:1 lipid-to-

peptide molar ratio (L/P) displayed a maximum leakage of 81%, while the (KW)5 did 

73% of leakage. The (KW)3 showed to be moderate active, but (KW)2 are inactive in 

this assay (Fig. 6A). In zwitterionic liposomes of PC:CH (10:1, w/w), (KW)5 and 

(KW)4 peptides were released 80% and 30% calceins at 2.5:1 L/P ratio, respectively 

(Fig. 6B). These results were consistent with their hemolytic activities, as shown in 

Table 1. The small peptides (KW)2 and (KW)3 showed no leakage from zwitterionic 

membrane.  

To investigate peptide’s action in the membrane, the turbidity of PE:PG 

vesicles was measured after the adding of peptides. Peptides induced the dose-

dependent increases of absorbance (Fig. 6C), indicating to aggregation of vesicles via 

membranolytic action of peptides. The results indicate that the size of the vesicle was 

increased due to lysis and aggregation.   

 

 

 

 

 

 

 

 

 

 

 



- 31 - 
 

 

 

 

 

Figure 6. The action of peptides on artifical liposomes. Dose dependent percent leakage 

of calcein from PE:PG (7:3, w/w) (A) and PC:CH (10:1, w/w) (B) at pH 7.4 was 

measured for 15 min after the addition of the peptide. LUV aggregation as a function of 

peptide concentration (C). Peptide solutions were added to a suspension of 400 μM 

LUVs consisting of PE:PG (7:3, w/w) and aggregation was monitored by absorbance 

change of LUVs at 405 nm: (KW)2 (♦), (KW)3 (■), (KW)4 (●), (KW)5 (▲).  
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(7) Characterization of the tryptophan environment using fluorescence 

spectroscopy  

 Peptide binding into lipid bilayers was examined by recording the Trp 

fluorescence emission spectra in PBS and in the presence of vesicles composed of 

negatively charged PE:PG (7:3, w/w) or zwitterionic PC:CH (10:1, w/w). The data in 

Table 2 suggest that the fluorescence spectra of (KW)n peptides in buffer gave rise to a 

maximum fluorescence peak at around 353 nm except for (KW)5, indicating that the 

Trp residue of these peptide are located in a more hydrophilic environment. But, Trp 

residues of (KW)5 move from a polar to less polar environment, may be due to their 

self aggregation ability in PBS (Fig. 2). In PE:PG (7:3, w/w) vesicles, the order of 

membrane binding ability of these peptides is (KW)4 >(KW)5 >(KW)3 >(KW)2. Among 

them, larger blue shift of (KW)4 peptide suggested that the Trp side chain partitions 

preferentially into a more rigid, hydrophobic environment in PE:PG (7:3, w/w) lipid 

bilayers. In the presence of PC:CH (10:1, w/w) vesicles, a blue shift in the Trp emission 

of (KW)5 (342 nm) was observed, reflecting their location to more hydrophobic 

environments [79]. On the other hand, the blue shift of (KW)2, (KW)3 and (KW)4 were 

not observed in more hydrophobic environment.  

The accessibility of Trp residues into lipid bilayers can be determined by 

measuring the stern-volmer quenching constants for each peptide, using soluble 

acrylamide as a quencher. The free Trp residues in aqueous solution was fully 

quenched by acrylamide, having a stern-volmer quenching constant (KSV) of about 9 M-

1 [80]. The data showed to the KSV value of about 15, 15, 14, 11 M-1 for the (KW)2, 

(KW)3, (KW)4 and (KW)5 peptides in PBS, respectively (Table 2). KSV for the (KW)4 

peptide is 1.6 M-1, indicating that the Trp residues of (KW)4 are more protected in the 

presence of PE:PG (7:3, w/w) vesicles than in PC:CH (10:1, w/w) (Table 2). This 
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tendency is consistent with the potent antibacterial activity of (KW)4. The hemolytic 

peptide, (KW)5 had a lower KSV value, suggesting that its Trp residues of (KW)5 

peptide is more anchored within the hydrophobic core of the zwitterionic 

phospholipids, which is likely correlates strong effect at inducing calcein leakage from 

the same synthetic membrane ( Fig. 6B).   
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Table 2. Tryptophan emission maxima of 2 μM peptides and Ksv in PBS (pH 7.2) or in 

the presence of 200 μM PE:PG (7:3, w/w) SUVs and 200 μM PC:CH (10:1, w/w) 

SUVs  

 

 
 

aKSV is the Stern-Volmer constants. KSV (M-1) were determined from the Stern Volmer 

equation F0/F1= 1+ KSV (Q), where Q is the concentration of quencher (acrylamide). 

Concentration of the quencher varied from 0.04 to 0.20 M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Blue shift (nm)            Ksv (M-1)a  
Peptides   λmax buffer              
                   (nm) 

PE:PG  
(7:3, w/w) 

PC:CH  
(10:1, w/w) 

 Buffer PE:PG   
(7:3, w/w) 

PC:CH  
(10:1, w/w) 

(KW)2 353 8 2  15 2.8 5.8 
(KW)3 353 11 2  15 2.3 5.3 
(KW)4 353 17 5  14 1.6 5.1 
(KW)5 351 14 9  11 2.0 4.3 
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(8) Structure of peptides in liposmes 

 The secondary structures of the peptides were determined in aqueous solution 

and lipid membrane (Fig. 7). The (KW)2 and (KW)3 did not attained any structure in 

both environments. Random coil spectrum of (KW)4 and (KW)5 in aqueous solution 

were observed. The (KW)4 and (KW)5 adopted β-sheet conformation in both liposomes.   
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Figure 7. CD spectra of (KW)2 (♦), (KW)3 (■), (KW)4 (●), (KW)5 (▲) in the presence 

of PE:PG (7:3, w/w) (A) and PC:CH (10:1, w/w) (B). 
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(9) Observation of (KW)4 peptide action in E. coli using scanning 

electron microscopy (SEM)  

To investigate the action of (KW)4 peptide against E. coli CCARM 1229, the 

morphological change was observed under SEM after incubation of peptide and 

bacterial cells. Figure 8 showed that bacteria in the absence of peptide displayed a 

smooth surface (Fig. 8A), in contrast, bacterial surfaces with 12.5 μM peptide were 

damaged and E. coli was aggregated (Fig. 8B). 
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Figure 8. Scanning electron micrographs of E. coli CCARM 1229 cells in the absence 

(A) or presence (B) of (KW)4 peptide (12.5 μM). The bacteria membranes were 

incubated with peptide for 1 h at 37 °C in PBS, pH 7.2.  
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3.2. Mode of action of (KW)n peptides in fungal pathogens  

 (1) Effects of chain length of (KW)n peptides on antifungal activity 

The MIC values of these peptides against fungal strains were shown in table 

3. The antifungal activity of these peptides generally increased with an increase in the 

chain length. The shortest peptides are inactive, but the (KW)3, (KW)4, and (KW)5 

peptides are potent antifungal activity, with MICs in the micromolar range. 

Interestingly, (KW)4 peptide reatined a similar activity to (KW)5 against C. albicans, C. 

catenulate, C. rugosa and C. melibiosica strains. Against resistant strain and hyphal 

form of C. albicans, (KW)3 had loses its activity, while longer chains are almost active.  

A twofold increase in antifungal activity againt more resistant strains was noticed in the 

sequence of (KW)5 when compared with the (KW)4 peptide. Against hyphal form of C. 

albicans was found to be similar to that of (KW)4. 
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Table 3. MICs of the peptides against fungal strains  
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

MIC (µM) 

Normal strains  (KW)2 (KW)3 (KW)4 (KW)5 Melittin  Fluconazol  

C. albicans  >128 32 8 8 4 16 

C. catenulate  >128 16 8 8 8 - 

C. intermidia  >128 32 8 4 4 - 

C. rugosa >128 32 8 8 8 - 

C. glabrata >128 32 8 4 4 - 

C. melibiosica  >128 32 8 8 8 - 

Resistant strains        

CCARM 14001 >128 >128 32 8 16 >128 

CCARM 14007 >128 >128 32 16 8 >128 

CCARM 14020 >128 >128 32 8 8 >128 

Hyphal condition        

C. albicans  >128 >128 64 64 32 - 
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(2) Effect of salt ions and pH on antifungal activity and self-association 

of peptide in aqueous solution 

Indeed, the peptides’ antimicrobial activity was gradually decreased in high 

ionic strength. Therefore, the antifungal activity of these peptides was determined at 

increasing concentration of NaCl and MgCl2 (Fig. 9A-B). Antifungal activity of (KW)3 

against C. albicans was decreased, whereas longer peptides did not reduced their 

activity in 150 mM NaCl and 5 mM MgCl2. However, (KW)5 showed increased 

activity in higher salt conditions suggesting that aggregated peptides in low 

concentration of salt were dis-aggregated.  

The peptides activity at different pH values ranged from 5.2 to 7.2 was 

examined to ascertain the effect of peptide concentration (Fig. 9C). This assay is very 

important because culture medium is changed to acidic pH when C. albicans are 

grown. There was no change in the antifungal activity of (KW)3 and (KW)4 were 

observed by all pHs . Only (KW)5 peptide activity was significantly increased in low 

pH buffer than under basic conditions. This is due to increased solubility of (KW)5 at a 

acidic pH.  

In order to ascertain a relationship between the aggregation state and 

antifungal activity of the peptide, self aggregation of (KW)5 was examined in a 

different buffer conditions by using ThT (Fig. 9D). The enhancement of ThT 

fluorescence when it binds to peptide represents to aggregation state with high β-sheet 

content. The emission maximum of ThT fluorescence in (KW)5 peptide was dose-

dependently increased in NaPB (sodium phosphate buffer, pH 7.2), indicating to self 

aggregation of (KW)5. The self aggregation of (KW)5 was increased in ordered from 

NaPB (pH 7.2) > PBS> 150 mM NaCl> 5 mM MgCI2 > NaPB (pH 5.2).  
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Figure 9. Effect of peptide length, salt and pH on the MICs of (KW)n peptides against 

C. albicans and self-association of peptide in aqueous solution. MICs of the peptides 

against C. albicans in the presence of 10 mm NaPB supplemented with NaCl (A), 

MgCI2 (B). The effect of pH (C) on the antifungal activity of (KW)n. (KW)3 (White 

bars), (KW)4 (Gray bars), (KW)5 (Black bars). (KW)5 peptide concntration effect in the 

ThT (20 µM) fluorescence emission intensity in different bufferd conditions or pH 5.2, 

with excitation at 450 nm and emission at 490 nm (F). NaPB (♦), PBS (■), 150 mM 

NaCl (●), 5 mM MgCI2 (▲) and pH 5.2 (×). 
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(3) Cytototoxicity and candidacidal activity of peptide  

Figure 10A shows the cytotoxicity of the peptides towards HaCaT cells. 

Peptide toxicity was increased linearly with their chain lengths. The (KW)3 and (KW)4 

peptides are non-cytotoxicity, whereas the (KW)5 peptide showed cytotoxicity but only 

above their MICs or MBCs. When comparing the lytic peptides of melittin, which 

induced 100% cytotoxicity at a concentration of 20 µM under similar conditions. 
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Figure 10. Cytotoxicity toward HaCaT cells.  HaCaT cells (4 × 103 cell/well) 

were incubated for 24 h with the indicated concentrations of (KW)3 (♦), (KW)4 (■), 

(KW)5 (▲) and melittin (●).  
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Since peptides that inhibit the growth of fungal pathogens can be either 

fungicidal or fungistatic, the effect of (KW)n on the viability of hyphal cells was 

examined (Fig. 11). I studied time-killing assay to elucidate the killing mechanism of 

peptide on the fungal membrane. The (KW)n peptide completely killed C. albicans after 

3 hr at their MIC concentration. Comparative killing properties between (KW)n series 

against C. albicans showed that (KW)5 was faster than (KW)4 and (KW)3 peptides. 

Furthermore, among (KW)n indicated that chain length was consistent with their faster 

killing activity. In the presence of 5 mM sodium azide, the fungicidal activity of these 

peptides was not inhibited. The same results obtained when killing was measured in the 

absence of 5 mM sodium azide.   
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Figure 11. Time-killing kinetics of (KW)n peptides against C. albicans and effect of 

sodium azide on candidacidal activity of (KW)n peptides, determined by killing assay. 

C. albicans treated with the respective peptide were diluted at the indicated times and 

then plated on YPD agar. The CFU were then counted after 16-24 h of incubation at 28 

ºC by counting colony forming units (CFUs). Circle (●), Triangle (▲) and square (■) 

represent (KW)3, (KW)4 and (KW)5 peptides at their MIC value, respectively. Black 

and white represents presence of sodium azides and absence of sodium azide, 

respectively. Cells (2 × 104 CFU/mL) incubated in the absence of any peptide served as 

controls. Results represent the means of three independent experiments  
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(4) Interaction of peptides with fungal cell wall componenets  

To determine whether these peptides have affinity with cell wall 

polysaccharides, this study assessed (KW)4-cell wall binding and killing activity in the 

presence of carbohydrates major fungal cell wall polysaccharides (Fig. 12). In order to 

investigate that binding of (KW)4 to the fungal surface occurred via interaction with 

laminarin or mannan, which are the major components of the fungal cell wall. The MIC 

concentration of (KW)4 was incubated at different concentrations of polysaccharides 

and then mixture was tested for anti-candida activity in agar (Fig. 12A) or radial 

diffusion assay (Fig 12B). As a result, its activity was not inhibited as the amount of 

polysaccharide increased in the mixture. Agains as with intact (KW)4, CD spectroscopy 

showed that (KW)4 displayed no major conformational changes associated with 

polysaccharides laminarin or mannan (Fig. 12C).  
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Figure 12. Non-binding of (KW)4 to laminarin or mannan. The anti-candida activities 

of (KW)4 in the mixture graphed against concentration of polysaccharides (A). Radial 

diffusion assay was performed by mixing various amounts of laminarin or mannan with 

8 μM of (KW)4 in a final volume of 8 μl. The mixture of (KW)4 with laminarin or 

mannan were introduced into the wells of radial diffusion assay plates seeded with C. 

albicans (B). Numbers represent the polysaccharide concentrations (mg/ml) of the 

mixture loaded in each well. 8 μl of 8 μM (KW)4 was used for polysaccharides free 

control (c, control). CD spectroscopy of (KW)4 under different conditions (C). CD 

spectra for 50 μM of (KW)4 in PBS (■) and in presence of S. cerevisiae mannan (●) or 

laminaria digitata laminarin (▲).  
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(5) Non-permeabilizing action of peptides in membranes   

The dye DiSC3-5 and sytox green were used to demonstrate that AMPs 

induced cell permeation. Near to sub-MIC or MIC concentration, membrane potential 

was not observed by these peptides (Fig. 13A). Time course analysis of Sytox-Green 

uptake was conducted after the addition of peptides to the cells; it also revealed 

difference between melittin and (KW)n peptides (Fig. 13B). Melittin had complete 

memebrane permeabilization within 35 minutes, whereas (KW)n peptides had no dye 

infux, suggesting that the diferent mechanism of antifungal activity. The rate of 

membrane permeabilization was increased with increasing concentration of melittin. 

Next, the ability of these peptides was determined to permeabilize the 

cytoplasmic membrane of C. albicans using the fluorescent probes PI. The results of 

intracellular PI measurements were analysed by fluorescence microscopy and are 

displayed in figure 13C. They indicate the inability of (KW)4 (8 µM) cause PI 

permeabilization in C. albicans cells after 1 hr incubation. In contrast, cells incubated 

with the membrane-perturbing antifungal peptide melittin (Fig. 13C3), used as positive 

control, and showed fluorescence image due to intracellualr PI accumulated indicative 

of membrane permeabilization. 
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Figure 13. Non-permeabilization of membrane by peptides in cells. The peptides were 

added to C.  albicans cells that were pre-equilibrated with the fluorescent dye DiSC3-5 

for 60 min. Fluorescense are as follows: (KW)3 (♦), (KW)4 (■) and (KW)5 (▲). The 

fluorescence increase obtained using 0.1% Triton X-100 was taken as 100% (A). 

Membrane permeabilization caused by peptides using C. albicans. Time course of 

fluorescence of the SYTOX Green DNA binding dye after uptake of 1 μM SYTOX 

Green into 2 x 107 spore/ml. Peptides ((KW)3 (♦), (KW)4 (■), (KW)5 (▲) and melittin 

(●)) were added at their sub-MIC (white) or MIC (black) concentrations and the uptake 

of the dye through the plasma membrane was monitorned by flourescence at an 
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excitation at 485 nm and emission at 520 nm shows the comparison of SYTOX Green 

dye leakage in C. albicans (B). Fluorescence microscopy of C. albicans treated with 

peptides. C. albicans was incubated without peptide or at MIC concentration of 

peptides (images 1, 2 and 3 represents peptide free control, (KW)4, melittin 

respectively). After incubation, samples were stained with propidium iodide (PI, 10 

μM). Panels represent bright-field images (left) and red flouresence indicative of PI 

uptake (right) (C).   
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Cell permeability was monitored by release of the intracellular dye calcein. I 

determined the ability of these peptides to cause leakage of entrapped calceins from 

PE:PC:PI:ergosterol at a ratio of 5:4:1:2 (fungal membrane mimetics environments ) or  

PC:CH:SM at a ratio of 1:1:1 (eukaryotic membranes mimetics environments) (Fig. 

14). Melittin was most efficient than other peptides, causing 80% and 95% calcein 

leakage from PE:PC:PI:ergosterol or PC:CH:SM liposomes, respectively, while (KW)5 

caused 10% and 60%, respectively. (KW)3 and (KW)4 did not caused calcein leakage 

from any of the liposmes even at 0.1 ratio P/L.  
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Figure 14. Calcein leakage in PE/PC/PI/ergosterol (A, 5:4:1:2, w/w/w/w) and 

PC:CH:SM (B, 1:1:1, w/w/w) vesicles. Peptides are designated as follows; (KW)3 (♦), 

(KW)4 (■), (KW)5 (▲) and melittin (●) 
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(6) Membrane binding action of peptides with membranes  

 

Peptide binding and partitioning into lipid bilayers was examined by 

recording the Trp fluorescence emission spectra in the presence of vesicles composed 

of PE:PC:PI:ergosterol (5:4:1:2, w/w) or PC:CH:SM (1:1:1, w/w). In 

PE:PC:PI:ergosterol (5:4:1:2, w/w) vesicles, membrane binding ability is increased 

upon their chain length. In the presence of PC:CH:SM (1:1:1, w/w) vesicles, a blue 

shift and KSV in the Trp emission of (KW)5 (342 nm and 2.8, respectively) was 

observed, reflecting their location to more hydrophobic environments [79], which is 

likely correlates strong effect at inducing calcein leakage from the same synthetic 

membrane ( Fig. 14B).  On the other hand, the larger blue shift and smaller KSV value 

of (KW)3 and (KW)4 were not observed in more hydrophobic environment. 

Furthermore, larger blue shift and low KSV value of (KW)n peptide suggested that the 

Trp side chain partitions preferentially into a more rigid, hydrophobic environment in 

PE:PC:PI:ergosterol (5:4:1:2, w/w) vesicles than in PC:CH:SM (1:1:1, w/w) vesicles. 

The secondary structure of the peptides in aqueous solution and in the 

presence of lipid membranes were determined (Fig. 15). Random coil spectrum of these 

peptides in aqueous solution was observed. The (KW)3 peptide did not adopt any 

secondary structure while longer peptides attained β-sheet conformation in the fungal 

membrane (Fig. 15A-B). Among them, Only (KW)5 peptide clearly adopted β-sheet 

conformation in zwitterionic liposomes (Fig. 15C). 

All peptides were tested for their vesicle aggregation (fusion) ability using 

PC:CH:SM (1:1:1) LUVs (Fig. 15D). The (KW)3 and (KW)4 peptides had no 

significant vesicle aggregation was found in PC:CH:SM (1:1:1) LUVs. Contrast to two 
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peptides, Only (KW)5 peptide caused a massive increase in the turbidity of the 

PC:CH:SM LUVs indicating that vesicle aggregation takes place, consistent with its 

calcein leakage at same ratio (Fig. 14B) and thus cytotoxicity aginst HaCaT cells (Fig. 

10A).   
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Table 4. Tryptophan emission maxima of 2 μM peptides and Ksv in PBS (pH 7.2) or in 

the presence of 200 μM PE/PC/PI/ergosterol (5:4:1:2, w/w/w/w) SUVs and 200 μM 

PC:CH:SM (1:1:1, w/w/w) SUVs  

 

 
 

aKSV is the Stern-Volmer constants. KSV (M-1) were determined from the Stern Volmer 

equation F0/F1= 1+ KSV (Q), where Q is the concentration of quencher (acrylamide). 

Concentration of the quencher varied from 0.04 to 0.20 M. 

 

 
 

Blue shift (nm)            Ksv (M-1)a  
Peptides   λmax buffer              
                    (nm) 

PE:PC:PI:
ergosterol  
(5:4:1:2, 
w/w/w/w) 

PC:CH:SM  
(1:1:1, 
w/w/w) 

 Buffer PE:PC:PI: 
ergosterol  
(5:4:1:2, 
w/w/w/w) 

PC:CH:SM  
(1:1:1, 
w/w/w) 

(KW)3 353 6 1  15 2.8 5.7 
(KW)4 353 8 1  14 2.2 5.2 
(KW)5 351 10 6  11 2.0 2.7 
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Figure 15. CD spectra of (KW)3 (A), (KW)4 (B) and (KW)5 (C) in the presence of PBS, 

pH 7.2 (●), PE:PC:PI:ergosterol (5:4:1:2, w/w/w/w) (♦) and PC:CH:SM (1:1:1, w/w/w) 

(▲) vesicles. LUV aggregation as a function of peptide concentration (D). Peptide 

solutions were added to a suspension of 400 μM LUVs consisting with PC:CH:SM 

(1:1:1, w/w/w) vesicles. Aggregation was monitored by absorbance change of LUVs at 

405 nm. Peptides are designated as follows; (KW)3 (♦), (KW)4 (■) and (KW)5 (■). 
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(7) Observation of (KW)4 peptide action in C. albicans using Scanning 

electron microscopy (SEM) 

In order to examine the target sites of (KW)4 in C. albicans,  the cells were 

treated with (KW)4 of MIC, resulted in no morphological change under SEM (Fig. 

16B), which is similar to control cells that displayed a smooth surface (Fig. 16A).  
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Figure 16. SEM image of C. albicans with (KW)4. (A) untreated C. albicans, (B) C. 

albicans after treated with (KW)4 of MIC.    
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(8) Cytoplasmic localization of (KW)4 in C. albicans  

To determine the target site of (KW)4 prior to intercellualr binding studies, 

rhodamine labeled-(KW)4 was incubated with C. albicans at 1/2X and 1X MIC, after 

which peptide distribution was visualized by using CLSM (Fig. 17). Rhodamine-(KW)4 

peptide penetrated into the cytoplasm of C. albicans. Eventhough, rhodamine-(KW)4 at 

1/2X the MIC accumualted more on the cytoplasm than plasma membrane.  This results 

indicated that the nucleic acid in the cytoplasm might be the target site for killing action 

of fungi by (KW)n-series peptides. 
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Figure 17. Confocal laser scanning microscopy images of C. albicans with rhodamine 

labeled (KW)4. The cells were reacted with sub MIC (A) or MIC (B) of (KW)4 for 10 

minutes in PBS buffer.  
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(9) Nucleic acid-binding properties of (KW)n peptides  

To estimate RNA-binding ability of these peptides, retardation assay were 

used (Fig. 18).  The (KW)5 with +6 charge showed more affinity for RNA than  (KW)4 

with +5 charges and (KW)3 with +4 charges. The chain length of the (KW)n peptides 

strongly correlates with RNA binding affinity. All peptides binds with RNA at higher 

weight ratio, binding activity coupled with their chain length. At higher weight ratio, 

complete retardation of RNA was observed for all peptides.  Magainin II, typical 

membrane active antimicrobial peptides (as a control) at a weight ratio of 1.5 a fraction 

the RNAs was still able to migrate into the gel, consistent with previous studies [81].  
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Figure 18. Gel retardation analysis of the binding of peptides to RNA (C. albicans). 

The top panel show different mixtures of peptides (0, 0.5, 1, 2, 3, 4, 5 and 6 µg) and 

RNA (2 µg). Designations are as follows; (KW)3 (A), (KW)4 (B), (KW)5 (C) and 

magaini-II  (D). Peptide:RNA (weight ratio), magainin-II was used as a negative 

control. 
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4. Discussion  

 The previous study showed that incremental of chain length in the (RW)n 

series, enhanced the antibacterial and hemolytic activities [33]. In contrast, other study 

reported that increasing of chain length in the H-(LARL)3-(LRAL)n scrambled peptide 

was correlated with decreasing antibacterial activity, whereas the reverse situation was 

found for hemolytic activity [82]. In this study, the improvement of antibacterial 

activity from peptide (KW)2 to peptide (KW)4 is explained due to the increasing 

peptide length with an increasing of cationicity and hydrophobicity. In contrast, further 

increasing cationicity and hydrophobicity, such as in (KW)5 causes the peptide to 

become weaker than the (KW)4, resulting in a decrease of antibacterial activity as a 

function of  aggregation ability in SP buffer (data not shown). However, in PBS, the 

(KW)5 and (KW)4 have similar activity against all bacterial strains except S. 

typhimurium and P. aeruginosa (Table 1). The overall results suggest that the (KW)5 

are soluble, but weakly self-aggregated in PBS solution (Fig. 2). Several studies 

highlight the hypothesis of self-aggregation state, or increasing hydrophobic 

interactions of peptides in aqueous solution resulting in a crucial factor for hemolytic 

activity [83,84]. These hypotheses were consistent with the (KW)5 peptide which 

shows 71% hemolytic activity at 200 μM (Table 1). Therefore, (KW)5 peptide loses its 

selective activity for bacterial membrane, but only (KW)4 peptide seems consistent with 

the balancing of cationicity and hydrophobicity in the AMPs may be the reason to 

shows broad-spectrum antibacterial activity without hemolytic [85,86].  

 It has been suggested that this family of scrambled peptide acts by passive 

engagement with the bacterial surface through KW motifs interactions, as shown by 

CLSM (Fig. 3). Therefore, I likely assumed that the presence of Lys and Trp residues in 
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these short peptides may attack bacteria via membrane permeabilization rather than 

nucleic acid binding mechanism. Before studying membrane permeabilization 

mechanism, their LPS binding property was investigated because AMPs need to 

traverse the LPS layer of the outer membrane before gaining access to the inner 

cytoplasmic membrane in Gram-negative bacteria. For some AMPs are largely inactive 

against Gram-negative pathogen due to the restricted them from LPS physical barrier 

[87,88], whereas others can overcome this barrier and reaching the inner cytoplasmic 

membrane [89,90]. From this study indicated that peptides bind to LPS (Fig. 4), thereby 

suggesting peptide ability to traverse the LPS layer is the main and intial step govering 

their reaching and premeating the inner membrane, including initiating their 

antibacterial activity. Next, the bacterial membrane permeation was examined with the 

help of two methods: (1) monitoring depolarization of membrane potential using 

DiSC3-5 (2) observing the entry of SYTOX Green dye into cells. The data revealed that 

the (KW)4 and (KW)5 peptides show similar ability to dissipate the membrane potential 

of intact E. coli and S. aureus cells, indicating that the target of the peptides is the 

cytoplasmic membrane (Fig. 5A-B). Large scale membrane permeability on the E. coli 

and S. aureus was observed by the entry of SYTOX Green dye into cells (Fig. 5C-D). 

These results suggest that the active peptides of (KW)4 and (KW)5 directly effect on the 

bacterial inner membrane. In addition, I know that time scale of (KW)4 and (KW)5 in 

membrane permeability assay, more consistent with their bactericidal activity that 

typically takes 35 min ( Fig. 5E-F).  

Comparisons of the calcein leakage (Fig. 6) and membrane disruption as well 

as peptide binding activities between (KW)2 and other peptides indicated that the 

(KW)2 cannot disrupt the bilayers and are not able to cause membrane permeability 

might be due to their lower length, (KW)3 was moderately active, but (KW)4 and 
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(KW)5 were efficient. Therefore, longer peptides (n equals 4 or 5) could be access the 

inner membrane through binding to negatively charged headgroups of bilayer 

phospholipids that can be driven by electrostatic interactions from Lys or Arg residues 

[91,92]. The indole rings of Trp in other AMPs [36] have the tendency to partition into 

the membrane interface of lipid bilayer region flanking the hydrophobic core [93]. 

Binding and partition into the lipid bilayer are necessary but not sufficient to cause 

membrane permeability. For example, The (KW)2 peptide showed reasonable blue shift 

and low KSV value that reflecting its partition into bilayers but did not significantly 

cause leakage even at very high peptide to lipid ratio concentrations. Therefore, it was 

believed that membrane permeabilization was specifically increased by longer peptides. 

Importantly, these results showed that limitation of peptide length required for 

membrane permeabilization is the disruption of the lipid packing.   

The turbidity assay (Fig. 6C) results indicated that peptides mode of action on 

the negatively charged bacterial membrane via an aggregation like mechanism. The 

bacterial aggregation effect may be dependent on the number of 

electrostatic/hydrophobic interactions in these peptides, such as Lys and Trp residues in 

the sequences. Therefore, peptide with hydrophobic residues may promote both 

peptide-peptide and also peptide-lipid interactions. However, interaction of peptide 

with lipids might be mainly stabilized by attraction of opposite charges. These 

interactions might be initiated to disturb the lipid-water interface of the membrane, and 

the presences of interactions are thought to favour the fusion or aggregation effect of 

liposomes. The aggregation of bacterial cells was observed with peptide as well (Fig. 

8B). As these bacterial membrane which could not induced spontaneous aggregation 

from individual bacterial cells [94]. Therefore, bacterial aggregation must be a result of 

peptide-charge and peptide-lipid interactions. Some AMPs have previously been 
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demonstrated via an aggregation-dependent mechanism. For example, antibacterial 

protein, hydramacin-1 from basal metazoan hydra aggregates liposomes or bacteria 

through electrostatic and hydrophobic interactions. The results also clearly indicated 

that hydramacin-1 permeabilizes the bacterial membrane; subsequently change their 

cell morphology [94]. On the other hand, a parotid secretory protein from saliva 

aggregates bacteria through hydrophobic interactions that is mainly dependent on the 

number of amine groups in the peptide [95]. Finally, the CD data revealed that the 

peptides (KW)4 and (KW)5 have structural conformation in the negatively charged lipid 

membrane. This is consistent with their respective abilities to disrupt lipid bilayers and 

a promoting aggregation of liposomes. In addition, the CD spectra of an alternating 

repeat of polar and non-polar residues that could favour β-sheets have been reported 

[96,97]. 

In summary, increasing chain length with increasing ratio between 

hydrophobicity and the net charge, increased both antibacterial and membrane 

permeability activities, but, (KW)5 peptide could not increased its activity, probably 

due to its aggregation state. While for hemolysis activity, increasing peptide length with 

increasing hydrophobicity by its self aggregation resulted in stronger hemolysis in 

hRBCs. Based on the results obtained, a schematic representation of the mechanism of 

action of (KW)4 is proposed (Fig. 19). The findings show that the peptide initially bind 

to LPS of the outer membrane of Gram negative bacteria and formed a β-sheet 

conformation (Fig. 4B) due to electrostatic forces with its anionic diphosphoryl head 

groups, then followed by hydrophobic interactions with its fatty acyl chains. 

Afterwards, peptide inserts into the inner leaflet lipids of LPS and could translocate to 

the space between the two bacterial membranes. Where peptide is able to induce fusion 

of two bacterial membrane, rich in PE and PG by both electrostatic/hydrophobic 
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interaction (e.g., in E. coli), which cause leakage of bacterial contents followed by 

aggregation of liposomes (PE:PG) as well as bacterial cells reported for (KW)4. This 

membranolytic peptide may work for resistant bacteria which could be promising in the 

search for a new class of short scrambled antibacterial peptides. 
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Fig. 19. Schematic representation of the proposed mechanism of action of (KW)4  

peptides in bacterial cells. These peptides have electrostatic and hydrophobic 

interactions with the LPS of the outer leaflet of outer membrane. These interactions 

allow the peptide insertion and translocation to the inner leaflet lipids of LPS, then 

binding to the outer leaflets lipids of the inner membrane. At this stage, peptide induces 

fusion of the inner leaflet of the outer membrane and the inner membrane. These 

membrane fusion events promote increased membrane permeability with the leakage of 

the bacterial content, consequently cells were aggregated. 
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Many of short AMPs are rich in Lys or Arg and Trp with high microbicidal 

activity (31,33,35,98-100). However, it is not yet clear how these peptides kill fungal 

cells, but it is widely believed that AMPs kill by disrupting fungal membrane, allowing 

the leakage of small ions and the larger cytoplasmic components. Therefore, there is a 

need for clarification of the mechanism of action of these kinds of peptides against C. 

albicans cells. Although, it is thus important to develope optimization of chain length 

that will be useful for scrambled peptides to favorably interact with fungal membrane 

and improved their non-toxic to host cells would appear to be most promising candidate 

for large–scale production.  

Here, it was found that antifungal activity of these peptide was generally 

increased with their chain length, However the shortest chain was relatively inactive, 

while (KW)3 attained a threshold length in biological response and the two longer 

chains showed approximate a similar antifungal activity level in PBS. In rich media, 

(KW)3 had no antifungal activity aginst resistant strains and hyphal condition of C. 

albicans, while longer peptides were capable of exerting its antifungal activity (Table 

3). In order to maintain the antifungal activity for these peptides there is a threshold 

level of cationicity and hydrophobicity. This threshold levels could depend largely on 

the length of the peptide. Although, the peptide salt insensitivity increased with their 

chain length. This study confirms that influence length and addition of Trp in a peptide 

sequence should be preserved for antimicrobial potency in even high salt condition, 

consistent with previous studies [101].  

Anticandida activity of these peptides in low pH (Fig. 9C), suggesting that 

longer peptides could target candida cells in different compartments (e.g., skin and the 

vagina, cryogenic dental foci, gastric lumen, lung lining fluids in cystic fibrosis and 
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asthma). It is well known that above orgains of the human body have acidic pH 

environments [102].  

 (KW)5 displayed some features that were different from the other peptides, 

such as the presence of cytotoxicity (Fig. 10A). One possible explanation is that 

increasing peptide length from (KW)4, self association may cause peptide stacking, 

creating additional stress on the HaCaT cell membrane and thus inducing cytotoxicity. 

Studies with (KW)5 showed a correlation between increasing peptide concentration and 

leads to self association in PBS (Fig. 9D). Therefore, I have identified (KW)4 as a 

sequence with potential to serve as relatively nontoxic antifungal peptide compared to 

(KW)5. Also in (KW)4 showed their greater antifungal activity in rich media and salt 

conditions compared to (KW)3 that can be produced economically on a large scale.  

The fungicidal activity of these peptides was confirmed in assays of its killing 

kinetics with C. albicans (Fig. 11). Also, killing activity of these peptides was not 

depending on active transport mechanism, unlike beta-defension [103]. This data could 

explain the longer time needed for the peptide to exert its fungicidal activity compared 

to that of membranolytic peptide that typically takes short minutes to complete the 

fungicidal activity, which suggests that a different effect of these peptides contributes 

its killing action. 

It is well known that compositions of cell wall components are essential for 

antifungal peptide or protein for its activity against pathogens [63,104,105]. It has been 

suggested that cell wall components influence internalization and antifungal activity of 

the Histatin 5 [63]. In case of NAD1, permeabilization of plasma membrane and 

subsequent entry into target cells is mainly dependent on the cell wall components 

[105]. Therefore, I likely examined the role of the cell wall polysaccharides in the 

activity of the peptide. However, the presence of (KW)4 with cell wall polysaccharides 
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could not inhibited its fungicidal activity (Fig. 12A-B). In addition, CD experiment also 

did not detect any major conformational changes upon interaction with polysaccharides 

(Fig. 12C). Therefore, it is clearly indicated that cell wall components is not having 

essential role in fungicidal activity of these peptides. This point is clearly supported that 

many AMPs killing fungal cells even removal of cell wall components does not 

inhibited their antifungal activity [105,106]. Apart from cell wall components 

dependent, killing of fungal cells by antimicrobial peptides has been proposed to occur 

in two main ways: (i) through disruption of the plasma membrane leading to leakage of 

cytoplasmic contents or (ii) through interaction with intracellular targets. Therefore, the 

rate of fungal membranes permeabilization was examined with the help of three 

methods: 1). Monitoring depolarization of membrane potential using DiSC3-5 2) 

observing the entry of SYTOX Green or PI dye into cells. However, these peptides 

showed no significant membrane depolarization at their sub-MIC or MIC concentration 

(Fig. 13A). This observation is consistent with SYTOX Green uptake assay, indicating 

non-permeabilization activity towards the fungal membranes by these peptides (Fig. 

13B). This conclusion is supported by the comparison with melittin, for which the SG 

uptake increased with significant permeabilization observed within the first 10 min. 

This supports the hypothesis that this peptides acts by direct interaction with fungal 

plasma membrane and successively disrupting the membrane to allow the uptake of  PI 

dye that is accumulated within cytoplasmic and can be used as an indicated of plasma 

membrane permeabilization (Fig. 13C-3). This hypothesis is likely correlated with 

previous report indicated that exposure of C. albicans to melittin causes gross 

destruction and rupture of plasma membranes [107].  In contrast to melittin, the (KW)4 

did not induce the influx of PI into C. albicans cells (Fig. 13C-2), indicating non-

membrane permeabilizing killing action. This is also supported with other AMPs, at 



- 73 - 
 

their minimal fungicidal concentration, there was no indication of peptides killing cell 

by permeabilizing the fungal membrane [89, 108]. 

 Further support for these peptides modes of action came from calcein leakage 

studies showed that these peptides did not cause calcein leakage even at very high 

peptide lipid ratio (Fig. 14). This result is contrast to melittin in this study and other 

AMPs [109,110] caused calcein leakages from fungal liposomes. Therefore, it seems 

that these short peptides not only adsorbs on the surface of the vesicles, neutralizing its 

charge, but also inserts on the membrane, due to hydrophobic interactions. Fluorescent 

labeling has been used to show internalization of short cationic peptides across model 

cell membranes [111-114]. However, the peptide/membarne interactions remain 

important as they can be favourable for peptide translocation across the lipid 

membrane, even when a peptide is not membrane permeabilizing [115]. This agrees 

with the proposal that cellular uptake of CPPs is a consequence of its direct 

translocation through cell membranes, following conformational changes induced by 

peptide–membrane interactions [116-118]. In this study, the results demonstrated that 

larger blue shift and smaller KSV value for all three peptides are deeply partition into a 

more hydrophobic environment in model fungal than zwitetterionic liposomes (Table 

4). The high cost of partitioning peptide bonds into the membrane interface is a major 

driving force for the formation of secondary structure in membrane environments [93,  

119,120]. The CD data aslo indicate that all of the three peptides forms β-sheet 

conformation upon association with the fungal membrane (Fig. 15), and thus also 

insertion mode befor peptide internalization into cytoplasm. Additionally, these 

peptides use in this study have weak affinities for membrane containing zwitterinic 

lipids but only (KW)5 had significant calcein leakage (Fig. 14B), furthermore, 
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conformation changes (Fig. 15C) and vesicle aggregations (Fig. 15D) induced in the 

same liposomes.  

The data presented here that these peptides had no disruption at both the 

fungal membrane and artifical similar liposomes (Fig. 13-14); a similar effect was 

observed with SEM clearly reveals substantial retention of cellular and cytoplasmic 

integrity of C. albicans cells (Fig. 16). This could indicate that peptide action is mainly 

other targets, possibly intracellular components, such as DNA and RNA, resulting in 

cell killing.   Therefore, the location of fluorescently labeled peptides on live celles was 

examined by confocal microscopy. This observation showed that peptide internalized 

into the cytoplasm (Fig. 17), therefore, internalization mechanism of (KW)n is 

reasonbly believed that the presence of negatively charged phospholipids containing 

fungal liposomes enhances the ability of (KW)n to bind the membrane. In fact, the 

lysine side chains have possibility to interact with the lipid phosphate groups both 

electrostatically and by hydrogen bonds. This type of interaction has been localised in 

the lipid-water interface [91,92]. The Trp residues are also involved in the stabilization 

of the lipid-peptide complex [36,93]. This stabilization is occurred through van der 

Waals forces between aromatic residues and hydrophobic lipid chains. Therefore, it is 

clearly indicated that these peptides interact with and insert into lipid membranes and 

followed by insertion into the nucleus, and their antifungal potency correlates with the 

strength of such interactions. Other studies also indicated that membrane interactions 

are important for the Combi peptides [121,122], confocal microscopy obtained for 

these peptides show that they can rapidly become localized in the cytoplasm of 

microbial cells, which suggests that they act on intracellular targets [121,122]. Once 

peptide inside the nucleus, these peptides then perform other function of affinity to 

intercellualr targets in the nucleus and these targets that are linked to explain peptide 
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activity represent a more efficient process of killing cells. Therefore, to test this 

hypothesis, gel retardation experiment was performed to confirm that a complex was 

formed when the weight ratio of these peptides to RNAs was 0.3 (Fig. 18). The RNA-

binding action of these peptides has been suggets the mechanism of action of these 

peptides strongly binds to phosphodiester bonds via its positively charged Lys and the 

Trp should stack between the nucleotide base and ribose in each strand of the RNA 

duplex. Cationic AMPs with nucleic acid binding properties are known [81,123], as are 

Trp-rich CAMP such as indolicidin and LfcinB [124,125]. The PAF26 (AC-

RKKWFW-NH2) is one such cell-penetrating peptide and also translocates and 

accumulate inside fungal cells and binds RNA [126]. This peptide have a remarkable 

sequence similarity with (KW)n-series peptides, therefore it can be reasonably accepted 

that (KW)n-series kill the fungai by targeting intracellular component such as RNA, 

which would be expected to inhibit the intracellular synthesis of nucleic acid and 

protein.  

In conclusion, longer peptides are more effective in killing C. albicans, 

although in the presence of variable salts and pHs did not reduced longer peptide 

activity. However, increasing peptide length with increasing ratio between 

hydrophobicity and the net charge resulted in increased cytotoxicity against HaCaT 

cells. The combined results of whole data allowed us to decipher the mode of action of 

longer peptides on fungal membrane (Fig. 20). Changes in secondary structure and 

peptide–membrane interactions are easily followed in a non-membranolytic manner. 

Peptide-lipid matrix interaction to adopt a beta sheet conformation, this tendency help 

peptide allow to cytoplasm without cell wall components binding and endocytosis 

process. The correlation of non-membrane permeabilization kinetics with the location 

of peptides in the cytosol of C. albicans concludes that these peptides appear to 
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enhance cell killing by interacting with intracellular targets such as RNAs. Such 

peptides would have increased potency against target fungi, thereby reducing dosage 

and cost, and rendering them attractive for clinical use. 
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Fig. 20. Schematic representation of the proposed mechanism of action of (KW)n  

peptides in fungal cells. The peptide did not interact with cell wall components. In this 

model peptides bind to a phospholipid membrane, driven by a combination of 

electrostaic (Lys) and hydrophobic (Trp) interactions. The peptide-membrane 

interaction to promote peptide assembe into beta sheets in the lipid matrix. In the post-

membrane interaction, the peptide is simply diffused towards cytoplasmic targets 

(nucleic acid target) therefore there is no membrane destabilization and these bilayers 

do not release their contents.  
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Abstract 

Lysine and tryptophan-rich sequences have been identified in cationic 

antimicrobial peptides with broad spectrum activity against microbes. I synthesized a 

series of scrambled peptides containing repeat pattern of lysine (K) and tryptophan (W) 

residues, (KW)n (where n equals 2, 3, 4 or 5) and determined their antimicrobial activity. 

Initially, the effects of linear peptides on bacterial membrane were studied. 

Increase of chain length led to enhance antibacterial activity of these peptides except for 

(KW)5 peptide. Reduced antibacterial activity and increased cytotoxicity of (KW)5 peptide 

were demonstrated to correlate the increased hydrophobicity upon self-aggregation in 

aqueous environment. The interaction of the peptides with the phosphate groups of 

lipopolysaccharides (LPS) correlates with their ability to permeate it. Their killing actions 

were achieved through a rapid collapse of transmembrane potential and an induction of 

membrane permeability. The present study further indicated the peptides mode of action 

with negatively charged membranes suggests an aggregation dependent mechanism. 

Circular dichroism (CD) spectra revealed that these peptides had an unordered structure in 

aqueous solution, but adopted β-sheet conformation in model lipid vesicles. Finally, (KW)4 

peptide disrupted the bacterial cell surface and cells were aggregated, observed by scanning 

electron microscopy. All data supported that the clustering of KW motifs in longer 

peptides (n equals 4 or 5) contributed to their bactericidal action, although the antibacterial, 

hemolytic, LPS binding affinity and membrane permeable activities of these peptides were 

responsible for their chain length, hydrophobicity, solubility and aggregation state. 

On the second studies, the effects of peptides on fungal membrane were 

determined. Antifungal activity of these peptides was increased with their chain length, 

a similar trend was observed for cytotoxicity. Minimum inhibitory concentration (MIC) 
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of these peptides did not induce cell permeation but killed fungal pathogens, although 

antifunal activity was not inhibited by cell wall components and metabolic inhibitor. 

Membrane integrity was evaluted by extracellular/intracellular accumulation ratio of   

propidium iodide vs calcein, suggesting that peptide did not caused membrane 

permeation. Trp blue shift and CD spectra measurements were shown that peptides 

interacted with fungal membrane, however, their binding on membrane did not induce 

permeabilization of the cytoplsamic membrane in C. albicans at the MIC of the 

peptide. Scanning electron microscopy (SEM) observation showed no morphological 

alternation at MIC of (KW)4 peptide. TAMRA-labeled (KW)4 was localized into 

cytosol of C. albicans, interestingly, gel retardation assays suggested that peptide 

interacted with fungal RNA. The proposed mechanisms by which (KW)4 peptide are 

able to enter the cytoplasm of C. albicans and then the growth inhibition of fungal cells 

was followed by nucleic acid binding.  
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