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Abstract Antimicrobial peptides (AMPs) constitute a

diverse class of naturally occurring or synthetic antimi-

crobial molecules that have potential for use in the treat-

ment of drug-resistant infections. Several undesirable

properties of AMPs, however, may ultimately hinder their

development as antimicrobial agents. Thus, new synthetic

strategies, including primarily the de novo design of AMPs,

urgently need to be developed. In this study, a series of

peptides, H-(RWL)n (n = 1, 2, 3, 4, or 5), were designed.

H represents GLRPKYS from the C-terminal sequence of

AvBD-4. Our results showed that these RWL-tagged pep-

tides can kill not only bacteria but also human hepatocel-

lular carcinoma HepG2 cells. However, the peptide tagged

with two repeats of RWL (GW13) showed less affinity to

human embryonic lung fibroblast MRC-5 cells or human

red blood cells (hRBCs) than HepG2 cells. These results

demonstrated that GW13, with high amphiphilicity, exer-

ted great selectivity toward bacteria and cancer cells,

sparing host mammalian cells. The mechanism of action

against bacteria was elucidated through combined studies

of scanning electron microscopy (SEM) and fluorescence

assays, showing that the peptide possessed membrane-lytic

activities against microbial cells. The fluorescence assays

illustrated that GW13 induced apoptosis in HepG2 cells.

The cell morphology of HepG2 cells, observed by SEM,

further illustrated that GW13 causes cell death by damag-

ing the cell membrane. Our results indicate that GW13 has

considerable potential for future development as an anti-

microbial and antitumor agent.
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Abbreviations

AMP Antimicrobial peptide

MIC Minimum inhibitory concentration

MHC Minimal hemolytic concentration

CD Circular dichroism

SDS Sodium dodecyl sulfate

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

MH Mueller–Hinton

PI Propidium iodide

CCCP Carbonyl cyanide m-chlorophenylhydrazone

Introduction

Antimicrobial peptides (AMPs) secreted by the innate

immune system of various organisms such as vertebrates,

insects, and even bacteria, represent the first line of defense

against pathogen challenges (Zasloff 2002; Selsted and

Ouellette 2005). AMPs have distinctive modes of action; it

is widely recognized that AMPs are membrane-lytic mol-

ecules, distinguishing them from pharmaceutical
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antibiotics and suggesting that AMPs can potentially be

superior to traditional antibiotics in overcoming multidrug

resistance. Indeed, data from both the laboratory and the

clinic in the last decade indicate that AMPs are a promising

solution for combatting multidrug-resistant microbial

infections (Hancock and Sahl 2006; Wang et al. 2011).

Moreover, AMPs are being extensively evaluated for use in

bioengineering and biomedical applications (Wiradharma

et al. 2011a, b; Chen et al. 2012). However, the road

leading to widespread clinical applications of AMP is

imperiled; issues such as toxicity to human cells, high

production cost, and stability against proteases will likely

hinder the further development of natural peptides as future

antibiotic drugs (Bell 2011). Therefore, in order to solve

the above problems, research has increasingly focused on

the empirical optimization of these peptides by chemical

modifications, such as glycosylation, fluorination, cycliza-

tion, and the introduction of amino acid point mutations

(Hu et al. 2009; Zheng et al. 2007; Subbalakshmi et al.

2000; Guillen Schlippe et al. 2012).

AMPs approach the surface of bacteria and lyse their

cell membranes, requiring both cationic and hydrophobic

amino acids to achieve this activity (Wieprecht et al. 1999;

Ladokhin and White 1999). The side chains Arginine (R),

Lysine (K), and Histidine (H), with cationic charges, favor

AMP binding at the negatively charged membrane surfaces

of target bacterial cells via electrostatic attraction (La-

dokhin and White 1999). Bulky, nonpolar side chains, such

as Tryptophan (W), Leucine (L) and Proline (P), occur

frequently in AMPs, presumably providing lipophilic

anchors that ultimately cause membrane disruption (Tam

et al. 2002). Recently, new synthetic strategies utilizing the

de novo design of AMPs were adopted, and one type of

AMP with a specific amino acid residue stacking

arrangement displayed great antibacterial potential and cell

selectivity (Wiradharma et al. 2011b; Dong et al. 2012c;

Deslouches et al. 2005). Wiradharma et al. synthesized a

series of cationic amphiphilic a-helical peptides of 2–4

repeating units, composed of hydrophobic and cationic

residues, which displayed excellent antibacterial activity

against the frequently encountered gram-positive bacteria

or yeast-induced infections (Wiradharma et al. 2011b). We

previously designed and synthesized a series of Arg- and

Val-rich b-hairpin-like peptides, Ac–C(VR)n
DPG (RV)nC–

NH2 (n = 1, 2, 3, 4, or 5), and our results showed that the

16-mer peptide (VR3) with seven amino acids in each

strand showed the highest therapeutic index (Dong et al.

2012c). Deslouches et al. designed a series of multimers

from a 12-residue lytic base unit (LBU) composed only of

Arg and Val, which were aligned to form idealized

amphipathic helices. Their results showed that two-LBU

peptides (24-residues) achieved optimal activity against P.

aeruginosa (Deslouches et al. 2005). These observations

indicated that repetition of simple amino acid sequences

including hydrophilic and hydrophobic residues may be a

feasible, effective strategy to discover new AMPs with

greater selectivity, while circumventing inherent toxicity

and stability issues.

In addition to AMPs having bactericidal activities, the

potential for killing tumor cells has been investigated.

Several AMPs have been reported to show potency in

killing tumor cells (Standley et al. 2010; Hu et al. 2011). It

remains to be determined whether AMPs will succeed as

antibiotic substitutes or novel anticancer agents and whe-

ther the AMP anticancer activity differs in its mechanism

of activity from that for antibacterial activity.

In the past few years, several AMPs have been evaluated

in preclinical and clinical trials (Rubinchik et al. 2009;

Yeung et al. 2011). However, there is an argument

increasingly stated that clinical use of AMPs with signifi-

cant sequence similarity to human AMPs would inevitably

compromise innate defenses, possibly posing a threat to

public health (Bell and Gouyon 2003). Reducing homology

to human AMPs and combining simple amino acid repe-

ated sequences will likely avoid causing these problems.

Most recently, we reported that the truncation of the

C-terminal region of AvBD-4 (RYHMQCGYRGTFCTP

GKCPYGNAYLGLCRPKYSCCRWL), chicken b-defen-

sin isolated from chicken epithelial tissues, retained the

antimicrobial activity and decreased its cytotoxicity (Dong

et al. 2012a, b); the shortest peptide GL13 maintained

antimicrobial activity. In this study, a series of peptides,

H-(RWL)n (n = 1, 2, 3, 4, or 5), were designed. H repre-

sents GLRPKYS, truncated from the 13-mer C-terminal

sequence of AvBD-4, with the 3 cysteines deleted.

H-(RWL)n includes 3-residue RWL repeats. The RWL

sequence is the C-terminal trimer of AvBD-4. The quan-

titative structure–activity relationships of R, W and L

motifs have been investigated individually; for example,

the hydrophilic and cationic amino acid Arg is thought to

mediate peptide interactions with negatively charged

membranes of bacteria. The antimicrobial activity of pep-

tides containing Arg is greater than that of peptides con-

taining Lys (Shafer et al. 1996). In addition, the side chain

of W interacts more efficiently with membrane surfaces

compared with other nonpolar side chains, making peptides

including W more potent AMPs than those containing

other hydrophobic amino acids, such as F or L (Dathe et al.

2004; Subbalakshmi et al. 2000). Leu-rich AMPs have

potent antibacterial activity equivalent to that of melittin

(Beven et al. 2003). We speculate that the number of

3-residue RWL repeats will affect the antimicrobial

activity and toxic effects to normal somatic cells, and an

optimal length for maximal biological activity is likely to

exist. The peptides were first characterized for their sec-

ondary conformation in both solution and a simulated
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membrane environment by circular dichroism (CD). The

antimicrobial properties of the peptides were evaluated

using MIC measurement against a broad selection of

practical and potentially threatening microbes such as

E. coli, S. Pullorum, S. Typhimurium, B. yocyaneum (gram

negative), S. aureus, S. epidermidis, S. faecalis, and B.

subtilis (gram positive). To investigate the potential

membrane-destruction mechanisms of the peptides, the

tryptophan fluorescence spectra of tryptophan-containing

peptides, flow cytometric analysis, confocal laser-scanning

microscopy, and SEM micrographs were employed. In

addition, the mode of action of these peptides against

tumor cells was determined using annexin-V-FITC/PI

staining, Hoechst 33258/PI staining, a mitochondrial

membrane potential assay, and scanning electron micros-

copy, which together could differentiate whether the

mechanisms of toxicity were related to the cell membrane

or to the intracellular machinery.

Materials and methods

Materials

Peptides and relevant reagents of molecular characteriza-

tion were obtained from GL Biochem (Shanghai, China).

Sodium dodecyl sulfate (SDS) micelles was obtained from

Amresco (USA) and used upon dilution to 30 mM in DI

water. Ethanol (analytical grade, 99 %), acetone (analytical

grade, 99 %), tert-butanol (analytical grade, 99 %) and

glutaraldehyde (synthetic grade, 50 % in H2O), and small

unilamellar vesicles (SUVs) including egg yolk L-a-

phosphatidylcholine (PC), egg yolk L-a-phosphatidyl-DL-

glycerol (PG) and egg yolk L-a-phosphatidylethanolamine

(PE), and cholesterol, acrylamide, propidium iodide (PI),

carbonyl cyanide m-chlorophenylhydrazone (CCCP) and

Hoechst 33258/PI were obtained from Sigma-Aldrich

Corporation (St. Louis, MO, USA). The cationic dye JC-1

was purchased from Beyotime (Shanghai, China) and the

Annexin-V-FITC/PI Apoptosis Detection Kit was obtained

from Biosea (Beijing, China).

Tested strains Escherichia coli ATCC 25922, Salmo-

nella enterica serovar Typhimurium C77-31, Salmonella

Typhimurium C79-13, Bacterium pyocyaneum ATCC

27853, Staphylococcus aureus ATCC 29213, Staphylo-

coccus epidermidis ATCC 12228, Streptococcus faecalis

ATCC 29212, and Bacillus subtilis CMCC 63501 were

obtained from the College of Veterinary Medicine,

Northeast Agricultural University (Harbin, China). The

bacteria were incubated in Mueller–Hinton Broth (MHB)

media (beef infusion solids, 5 g/l, casein hydrolysate,

17.5 g/l, soluble starch 1.5 g/l, pH 7.0 ± 0.2), purchased

from AoBoX (Shanghai, China). Red blood cells (RBCs)

used in the experiments were extracted from healthy blood

donors. Human embryonic lung fibroblast MRC-5 cells

were purchased from the Institute of Biological and Cell

Biology, SIBS, CAS. Human hepatocellular carcinoma

HepG2 cells were obtained from the College of Life Sci-

ence, Northeast Agricultural University (Harbin, China).

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-

um bromide) was purchased from Sigma-Aldrich Corpo-

ration (St. Louis, MO, USA), and DMEM supplemented

with L-glutamine and 10 % fetal calf serum was obtained

from Invitrogen Corporation (USA).

Peptide synthesis

The peptides were synthesized by GL Biochem Corpora-

tion (Shanghai, China) by solid-phase methods using N-(9-

fluorenyl) methoxycarbonyl (Fmoc) chemistry. The C-ter-

minus was amide protected. Each peptide’s identity was

further confirmed via matrix-assisted laser desorption/ion-

ization time-of-flight mass spectroscopy (MALDI-TOF

MS, Linear Scientific Inc., USA). The purity of the pep-

tides was determined to be greater than 95 % by analytical

reverse phase (RP)-HPLC. The amino acid sequence and

molecular weight of the peptides used in this study are

shown in Table 1. Peptides were dissolved in pure water at

a concentration of 2.56 mM, and the peptide solutions were

stored at -20 �C before subsequent antibacterial, antitu-

mor, and other structural assessments.

Computational modeling and sequence analysis

of peptides

The structures of the peptide models were built using

ChemOffice Desktop 2004 for Windows (CambridgeSoft

Corporation, MA, USA). The structures of linear peptides

were generated, and the energies were minimized using

Chem3D with the molecular mechanics method (MM2)

(Burkert and Allinger 1982). The sequences of the peptides

were initially added using standard ChemDraw Ultra, after

which the N- and C-termini of the peptide groups were

acylated and amidated, respectively. Energy minimizations

were run for all of the peptides using the Chem3D MM2

method. Finally, optimized peptides were imported into the

Jmol program for visualization and figure generation

(http://www.jmol.org/). The mean hydrophobicity and rel-

ative hydrophobic moment were calculated online using

the Kyte–Doolittle scale (http://www.bbcm.univ.trieste.it/

*tossi/HydroCalc/HydroMCalc.html).

CD analysis

To investigate the secondary structure of the peptides in

different environments, CD spectra were measured under
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inert conditions of 10 mM sodium phosphate buffer (pH

7.4) and 30 mM SDS micelles. The CD spectra of peptides

were measured at 25 �C with a J-820 spectropolarimeter

(Jasco, Tokyo, Japan) equipped with a rectangular quartz

cell with a path length of 0.1 cm. Spectra were recorded at

a scanning speed of 10 nm/min from 190 to 250 nm. An

average of five to eight scans was collected for each pep-

tide. The final concentration of peptides was 150 lM.

The acquired CD signal spectra were then converted to

mean residue ellipticity using the following equation:

hM ¼ ð1; 000 � hobsÞ=n � c � l

where hM is residue ellipticity (deg cm2 dmol-1), hobs is

the observed ellipticity corrected for the buffer at a given

wavelength (mdeg), n is the number of amino acids, c is

peptide concentration (mM), and l is the path length (cm).

Antimicrobial assays

The minimum inhibitory concentrations (MICs) of the pep-

tides were measured using a modified version of the Clinical

Laboratory and Standards Institute broth microdilution

method to determine the in vitro antimicrobial activities of the

peptides (Yang et al. 2001). Bacteria were grown overnight at

37 �C to mid-log phase and then diluted in MHB to give a final

concentration ranging from 2 9 105 to 7 9 105 CFU/ml.

Peptides were dissolved and diluted in 0.01 % acetic acid and

0.2 % bovine serum albumin (BSA, Sigma). The bacterial

aliquots of 100 ll were incubated for 18–24 h at 37 �C with

100 ll of peptide in MHB. The tests were performed in trip-

licate. The MICs were calculated as the lowest concentration

of peptide that prevented visible turbidity.

Quantification of hemolytic activity

Fresh human red blood cells (hRBCs) were collected and

then centrifuged at 1,0009g for 5 min at 4 �C. The

erythrocytes obtained were washed three times with

phosphate-buffered saline (PBS) buffer (pH 7.2) and

resuspended in PBS to attain a dilution of *1 % (v/v) of

the erythrocytes. A 100-ll hRBCs solution was incubated

with 100 ll of the respective peptide dissolved in PBS for

1 h at 37 �C. Intact erythrocytes were centrifuged at

1,0009g for 5 min at 4 �C, and the supernatant was

transferred to a 96-well microtiter plate. The release of

hemoglobin was monitored by measuring the absorbance at

570 nm (OD570). As negative and positive controls, hRBCs

in PBS and 0.1 % Triton X-100 were used, respectively.

Minimum hemolytic concentrations (MHCs) are defined as

the peptide concentrations resulting in 10 % hemolysis.

Tryptophan fluorescence and quenching

Small unilamellar vesicles (SUVs) were prepared for

tryptophan fluorescence experiments as described previ-

ously (Lee et al. 2006). Following chloroform evaporation,

the PE/PG (7:3, w/w) or PC/cholesterol (10:1, w/w) lipids

were resuspended in 10 mM Tris–HCl buffer (10 mM Tris,

pH 7.4, 150 mM NaCl, 0.1 mM EDTA) by vortexing. The

lipid dispersions were sonicated in ice water for 20 min

using an ultrasonic cleaner until the solutions clarified.

Tryptophan fluorescence spectra were measured using an

F-4500 fluorescence spectrophotometer (Hitachi, Japan).

The procedure was performed for each peptide in 10 mM

Tris–HCl buffer (pH 7.4) with 500 lM PE/PG or PC/

cholesterol lipids. The peptide/lipid molar ratio was 1:50,

and the peptide/liposome mixture was allowed to interact

for 2 min at 25 �C. An excitation wavelength of 280 nm

was used, and emission was scanned at wavelengths

ranging from 300 to 400 nm. The spectra were baseline-

corrected by subtracting blank spectra of the corresponding

solutions without the peptide. The quenching of fluores-

cence was accomplished using acrylamide. To reduce the

absorbance of acrylamide, Trp was excited at 295 nm

instead of 280 nm. The final concentration of acrylamide

was brought to 0.4 M by titrating the 4 M stock solution

Table 1 Amino acid sequence, molecular weight, net charge, and hydrophobicity value of the peptides used in this study

Peptide Sequence Mw (Da)a Hb uc Net charge

Calculated Observed

GW10 GLRPKYS(RWL)1-NH2 1,274.52 1,274.55 -1.03 0.87 ?4

GW13 GLRPKYS(RWL)2-NH2 1,730.08 1,730.11 -0.91 1.25 ?5

GW16 GLRPKYS(RWL)3-NH2 2,185.64 2,185.68 -0.84 1.24 ?6

GW19 GLRPKYS(RWL)4-NH2 2,641.20 2,641.24 -0.79 0.96 ?7

GW22 GLRPKYS(RWL)5-NH2 3,096.76 3,096.80 -0.75 0.54 ?8

IN13 ILPWKWPWWPWRR-NH2 1,906.29 1,906.33 -1.06 0.19 ?4

a Mw molecular weight in Daltons
b H the hydrophobicity per residue of peptides calculated by the methods of Kyte and Doolittle
c u mean hydrophobicity moment of peptides calculated by the methods of Kyte and Doolittle
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with liposomes at a lipid/peptide molar ratio of 50:1. The

effects of the quenching reagent on peptide fluorescence

intensities were assessed by the quenching constant (KSV),

which was estimated using the Stern–Volmer equation: F0/

F = 1 ? KSV (Q), where F0 and F are the fluorescence

values of the peptide in the absence or the presence of

acrylamide, respectively, KSV represents the Stern–Volmer

quenching constant, and Q represents the concentration of

acrylamide.

FACScan analysis

E. coli was grown to log phase and harvested. The peptides

were added and incubated for 30 min at 28 �C with con-

stant shaking at 140 rpm. The cells were harvested by

centrifugation, washed three times, and incubated with

propidium iodide (PI, 10 lg/ml final concentration) at 4 �C

for 30 min, followed by removal of the unbound dye by

washing with an excess of PBS. Flow cytometry was per-

formed using a FACScan instrument (Becton–Dickinson,

San Jose, CA).

Confocal laser-scanning microscopy

E. coli cultures were grown to the mid-logarithmic phase.

E. coli cells (107 CFU/ml) in 10 mM PBS, pH 7.4 were

incubated with FITC-labeled peptides (1 9 MIC;

2 9 MIC; 5 9 MIC) at 37 �C for 30 min. Next, the cells

were washed with PBS and immobilized on a glass slide.

Confocal fluorescence images were used to examine the

interaction between FITC-labeled AMPs and cell walls

with a Leica TCS SP1 microscope. The fluorescent images

were obtained with a 488 nm band-pass filter for FITC

excitation.

Field emission scanning electron microscopy

(FE-SEM) analysis of bacterial cells

E. coli ATCC 25922 and S. aureus ATCC 29213 cells were

cultured in MHB at 37 �C under constant shaking at

200 rpm overnight. Logarithmic phase bacteria were cen-

trifuged at 5,0009g for 5 min, washed twice with 10 mM

PBS, and resuspended. The concentration of bacterial

suspension was adjusted to give an initial optical density

(OD) reading of 0.1–0.2 at 600 nm wavelength. Peptide

treatment of the bacterial cells was at 37 �C for 1 h at a

concentration of 1 9 MIC. Bacteria incubated with PBS

served as the control. Following the incubation, the cells

were mixed and centrifuged at 5,0009g for 5 min. The

bacterial cells were then centrifuged and washed with PBS

three times and fixed with 2.5 % (w/v) glutaraldehyde at

4 �C overnight, followed by washing with PBS twice. The

bacterial pellets were dehydrated with a series of graded

ethanol solutions (50, 70, 80, 90, 95 and 100 %). Upon

dehydration, the dried bacterial cells were transferred to a

mixture (v:v = 1:1) of alcohol and tert-butanol for 30 min,

followed by pure tert-butanol for 1 h. The specimens were

then dried using a critical point dryer. The dried bacterial

specimens were coated and visualized under a field emis-

sion scanning electron microscope (Hitachi S-4800, Japan).

To examine the morphology of peptide-treated tumor

cells, HepG2 cells were pre-seeded on coverslips at a

density of 3 9 104 cells/ml for 24 h at 37 �C in a 5 %

CO2 atmosphere. The peptide solution was added to a

final concentration of 32, 64, or 128 lM, and the cul-

tures were incubated for an additional 24 h. The med-

ium was then removed, and 1 ml of 4 % glutaraldehyde

solution was added to each well for 1.5 h. The cells

were washed in PBS (pH 7.2) three times, dehydrated in

ethanol, and dried in a critical point dryer. The cells on

coverslips were coated with gold and analyzed accord-

ing to these methods.

Analysis of cell viability

Human embryonic lung fibroblast MRC-5 and human

hepatocellular carcinoma HepG2 (1.0 9 104 cell/well)

cells in DMEM supplemented with L-glutamine and 10 %

fetal calf serum were placed into 96-well plates, then

incubated under a fully humidified atmosphere of 95 % air

and 5 % CO2 at 37 �C overnight. The next day, the pep-

tides were added to cell cultures at final concentrations of

1–128 lg/ml. After incubation for 24 h, the cell cultures

were incubated with MTT (50 ll, 0.5 mg/ml) for 4 h at

37 �C. The cell cultures were centrifuged at 1,0009g for

5 min, and the supernatants were discarded. Subsequently,

150 ll of dimethyl sulfoxide was added to dissolve the

formazan crystals formed. The OD was measured using a

microplate reader (TECAN GENios F129004; TECAN,

Austria) at 492 nm.

Annexin-V-FITC/PI double staining

Apoptosis of HepG2 cells was determined using the

Annexin-V-FITC/PI Apoptosis Detection Kit. HepG2

cells (1 9 106 cells/well) were incubated in 6-well

plates with peptides at 37 �C, while no peptide was

added to the control wells. The cells were centrifuged at

1,000 rpm for 10 min at 4 �C three times, and the pel-

leted cells were then incubated in 200 ll of binding

buffer. Ten microliters of Annexin-V-FITC was added

to the solutions at 4 �C in the dark for 30 min, followed

by an additional 300 ll binding buffer. Five microliters

of PI was added 5 min prior to analysis of the cells by

flow cytometry (Becton–Dickinson, San Jose, CA). The

experiment was performed three times.
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Hoechst 33258/PI double staining

The analysis of nuclear morphology was performed using a

Hoechst 33258/PI double-staining assay. The peptide-

treated cells were fixed with a 50 % solution of 3:1

methanol/acetic acid for 10 min. The fixed cells were

stained with Hoechst 33258 at 1 lg/ml in the dark for

10 min at room temperature and then with PI at 1 lg/ml in

the dark for 20 min at 4 �C. The cells were then washed

three times with PBS, and the nuclear morphology was

analyzed using a laser-scanning confocal microscope

(LEICA, TCS, SPI). The experiment was performed three

times.

Mitochondrial membrane potential assay

Mitochondrial membrane potential changes were assessed

using the cationic dye JC-1 (5 lg/ml). Briefly, HepG2 cells

(1 9 106 cells/well) were incubated with tested peptide or

with no peptide addition as control. The cells were incu-

bated with JC-1 staining solution (5 lg/ml) at 37 �C for

20 min and rinsed twice with PBS. Mitochondrial depo-

larization was indicated by an increase in the green/red

fluorescence intensity ratio using a laser-scanning confocal

microscope (LEICA, TCS, SPI). The experiment was per-

formed three times.

Statistical analysis

Data were analyzed by ANOVA using SPSS 16.0 software.

Quantitative data are presented as the mean ± standard

deviation of the mean. Significant differences were iden-

tified at the value of \0.05 or \0.01.

Results

Molecular and secondary structures

The structure and molecular weight of the peptides were

verified by MALDI-TOF MS. Table 1 summarizes the

theoretically calculated and measured molecular weight of

GW10

GW22 

GW19 

GW13 

GW16 

Fig. 1 Model structures of

H-(RWL)n (n = 1, 2,3, 4, or 5).

The structures of linear peptides

were generated and the energies

minimized using Chem3D and

the molecular mechanics

method (MM2). The peptides

are displayed as capsticks, with

carbon atoms in gray, nitrogen

atoms in blue, and oxygen and

hydrogen atoms in red and

white, respectively (color figure

online)

2142 N. Dong et al.

123



each peptide. All peptides had molecular weight values in

agreement with their theoretical values, suggesting that the

peptides were successfully synthesized. Computer model-

ing revealed that the clustering of RWL motifs within

(RWL)n peptides resulted in outstretched spatial arrange-

ments and surface areas (Fig. 1).

Circular dichroism was performed for all six peptides in

different media, including aqueous solutions and mem-

brane-like environments (Fig. 2). In sodium phosphate

buffer, GW10, indolicidin (IN13) and GW13 displayed

spectra typical of an unordered conformation (Fig. 2a, b, f).

However, the peptides GW16, GW19, and GW22 showed a

range of secondary structures, and the spectra suggested a

population with helical conformation. Furthermore, in

30 mM SDS, used usually to mimic the negatively charged

prokaryotic membrane, the CD spectra of GW10 and

GW13 were less obvious, while greater RWL-content

peptides showed improved CD spectra, displaying more a-

helical-rich structure characterized by the positive bands

near 195 nm and the dichroic minimal values at 205–208

and 222–223 nm (Fig. 2c–e).

Antimicrobial activity

The antimicrobial activities of the peptides were tested in

terms of their bacteriostatic inhibitory concentrations,

indicated by the MIC, as summarized in Table 2. The

peptides’ ability to inhibit growth of these microbial cells

displayed regular changes with RWL multiplicity. The

relationship between the lengths of H-(RWL)n AMPs and

antibacterial activity can be fit to a linear regression

equation described by a quadratic function (Fig. 3a). The

-15

-10

-5

0

5

10

15

20

25

Wavelength (nm)

-15

-10

-5

0

5

10

15

20

25

Wavelength (nm)

-15

-10

-5

0

5

10

15

20

25

Wavelength (nm)

-15

-10

-5

0

5

10

15

20

25

Wavelength (nm)

-15

-10

-5

0

5

10

15

20

25

Wavelength (nm)

-15

-10

-5

0

5

10

15

20

25

190 200 210 220 230 240 250 190 200 210 220 230 240 250

190 200 210 220 230 240 250 190 200 210 220 230 240 250

190 200 210 220 230 240 250 190 200 210 220 230 240 250

Wavelength (nm)

a b

c d

e f

Fig. 2 CD spectra of GW10

(a), GW13 (b), GW16 (c),

GW19 (d), GW22 (e), and IN13

(f). The peptides were dissolved

in 10 mM PBS (pH 7.4) (solid

line) and 30 mM SDS (dotted

line), respectively. The mean

residue ellipticity was plotted

against wavelength. The values

from three scans were averaged

per sample, and the peptide

concentrations were fixed at

150 lM
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potency of antimicrobial activity was ranked according to

the geometric mean of the MICs as follows:

GW13 = GW16 [ GW19 [ GW22 [ GW10. GW13 and

GW16, with an overall MIC of 5.2 lM across the bacterial

species, had approximately twofold greater antimicrobial

activity than IN13. The shortest peptide, GW10, had no

antimicrobial activity in the range of concentrations tested.

Hemolytic activity

Generally, the application of biomaterials as anti-infective

agents needs to be evaluated for undesirable cytotoxicity. The

cytotoxicity of synthetic AMPs is often analyzed in terms of

their ability to lyse mammalian red blood cells, referred to as

hemolysis. The ability of the peptides tested in this study to

induce hemolysis of human erythrocytes is summarized in

Table 2. The relationship between the lengths of H-(RWL)n

AMPs and hemolytic activity can be fit to a linear regression

equation (Fig. 3b). The one- and two-RWL-tagged peptides

GW10 and GW13 had no hemolytic activity at concentrations

as high as 128 lM. RWL-tagged peptides of higher multi-

plicity can cause the lysis of human erythrocytes; GW16,

GW19 and GW22 had 10 % hemolytic activity at 2, 0.5, and

0.25 lM, respectively.

The therapeutic index (TI) is calculated by the ratio of

MHC (the peptide concentration that causes 10 % hemo-

lysis) to MIC and was used to evaluate cell selectivity. As

shown in Table 2, GW13 exhibited a great TI of 24.6,

offering optimal selectivity. GW16 had a lower TI of 0.4;

GW19 and GW22 had the lowest TIs, valued at \0.1.

Mechanism of antibacterial activity

The fluorescence emission characteristics of the Trp resi-

dues in these pore forming peptides are sensitive to their

environment and were used to monitor the binding of
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Fig. 3 Correlation between biological activities and the multiplicity

of RWL. a The data can be fit to a power law between the

antimicrobial activity (GM) and the number of RWL repeats (1, 2, 3,

4, or 5) in the peptides as log GM = a(log n)2 - b(log n) ? c, with a,

b, and c equal to 11.42, 8.94, and 2.40 (R2 = 0.99), respectively.

b Log GM is replaced by log MHC to obtain a linear correlation, and

the data can be fit to a power law as log MHC = a(log n) ? b, with a

and b equal to -4.76 and 2.576 (R2 = 0.90), respectively

Table 2 Minimum inhibitory concentrations (MIC), minimum hemolytic concentrations (MHC), and therapeutic indices (TI) of the peptides

against gram-negative and gram-positive bacterial strains

Peptide MICa (lM) GMb

(lM)

MHCc

(lM)

TId

Gram negative Gram positive

E. coli S. Pullorum S. Typhimurium B. yocyaneum S. aureus S. epidermidis S. faecalis B. subtilis

GW10 [128 [128 [128 [128 [128 [128 [128 [128 256 [128 1.0

GW13 4 4 4 8 4 8 16 2 5.2 128 24.6

GW16 8 1 4 32 8 8 4 2 5.2 2 0.4

GW19 16 [128 8 [128 4 2 [128 0.5 17.4 0.5 \0.1

GW22 [128 [128 8 [128 8 [128 [128 2 47.6 0.25 \0.1

IN13 8 16 8 [128 4 8 128 1 13.5 32 2.4

a MICs were determined as the lowest concentration of peptide that prevented visible turbidity
b The geometric mean (GM) of the peptide MICs against all four bacterial strains was calculated. When no detectable antimicrobial activity was observed

at 128 lM, a value of 256 lM was used to calculate the therapeutic index
c MHC is the minimum hemolytic concentration that caused 10 % hemolysis of human red blood cells (hRBC). When no detectable hemolytic activity

was observed at 128 lM, a value of 256 lM was used to calculate the therapeutic index
d Therapeutic index (TI) is the ratio of the MHC to the geometric mean of MIC (GM). Larger values indicate greater cell selectivity

2144 N. Dong et al.

123



peptides to lipid vesicles. The liposomal PE/PG and PC/

cholesterol vesicles generally mimic bacterial and

eukaryotic membranes, respectively. The varying degrees

of fluorescence emission spectra for the tryptophan of all

H-(RWL)n peptides in the presence of phospholipid vesi-

cles are shown in Table 3. All peptides caused maximal

fluorescence emission at approximately 350 nm in aqueous

solutions. The blue shifts in PE/PG vesicles first increased

and then decreased with increasing multiplicity of the

RWL trimer, which correlated with the antimicrobial

activity of these peptides. The two-RWL-tagged peptide

GW13 induced larger blue shifts in PE/PG than in PC/

cholesterol vesicles, which was consistent with its biolog-

ical activity. Little or no blue shift was observed in PE/PG

or PC/cholesterol vesicles for GW10, correlating with its

lack of antimicrobial and hemolysis activity of the peptide.

The location of the peptides with respect to the bilayer

plane was further investigated using fluorescence quench-

ing techniques to create Stern–Volmer plots of the decrease

in fluorescence as a function of an added soluble quencher.

GW13 does not only have the highest KSV in negatively

charged vesicles but also the lowest value in uncharged

vesicles as compared to the other peptides, which was in

agreement with its greatest cell specificity among the

detected peptides.

Based on the MIC and MHC values and tryptophan

fluorescence emission of the peptides, the potential use of

GW13 is more promising than the other peptides tested.

Hence, the mechanisms of action were further studied by

observing the integrity of the bacterial cell membrane after

treatment with this peptide. Propidium iodide staining of

nucleic acids in cells is indicative of compromised cell

membrane permeability and cell death. Therefore, flow

cytometric analysis was used to determine membrane

integrity (Fig. 4). This analysis demonstrated that the

control (no peptide) resulted in only 3.9 % PI-positive

cells. The percentage of PI-positive cells with membranes

damaged by GW13 was 71.5 % (1/2 9 MIC), 80.0 %

(1 9 MIC), and 89.0 % (2 9 MIC). IN13 treatment

resulted in positive nucleic acid staining of 26.9 % (1/

2 9 MIC), 66.7 % (1 9 MIC), and 83.9 % (2 9 MIC).

Both peptides damaged the cell membrane in a dose-

dependent manner, but GW13 caused a greater accumula-

tion of PI than IN13.

To more precisely examine the interaction of the peptide

with the bacterial cell membrane in vitro, FITC-labeled

GW13 was incubated with E. coli, and peptide distribution

in the bacteria was investigated by confocal laser-scanning

microscopy (Fig. 5). At 1 9 MIC, not all cells displayed

green fluorescence, while at a concentration greater than

2 9 MIC, FITC-labeled GW13 can completely penetrate

the cell membrane and accumulate inside E. coli, sug-

gesting that a direct interaction and membrane penetration

are needed in the bactericidal mechanism.

The surface morphology of the bacteria was further

evaluated by FE-SEM microscopy (Fig. 6). These images

show that the integrity of E. coli and S. aureus cells’

membranes were grossly affected upon the treatment with

GW13 or IN13 for 60 min at 1 9 MIC. The membrane

surface of peptide-treated E. coli cells became shrinkage,

changing the overall morphology of the bacterial cells

(Fig. 6a). For comparison, the effect of these peptides on S.

aureus is shown in Fig. 6e, f. The cell surface became

obviously roughened and decorated with discrete blebs

when treated with the peptides. Moreover, the more severe

loss of membrane integrity was found in the GW13-treated

cells than IN13-treated cells.

Antitumor activity

Many natural antibacterial peptides have antitumor activ-

ity, so we also tested the antitumor activity of our peptides

by observing the proliferation of human embryonic lung

fibroblast MRC-5 and human hepatocellular carcinoma

Table 3 Fluorescence spectroscopy parameters measured for the peptides in the presence and absence of PE/PG and PC/cholesterol vesicles

Peptide Fluorescence emission maxima (nm)a KSV
b (M-1)

Buffer PE/PG PC/cholesterol Buffer PE/PG PC/cholesterol

GW10 350 345 (5) 349 (1) 7.82 1.21 2.00

GW13 350 335 (15) 345 (5) 12.05 1.04 2.83

GW16 351 337 (14) 341 (10) 12.29 1.42 2.14

GW19 350 339 (11) 341 (9) 15.52 1.33 2.03

GW22 350 347 (3) 343 (7) 13.99 1.44 1.81

IN13 350 335 (15) 342 (8) 10.09 1.76 2.27

a Blue shift of emission maximum as compared to Tris buffer
b Stern–Volmer constant KSV was calculated by the Stern–Volmer equation: F0/F = 1 ? KSV (Q), where Q is the concentration of the quencher

(acrylamide). Concentrations of the quencher were increased from 0.01 to 0.40 M. A smaller KSV value reflects a more protected Trp residue
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HepG2 cells, using the well-established MTT assay. Fig-

ure 7 shows the survival rate in the peptide concentration

range of 1–128 lM. The dose–response studies revealed

that longer peptides (GW16, GW19 and GW22) displayed

significantly greater cytocidal activities toward MRC-5 and

HepG2 cells as compared to the shorter peptides GW10

and GW13. Moreover, the concentration of peptides that

completely inhibited the growth of HepG2 cells was lower

than that of MRC-5 cells. At the highest concentration of

128 lM, the survival rates of GW10- and GW13-treated

MRC-5 cells were 93 and 81 %, while rates for HepG2

cells were 94 and 3 % respectively. GW16, GW19 and

GW22 had maximal cytotoxicity leading to near-zero cell

viability. Compared to the other peptides, GW13 has the

greatest selectivity between normal cells and cancer cells.

Thus, based on its lower cytotoxicity toward the human

fibroblastic cell line, we selected GW13 for further inves-

tigation of the mechanism of action.

Fig. 4 Flow cytometric analysis. Exponential phase E. coli cells were

treated with GW13, and cellular fluorescence was analyzed by flow

cytometry. The increments of the log fluorescence signal represent PI

uptake resulting from peptide treatment. a No peptide, negative

control; b GW13 (1/2 9 MIC, 2 lM); c GW13 (1 9 MIC, 4 lM);

d GW13 (2 9 MIC, 8 lM); e IN13 (1/2 9 MIC, 4 lM); f IN13

(1 9 MIC, 8 lM); g IN13 (2 9 MIC, 16 lM)
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Antitumor mechanism

To better understand the mechanism of these peptides

against HepG2 cells, we measured the apoptosis of HepG2

cells by an Annexin-V-FITC/PI assay. Phosphatidylserine

(PS), in the early stage of apoptosis, shifts from the inside

of the plasma membrane to the outer layer. Annexin-V, a

calcium-dependent phospholipid-binding protein, binds to

PS with high affinity, and this binding is a marker of cell

apoptosis. The results of cell apoptosis measurement are

shown in Fig. 8. The Q1 gate represents cell necrosis, Q2

represents the late stage of apoptosis, Q3 represents normal

cells, and Q4 represents the early stage of apoptosis. Col-

lectively, these results showed that early-stage apoptosis

was induced concentration-dependently up to 32 lM,

while higher concentrations greatly promoted late-stage

apoptosis.

The apoptotic vesicular fragments and the holes in the

HepG2 cell membranes after treatment with GW13 were

further examined by SEM, with representative images

shown in Fig. 9. The untreated HepG2 cells had long and

thin microvilli on the cell surfaces. In contrast, the GW13-

treated cells showed pronounced shrinkage and the loss of

microvilli when the concentration exceeded 32 lM. The

cell surface became covered with blebs at 64 lM, which

may be attributed to leakage of cytoplasmic contents

(Fig. 9c). The morphology changed drastically for HepG2

cells treated with 128 lM of GW13, causing many visible

holes (Fig. 9d). Thus, both fluorescence and SEM studies

confirmed that GW13 could cause cell death through

apoptosis and membrane disruption.

Subsequently, morphological characterization of HepG2

cell apoptosis was further analyzed by Hoechst 33258/PI

double staining, with the results shown in Fig. 10. Hoechst

33258, a fluorescence dye used to assess membrane per-

meability, was used to examine apoptotic cells by changes

in nuclear morphology such as chromatin condensation and

fragmentation, and PI was used to examine the late stages

Laser scanning Normal Merge

a

b

c

Fig. 5 Confocal laser-scanning microscopy of E. coli treated with FITC-labeled peptides. The cells were treated with FITC-labeled GW13.

a 1 9 MIC, 4 lM; b 2 9 MIC, 8 lM; c 5 9 MIC, 20 lM; scale bar 2 lm
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of apoptosis and necrosis in cells. Nuclei were stained blue

by Hoechst 33258 and red by PI. Figure 10 shows repre-

sentative Hoechst 33258/PI fluorescence photomicrographs

of cultured HepG2 cells treated with or without GW13. In

the control and the 8 lM GW13-treated groups, the

majority of nuclei were stained only blue with a normal

appearance (Fig. 10a, b). In contrast, most nuclei of the

cells treated with 64 lM GW13 were smaller with visibly

condensed chromatin (Fig. 10e). When 128 lM GW13

was added (Fig. 10f), the cells’ nuclei contained both dyes,

indicating that the cells were in late-stage apoptosis or

necrosis.

The loss of mitochondrial membrane potential is a

characteristic of cell apoptosis. JC-1 accumulates and

aggregates in the mitochondria (red) in non-apoptotic cells

and exists as a monomer in the cytosol (green) in apoptotic

and necrotic cells. Figure 11 shows representative JC-1

staining of apoptotic and non-apoptotic HepG2 cells. In the

negative control (0 lM) groups (Fig. 11a), most HepG2

cells showed red fluorescence, indicating that they were

alive. In 16 and 32 lM GW13 groups (Fig. 11b, c), yellow-

green HepG2 cells gradually increased, indicating that

some cells were apoptotic or necrotic. However, we

observed a significant change in JC-1 staining in the

HepG2 cells after 64 and 128 lM treatments similar to the

positive control CCCP, suggesting GW13-induced HepG2

cell necrosis or apoptosis.

Discussion

As the incidence of antibiotic resistance in pathogenic

bacteria rises worldwide, there exists an urgent need for

new antimicrobial agents with activity against multidrug-

resistant pathogens (Rice 2003). AMPs represent a novel

class of antibiotic agents that may be useful in the treat-

ment of a range of infectious diseases (Hancock and Lehrer

1998). The unique mechanism by which AMPs kill bacteria

is through the targeting and disruption of the plasma

Fig. 6 SEM micrographs of E. coli 25922: a control; b IN13 treated; c GW13 treated. SEM micrographs of S. aureus 29213: d control; e IN13

treated; f GW13 treated. Bacteria were treated with peptides at 1 9 MIC for 1 h. The control was performed without peptides
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membrane, which may help to overcome antibiotic resis-

tance of bacteria. However, natural antibacterial peptides

extracted from organisms often suffer from problems such

as high production cost and hemolytic activity, along with

possible immunological responses (Hancock and Sahl

2006; Wang et al. 2010; Chen et al. 2010). To avoid these

inherent limitations and develop novel AMPs, new tech-

niques need to be used, including optimizing the selectivity

of peptides by controlling critical biophysical parameters

such as positive charge, hydrophobicity and amphiphilicity

(Sitaram and Nagaraj 1999; Chen et al. 2007). A net

positive charge favors peptide binding to the negatively

charged membranes of bacterial and cancer cells, and

hydrophobicity promotes insertion into membranes. Slight

modifications in the balance of net positive charge and

hydrophobicity can give rise to marked changes in anti-

microbial selectivity/activity (Zelezetsky et al. 2005).

Many researchers are dedicated to the study of relation-

ships between these parameters and the biological activities

of antibacterial peptides to determine optimal rational

design of peptides by primary structure modification (Sel-

sted et al. 1992), introduction of amino acid point muta-

tions (Subbalakshmi et al. 2000), and hybridization (Liu

et al. 2013).

Recently, the repeated permutation of specific amino

acids within AMPs has been an effective strategy for the

design of novel AMPs (Liu et al. 2007; Niidome et al.

2005; Deslouches et al. 2005). Most studies have focused

on the use of several simple amino acid sequences in

repetition to design amphipathic peptides. In the current

study, the amino acid sequence from the natural antibac-

terial peptide AvBD-4 was introduced into a series of

peptides H-(RWL)n. The RWL is the trimeric amino acid

sequence at the C-terminal of AvBD-4, and repeated

attachment of the RWL acyl chain can alter antimicrobial

activity and selectivity. The results displayed that the

relationship between the lengths of H-(RWL)n AMPs and

antibacterial activity was described by a quadratic function,

while the hemolytic activity can be fit to a linear regression

equation (Fig. 3). Our previous results showed that the

antimicrobial activity of b-hairpin-like AMPs initially

increased and then decreased with chain length, similar to

what is shown here (Dong et al. 2012c). Our results indi-

cated that adding a trimeric RWL sequence with one

charged residue R and two bulky or hydrophobic residues

W or L can improve the antibacterial activity; greater

extension does not raise these indices. Strom et al. have

proven that tryptophan provides better bulk and
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Fig. 8 Effects of GW13 on HepG2 cells determined by Annexin-V-

FITC and propidium iodide double staining. Representative dot plots

of Annexin-V/PI staining are shown. HepG2 cells were treated for

24 h with or without the addition of GW13. a 0 lM (the control);

b 16 lM; c 32 lM; d 64 lM; e 128 lM; f quantitative analysis of

Annexin-V/PI staining normalized to the control. The results are

expressed as the mean ± SD from three independent experiments.

(**P \ 0.01 compared to the control group)
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lipophilicity than tyrosine, and a minimum of two trypto-

phan and charged residues are required to be present to

give activity against staphylococci, with Escherichia coli

requiring an additional bulky amino acid (Strom et al.

2003). The lack of antimicrobial activity with GW19 or

GW22 may be related to the fact that the RWL-peptide

a

c

b

d

e

Fig. 9 Examining the effect of GW13 on the cell membranes of HepG2 cells using scanning electron microscopy for 24 h. SEM micrographs of

a control HepG2 cells; b 32 lM; c 64 lM; d 128 lM; e micrograph magnification was 910

a b c

d e f

Fig. 10 HepG2 cells were treated for 24 h with or without the

addition of GW13. Fluorescence photomicrograph of HepG2 cells

stained with Hoechst 33258/PI. HepG2 cells were exposed to no

peptide as control (a), 8 lM (b), 16 lM (c), 32 lM (d), 64 lM

(e) and 128 lM (f) GW13 for 24 h; scale bar 100 lm
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appears to oligomerize in solution, and the oligomers may

be too large to pass through the bacterial membrane of

specific bacteria (S. Pullorum, B. yocyaneum, and S. fae-

calis). Generally, a great propensity for aggregation is

found in aqueous buffers due to the increased hydropho-

bicity (Yin et al. 2012). Interestingly, in the current study,

GW19 and GW22 may show aggregation involving no

significant increase of the peptides’ hydrophobic value.

Our Trp blue-shift assays and quenching experiments

showed that their aggregation state may lead longer chain

peptides to bind more weakly to membranes than GW13

with its optimal selectivity does, which would also reduce

their ability to penetrate the membrane. Amphipathicity is

often cited as an important factor that contributes to the

effectiveness of AMPs (Haney et al. 2009). The 13-mer

AMP GW13, with low cytotoxicity to mammalian cells

(Fig. 7), has the highest amphiphilic parameter (the mean

hydrophobicity moment is 1.25) among all five RWL-

tagged peptides, and exerted optimal antimicrobial activity.

As a control peptide, indolicidin (IN13), isolated from the

cytoplasmic granules of bovine neutrophils (Selsted et al.

1992), has the same amino acid number (13) as GW13.

IN13 displays activity against gram-positive and gram-

negative bacteria, but the relatively high toxicity toward

mammalian cells prevents its use as an antibiotic. It is

notable that GW13 had significantly lower cytotoxicity to

mammalian cells than IN13, suggesting that GW13 has the

potential to become an antibiotic replacement.

Previous studies reported that natural amphiphilic

AMPs display random structure in aqueous solutions and

assemble into a pattern of a-helical or b-sheet structure in

the presence of a membrane-like environment. To inves-

tigate the conformational structures of the RWL-contain-

ing peptides in both water- and membrane-like

environments, the peptides were analyzed by CD spec-

troscopy at room temperature, using sodium phosphate

buffer and 30 mM SDS micelles as the solvent environ-

ment (Fig. 2). Our results demonstrated that the greater

multiplicity RWL-peptide structures displayed more

helical conformation in both solutions. Especially, in

SDS, the CD spectra of the peptides (more than one tri-

meric RWL) displayed obvious a-helical-rich structure.

This finding suggests that greater RWL-content-associated

a-helix structure acquisition may account for gradually

increasing the cytotoxicity.

Most AMPs with cationic and amphipathic properties

can disrupt membranes or form pore/ion channels in the

cytoplasmic membranes of pathogenic bacteria (Sato and

Feix 2006). In the present study, the membrane integrity

data, based on FACScan analysis (Fig. 4), confirmed that

GW13 exhibited greater membrane penetration potential

than IN13, which was in agreement with antimicrobial

activities of these peptides. Our SEM studies further

demonstrated that GW13 caused pronounced vesiculation

of the outer membrane (Fig. 6), indicating that GW13

caused large lesions in the cell envelope and membrane

blebbing or shriveling due to leakage of cytosolic fluid and

suggesting that GW13 kills bacteria via membrane dis-

ruption. IN13 showed similar membrane disturbance, but to

a lesser extent, consistent with its reduced microbicidal

a b c

d e f

Fig. 11 Representative laser-scanning confocal microscopy photographs of JC-1 staining after treatment with different concentrations of GW13

for 24 h. a control; b 16 lM; c 32 lM; d 64 lM; e 128 lM; f CCCP; scale bar 20 lm
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capacity. Previous research has shown that IN13 kills

bacteria through the carrier-type mechanism of efflux

rather than formation of aqueous pores (Subbalakshmi and

Sitaram 1998). Unlike IN13, GW13 exerts its bactericidal

activity by destroying the membrane by carpeting or pore

formation, leading to leakage of the cytosol and eventually

lysing the whole cell. To further estimate the peptide

localization after entering the bacterial cell membrane,

confocal laser-scanning microscopy of FITC-labeled

GW13-treated E. coli was performed, and the results

showed that GW13 penetrated the cell membrane and

accumulated in the cytoplasm (Fig. 5).

In this study, the results demonstrated that GW13 had

highly selective toxicity, which may involve selective

membrane action between the tumor cell membrane and

the normal cell membrane. The mechanism of cell death of

HepG2 cells after GW13 exposure in vitro was evaluated

by the data obtained from cell viability (Fig. 7), exposure

of PS on the cell membrane by Annexin-V-FITC/PI double

staining (Fig. 8), chromatin condensation by Hoechst

33258/PI staining, and mitochondrial membrane potential

(Fig. 10). SEM was used to visualize the morphological

changes of HepG2 cells treated with GW13 (Fig. 9). The

results displayed that the membranes of tumor cells treated

with GW13 were disrupted, which was similar to previous

studies that showed membrane-active antibacterial peptides

can bind rapidly to and disrupt the plasma membrane of

tumor cells, leading to cell death (Riedl et al. 2011). The

negatively charged components of the cancer cell mem-

branes and the greater membrane fluidity and cell surface

area were thought to play an important role in attracting the

cationic AMPs to the plasma membrane of the tumor cells

(Hoskin and Ramamoorthy 2008). In addition, O-glycos-

ylated mucin, a type of glycoprotein, exists in cancer cell

membranes and can increase negative charges on cancer

cell surfaces (Yoon et al. 1996). However, normal mam-

malian cell membranes are primarily composed of neutral

zwitterionic phospholipids and sterols (Cruciani et al.

1991). Therefore, AMPs typically contain positive charges;

GW13 has eight net charges, so anionic cancer cell mem-

branes are more susceptible to the lytic action of the AMPs.

Also, AMPs containing hydrophobic residues are able to

penetrate the cancer cell membrane and damage it. It is

very likely that the basic mechanism by which AMPs act

on microbes is comparable to the mechanism in tumor

cells.

To investigate whether the cytotoxic effects of GW13

were related to changes in the mitochondrial transmem-

brane potential, the intensity and shift of fluorescence

emission of the JC-1 dye were monitored by flow cytom-

etry. CCCP, an uncoupler of oxidative phosphorylation

(Banki et al. 1999) known to trigger loss of mitochondrial

membrane potential, was used as a positive control. In this

study, there was a significant fluorescence change between

the GW13-treated group and the untreated group (Fig. 11).

This result demonstrated that the disruption of mitochon-

drial membrane potential by GW13 induced apoptosis in

HepG2 cells.

Conclusion

In this study, we have highlighted that tethering three-unit

amino acid repeats (RWL) onto a natural amino acid

sequence can produce potential AMPs that can kill both

bacterial and tumor cells, while remaining benign to host

mammalian cells, as evident from low cytotoxicity to

RBCs and MRC-5 cells. This high selectivity was attrib-

uted to favorable cationic charge and amphiphilicity of the

peptides, providing affinity to the negatively charged outer

cell membranes (common to both bacteria and tumor cells)

where hydrophobic amino acids could ultimately damage

the cell membrane. Among the series of peptides studied,

the peptide with two-RWL units, GW13, provides the

highest selectivity towards a wide range of microbes. The

mechanism of action against bacteria was determined

through combined SEM and fluorescence assays, revealing

that the peptide kills bacterial cells by damaging the cell

membrane. The antitumor mechanism of this peptide in

HepG2 cells involved not only pore formation and selec-

tive membrane disruption, but also apoptosis confirmed by

a series of fluorescence assays. Although the in vitro results

with RWL-containing peptides show potential antibacterial

and antitumor selectivity, in vivo models will also need to

be used, in which diverse technological applications such

as biomedical coatings, cosmetics, and food storage can be

explored.
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