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ABSTRACT. To develop a useful method for designing cell-selective antimicrobial peptides and to investigate
the effect of incorporating peptoid residues intoelical model peptide on structure, function, and
mode of action, we synthesized a series of model peptides incorporating Nala (Ala-peptoid) into different
positions of an amphipathie-helical model peptide (KLW). Incorporation of one or two Nala residues
into the hydrophobic helix face of KLW was more effective at disrupting dhleelical structure and
bacterial cell selectivity than incorporation into the hydrophilic helix face or hydrophobic/hydrophilic
interface. Tryptophan fluorescence studies of peptide interaction with model membranes indicated that
the cell selectivity of KLW-L9a and KLW-L9,13a is closely correlated with their selective interactions
with negatively charged phospholipids. KLW-L9,a3which has two Nala residues in its hydrophobic
helix face, showed a random structure in membrane-mimicking conditions. KLW-10ek®ibited the
highest selectivity toward bacterial cells, showing no hemolytic activity and no or less cytotoxicity compared
with other peptides against four mammalian cell lines. Unlike other model peptides, KLW-a2di3sed

no or little membrane depolarization Btaphylococcus aureus lipid flip-flop in negatively charged
vesicles. In addition, KLW-L9,12 caused very little fluorescent dye leakage from negatively charged
vesicles. Furthermore, confocal laser-scanning microscopy and DNA-binding assays showed that KLW-
L9,13-a probably exerts its antibacterial action by penetrating the bacterial membrane and binding to
cytoplasmic compounds (e.g., DNA), resulting in cell death. Collectively, our results demonstrate that
the incorporation of two Nala residues into the central position of the hydrophobic helix face of noncell-
selectivea-helical peptides is a promising strategy for the rational design of intracellular, cell-selective
antimicrobial peptides.

Antimicrobial peptides are widely distributed throughout lization of the bacterial cell membrane, although the detailed
the animal and plant kingdom4)( They display a broad = mechanisms are not fully understodH@). There are two
spectrum of antimicrobial activity against bacteria and yeast classes of amphipathic-helical antimicrobial peptides: cell-
and are recognized as an important component of the innateselective peptides (e.g., magainins and cecropins), which have
immunity and host defense against microbial infectiahs ( potent activity against bacterial cells only, and noncell-
3). The antimicrobial activity of these peptides is related to selective peptides (e.g., melittin and pardaxin), which have
their ability to adopt amphipathic secondary structures, lytic activity against both mammalian and bacterial cells.
including a. helices, sheets, ang turns, in membrane-  Many studies have focused on designing cell-selective
mimicking environments4). The most abundant structural  peptides with strong antibacterial activity but no hemolytic
type in naturally occurring antimicrobial peptides is an activity (used as a measure of cytotoxicity in mammalian
amphipathiax helix (5). Their principal mode of antimicro-  cells) for use as antibiotic drug8<19).

bial action appears to involve depolarization or permeabi-  p jiine is anu-helix-breaking amino acid because it lacks

an amide proton and hence cannot form the intramolecular
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Table 1: Amino Acid Sequences of KLW and Its Nala-Containing Peptides

molecular mass (Da)

peptide sequenée calculated observed
KLW KWKKLLKKLLKLLKKLLK-NH  » 2262.1 2262.3
KLW-L9-a KWKKLLKK aLKLLKKLLK-NH » 2220.0 2219.3
KLW-L10-a KWKKLLKKL aKLLKKLLK-NH » 2220.0 2219.2
KLW-K11-a KWKKLLKKLL aLLKKLLK-NH , 2205.0 2205.7
KLW-L9,13-a KWKKLLKK aLKL aKKLLK-NH » 2177.9 2178.7
KLW-K7,11-a KWKKLL aKLL aLLKKLLK-NH , 2147.9 2148.4

aa, Nala (Ala-peptoid).

noncell-selective lineara-helical antimicrobial peptides MATERIALS AND METHODS
lacking proline greatly reduces their hemolytic activity
without affecting their antibacterial activitp$—28). These
results suggest that the structural flexibility provided by one
or two prolines ina-helical antimicrobial peptides plays an

:Tr?;ic;irrt]ag(ta”rgle in the selectivity for bacterial versus mam- phatidylcholine (EYPC), egg yolk -o-phosphatidybt -
' glycerol (EYPG), egg yolk -o-phosphatidylethanolamine

Similar to Pro, peptoid residues are imino acids because (EYPE), acrylamide, 2,2,2-trifluoroethanol (TFE), Tris (tris-
their side chains are shifted from tieecarbon position to  (hydroxymethyl)aminomethane), sodium dodecyl sulfate
the N position. In addition, peptoid residues disrupt the stable (SDS), calcein, trypsin, sodium dithionite, SRB (sulfor-
a-helical structure of the peptide because of their lack of an hodamine B), and gramicidin D were obtained from Sigma
amide proton29). Therefore, we conjectured that incorpora- Chemical Co. (St. Louis, MO). 3/ Dipropylthiadicarbo-
tion of a peptoid residue into a linear noncell-selective cyanine iodide [DiSE5)] was obtained from Molecular
a-helical antimicrobial peptide would improve the selectivity Probes (Eugene, OR). Dodecylphosphocholine (DPC) and
for bacterial versus mammalian cells. To our knowledge, the 1-palmitoyl-2-[6-[7-nitrobenz-2-oxa-1,3-diazol-4-ylJamino]-
effect of peptoid residues on the structure, biological function, capryl]+-o-phosphatidylcholine (€NBD-PC) were pur-
and mode of action of amphipathichelical antimicrobial ~ chased from Avanti Polar Lipids (Alabaster, AL). All other
peptides has not been previously examined. For this purposereagents were of analytical grade. The buffers were prepared
we synthesized a series of peptides wherein one or two Nalain double glass-distilled water.
(Ala-peptoid) residues were replaced in the hydrophobic helix ~ Peptide Synthesis and Purificatiomhe peptides and
face, the hydrophobic/hydrophilic interface, or the hydro- FITC-labeled peptides were prepared by the standard Fmoc-
philic helix face of a noncell-selective, amphipathitelical based solid-phase method on rink amide 4-methylbenz-
model peptide (KLW). We characterized the biological hydrylamine resin (0.54 mmol/g). The crude peptide was
activity of these peptides using human erythrocytes, other purified by preparative RPLC on a 18n Cgreverse-phase
mammalian cell types, and bacterial cells, and we examinedShim-pack column (Shimadzu, Japan; 2@50 mm). The
their interaction with model phospholipid membranes by purified peptides were shown to be homogenect3826)
tryptophan fluorescence. Further, we examined the peptideby analytical RP-HPLC on a /m C;5 reverse-phase Shim-
secondary structures in membrane-mimicking environmentspack column (Shimadzu, Japan; 46250 mm). Matrix-
by circular dichroism (CD)spectroscopy, and we assessed assisted laser desorption/ionization time-of-flight mass spec-
their ability to cause membrane permeabilization, lipid flip- trometry (MALDI-TOF MS; Shimadzu, Japan) was used
flop, and membrane depolarization. Finally, the sites of action to confirm their molecular weights (Table 1).
and the molecular mechanisms of antimicrobial activity were  Antimicrobial Actvity. The antimicrobial activities of the
investigated by confocal laser-scanning microscopy and peptides were examined in sterile 96-well plates (Nunc F96
DNA-binding assays. These Nala-containing peptides offer microtiter plates) in a final volume of 106L as follows
unique insights into the mode of interaction between peptides (12, 14). Aliquots (50uL) of a bacterial suspension at»2
and model membranes or intact bacterial cells, and the resultsL® colony-forming units (CFU)/mL in culture medium (1%
provide important information on the parameters that affect peptone) were added to »Q of aqueous peptide solution
bacterial cell selectivity. (serial 2-fold dilutions in 1% peptone). After incubation for
18—20 h at 37°C, the inhibition of bacterial growth was
determined by measuring the absorbance at 620 nm with a
Microplate autoreader EL 800 (Bio-tek Instruments). The

Materials. Rink amide 4-methylbenzhydrylamine resin,
fluoren-9-yl-methoxycarbonyl (Fmoc)-amino acids, and other
reagents for peptide synthesis were purchased from Calbio-
chem-Novabiochem (La Jolla, CA). Egg yolk-a-phos-

1 Abbreviations: CD, circular dichroism;seNBD-PC, 1-palmitoyl-
2-[6-[7-nitrobenz-2-oxa-1,3-diazol-4-ylJamino]capryl}e-phos-

phatidylcholine; CFU, colony-forming unit; DiS(5), 3,3-diprop- minimal inhibitory concentra_ltion (M!C)_vyas defined as the
ylthiadicarbocyanine iodide; DPC, dodecylphosphocholine; DTT, dithio- lowest concentration of peptide that inhibited growth. Bacter-
threitol; EYPC, egg yolk -a-phosphatidylcholine; EYPE, egg yalka- ial strains were purchased from the Korean Collection for

phosphatidylethanolamine; EYPG, egg yolko-phosphatidylbL- .
glycerol; FITC, fluorescein isothiocyanate; h-RBC, human red blood Type Cultures (KCTC) at the Korea Research Institute of

cell; KCTC, Korean Collection for Type Cultures; LUV, large Bioscience and Biotechnology and included three types of
unilamellar vesicle; MIC, minimal inhibitory concentration; PBS, Gram-positive bacteriaB@acillus subtilis [KCTC 3068],

phosphate-buffered saline; RP-HPLC, reversed-phase high-performanc ; ; _
liquid chromatography; SDS, sodium dodecyl sulfate; SRB, sulfo- GStaphoncoccus epidermid[®CTC 1917], andStaphylo

rhodamine B; SUV, small unilamellar vesicle; TFE, 2,2 2-trifluoro- €0ccUS aureu§KCTC 1621]) and three types of Gram-
ethanol; Tris, tris(hydroxymethyl)aminomethane. negative bacteriascherichia col[KCTC 1682], Pseudo-
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monas aeruginosfKCTC 1637], andSalmonella typhimu-  correspond to 0 and 100% helix content at 222 nm, are
rium [KCTC 1926]). estimated to be-2000 and—32 000, respectively3(l).
Hemolytic Actiity. Hemolytic activity of the peptides was Peptide-Induced Dye Leakage from Liposontsalcein-
tested against human red blood cells (h-RBQ&) 14). Fresh entrapped large unilamellar vesicles (LUVS) composed of
h-RBCs were washed 3 times with phosphate-buffered salineEYPE/EYPG (7:3, w/w) or EYPC were prepared by vor-
(PBS; 35 mM phosphate buffer containing 150 mM NaCl texing the dried lipid in dye buffer solution (70 mM calcein,
at pH 7.4) by centrifugation for 10 min at 10§Gand 10 mM Tris, 150 mM NacCl, and 0.1 mM EDTA at pH 7.4).
resuspended in PBS. The peptide solutions were then added)ntrapped calcein was removed by gel filtration on a
to 50 uL of h-RBCs in PBS to give a final volume of 100 Sephadex G-50 column. The leakage of calcein from the
uL and a final erythrocyte concentration of 4%, v/v. The LUVs was monitored by measuring fluorescence intensity
resulting suspension was incubated with agitation for 60 min at an excitation wavelength of 490 nm and an emission
at 37°C. The samples were centrifuged at 1§06r 5 min. wavelength of 520 nm on a model RF-5301PC spectro-
Release of hemoglobin was monitored by measuring the photometer (Shimadzu, Kyoto, Japan). The measurements
absorbance of the supernatant at 405 nm. Controls for nowere performed at 28C. For determination of 100% dye
hemolysis (blank) and 100% hemolysis consisted of h-RBCs release, 10% Triton-X 100 (26L) was added to dissolve
suspended in PBS and 0.1% Triton-X 100, respectively. the vesicles. The percentage of dye leakage caused by the
Cytotoxicity AssayThe cytotoxicity of the peptides against peptides was calculated as follows:
mammalian cells was determined using the sulforhodamine
B (SRB) assay as previously describ&)( A-549 (human dye leakage (%5 100 x (F — Fo)/(F, — Fo)
nonsmall cell lung carcinoma), SK-OV-3 (human adeno-
carcinoma, ovary malignant ascites), SK-MEL-2 (human whereF is the fluorescence intensity achieved by the peptides
malignant melanoma, metastasis to skin of thigh), and NIH- and Fo and F; are the fluorescence intensities without the
3T3 (mouse fibroblast) were used in growth inhibitory peptides and with Triton X-100, respectively.
activity assays. The cells were obtained from the Korea Tryptophan Fluorescence and Quenching Experiménts.
Research Institute of Chemical Technology (KRICT) (Dae- the tryptophan fluorescence and quenching experiments,
jon, Korea). Cells were seeded onto 96-well plates at a small unilamellar vesicles (SUVs) were used to minimize
density of 2.0x 10* cells/well in 180uL of RPMI-1640 differential light-scattering effects32, 33). The tryptophan
medium. The plates were then incubated at@#or 24 h fluorescence measurements were taken with a model RF-
in a 5% CQ atmosphere, after which 20L of serially 5301PC spectrophotometer (Shimadzu, Kyoto, Japan). Each
diluted peptide was added. The plates were incubated for apeptide (final concentration, 8M) was added to 3 mL of
further 3 days, after which the medium was discarded and Tris buffer (10 mM Tris, 0.1 mM EDTA, and 150 mM NaCl
the cells were washed with 2Q0 of cold PBS/well. The at pH 7.4) containing 0.6 mM liposomes. Tryptophan
cells were then fixed by adding %0 of cold 50% aqueous  residues of each peptide were excited at 280 nm, and
trichloroactic acid (TCA) (4#C for 30 min). The TCAwas  emission spectra were recorded from 300 to 400 nm.
then discarded, and cells were washed 5 times with tap water Acrylamide quenching experiments were carried out at an
and dried completely under an airflow hood at room excitation wavelength of 295 nn34, 35). Trp fluorescence
temperature. The fixed cells were stained with 1Q0of was quenched by the titration of acrylamidenfra 4 Mstock
sulforhodamine B (SRB) (0.4%, w/v, SRB in 1% aqueous solution to a final concentration of 0.4 M in the presence of
acetic acid) for 30 min, after which they were washed with liposomes at a peptide/lipid molar ratio of 1:200. The
1% aqueous acetic acid to remove unbound SRB. The plategjuenching data were analyzed by a Steviolmer plot using
were then air-dried, and 2Q@. of 10 mM Tris buffer (pH the following equation:
10.0) was added to dissolve bound dye. The absorbance at
520 nm was determined using an ELISA plate reader Fo/F =1+ K[Q]
(Molecular Devices, Sunnyvale, CA). Wells in which cells
were not treated with peptides were used as controls for cellwhereF, is the fluorescence of the peptide in the absence
viability, and wells without cells were used for “blanking” of acrylamide,F is the fluorescence of the peptide in the
the spectrophotometer. ThesiWalues represent the peptide presence of acrylamid&s, is the Stera-Volmer quenching
dose causing a 50% reduction in absorbance compared taonstant, and@] is the concentration of acrylamide.
the absorbance observed in untreated control cell wells. Lipid Flip-Flop. The peptide-induced lipid flip-flop was
CD Spectra The CD spectra of peptides were measured detected as previously reporte86). NBD-labeled LUVs
with a Jasco J-715 CD spectrophotometer (Tokyo, Japan)were generated from EYPG/EYPC (7:3, w/w) LUVs con-
under nitrogen flush in 1-mm path-length cells at’5 The taining 0.5 mol % GNBD-PC. The symmetrically labeled
spectra were recorded between 250 and 190 nm, and thevesicles were mixed wit1 M sodium dithionite/1 M Tris

average of four scans was taken. The percentagehaflical ([lipid] = 8 mM; [dithionite] = 60 mM) and incubated for
structure was calculated as follows: 15 min at 30°C to produce inner leaflet-labeled vesicles.
The vesicles were immediately separated from dithionite by
% o-helical content= ([0] 5, — [9]0222)/([0]100222_ ?el filtration (Sephadex G-50, 1.5 30 cm column). The
0 raction of NBD lipids that had flopped during incubation
[6]7220) x 100 in the absence or presence of the peptide was measured on

the basis of fluorescence quenching by sodium dithionite.
where P].2. is the experimentally observed mean residue The asymmetrically NBD-labeled LUVs (2.0 mL) were
ellipticity at 222 nm and values fof]%z, and [p]*%%,,, which incubated with or without the peptide for various periods at
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30°C. In the peptide-containing samples,Z00f a trypsin
solution (5 mg/mL) was added to 2 mL samples and reacted
for 1 min to hydrolyze the peptide. After addition of 20

of 1 M sodium dithionite/1 M Tris, NBD fluorescence was
monitored using excitation and emission wavelengths of 460
and 530 nm, respectively. The percent flip-flop was calcu-
lated using the following equation:

% flip-flop = 100 x (F, — Fp)/(Fy — FY)

whereF,, Fp, andF; represent the fluorescence intensity in
asymmetrically labeled unilamellar liposomes without the
peptide, with the peptide, and with Triton X-100, respec-
tively.

Membrane Depolarization Assaylhe membrane de-
polarization activity of the peptides was determined using
intactS. aureuscells and the membrane potential-sensitive
fluorescent dye, DiSg5), as described by Friedrich et al.
(37). S. aureugells were collected in mid-logarithmic phase
and resuspended in buffer (100 mM NacCl, 25 mM potassium
phosphate, and 0.2% glucose at pH 7.4) af@ and
immediately placed on ice for fluorescence measurements.
Therefore, cells at an optical density at 600 nm of 0.05 were
mixed with 20 nM DiSG(5) in a fluorescence cuvette. The
fluorescence emission was monitored af2Qusing a model

RF-5301PC spectrophotometer (Shimadzu, Kyoto, Japan) at

670 nm (excitation at 650 nm). Full dissipation of the
membrane potential was obtained by adding gramicidin D
(final concentration, 0.2 nM). The membrane potential-
dissipating activity of the peptides is expressed as follows:

% inhibition = 100 [(F, — Fo)/(Fy — Fo)l

whereF, is the stable fluorescence value after addition of
the DiSG(5) dye, F, is the fluorescence value 2 min after
addition of the peptides, anfg; is the fluorescence signal
after the addition of gramicidin D.

Confocal Laser-Scanning Microscopy. E. codlls were
grown on Luria broth-agar plates at 37C, collected from
the plate with a sterile plate loop, and suspended in 20 mL
of Luria broth. After incubation at 37C for 6 h, 20 mL of
E. coli cells in the mid-logarithmic phase was harvested by
centrifugation, washed with 10 mM PBS, and resuspended
in 10 mL of the same medium. To immobiliZ& coli cells
on glass slides, poly-lysine-coated glass slides were im-
mersed in 10 mM PBS containing 2CFU/mL of E. coli.
After 30 min, slides were rinsed with 10 mM PBS.
Adequately diluted FITC-labeled peptides were then added
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Ficure 1: Schiff and Edmonson’s wheel projection of KLW and
its Nala-containing peptidea.= Nala (Ala-peptoid). Hydrophobic
amino acids (Leu and Trp) are shown on a white background, and
hydrophilic amino acids (Lys) are shown on a black background.

Tris-HCI at pH 7.5, 50 mM EDTA, 0.25% bromophenol
blue, and 0.25% xylene cyanol), and a 20-aliquot was
applied to a 1% agarose gel electrophoresis in<0T5is
borate-EDTA buffer (45 mM Tris-borate and 1 mM EDTA
at pH 8.0) 88). The plasmid DNA used in this experiment
was purified by CsCl-gradient ultracentrifugation to select
the closed circular form of the plasmid.

RESULTS

Peptide DesignA noncell-selective antimicrobial model
peptide, KLW (Table 1), was designed to create a perfect
amphipathiax-helical structure based on Schiff and Edmon-
son’s wheel projection (Figure 1). On the basis of a regular
a-helical structure of 3.6 residues per turn, a length of 18
residues was chosen so that five complete turns of helix

to the slides, and the interaction between FITC-labeled were possible. KLW is composed of nine lysines, eight
peptides and cell walls was examined by confocal laser- leucines, and one tryptophan, and the ratio of hydrophobic/
scanning microscopy using an Olympus IX 70 confocal laser- hydrophilic residues is 1:1. One tryptophan was introduced
scanning microscope (Japan). Fluorescent images wereo allow monitoring of peptide-membrane interactions. To
obtained with a 488-nm band-pass filter for excitation of investigate the function of the peptoid residue on the cell
FITC. selectivity of then-helical antimicrobial peptide, we designed
DNA-Binding AssayGel-retardation experiments were and synthesized a series of model peptides containing one
performed by mixing 100 ng of the plasmid DNA (pBlue- or two Nala residues in the hydrophobic helix face, hydro-
script [I SK*) with increasing amounts of peptide in 2Q phobic/hydrophilic interface, or hydrophilic helix face of
of binding buffer (5% glycerol, 10 mM Tris-HCl at pH 8.0, KLW (Table 1). In the one-Nala-containing peptides (KLW-
1 mM EDTA, 1 mM dithiothreitol, 20 mM KCI, and 5@g/ L9-a, KLW-L10-a, and KLW-K114a), Nala replaced Leu at
mL bovine serum albumin). The reaction mixtures were position 9 of the hydrophobic helix face, Leu at position 10
incubated at room temperature for 1 h. Subsequentlyl, 4  of the hydrophobic/hydrophilic interface, or Lys at position
of native loading buffer was added (10% Ficoll 400, 10 mM 11 of the hydrophilic helix face (Figure 1). In the two-Nala-
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Table 2: Minimal Inhibitory Concentration of the Peptidles

minimal inhibitory concentratiory(\)

E. coli P. aeruginosa S. typhimurium B. subtilis S. epidermidis S. aureus
peptide (KCTC1682) (KCTC1637) (KCTC1926) (KCTC3068) (KCTC1917) (KCTC1621)

KLW 4 4 4 8 4 4
KLW-L9-a 2 2 2 4 1

KLW-L10-a 4 4 4 4 2 4
KLW-K11-a 4 4 4 4 4 4
KLW-L9,13-a 2 2 2 4 1 2
KLW-K7,11-a 4 4 2 4 2 2

a Results represent the means of three independent experiments each performed in triplicate.

Table 3: Cytotoxicity of the Peptides against Mammalian Cells
ICso (uM)2
Q peptide A-549 SK-OV-3 SK-MEL-2 NIH-3T3
4 KLW 0.6 0.6 0.7 18
3 KLW-L9-a 2.0 1.7 2.1 7.1
£ KLW-L10-a 1.0 0.9 13 2.0
o KLW-K11-a 0.6 0.5 0.6 1.0
T KLW-L9,13-a 75.5 31.9 38.7 >100
) KLW-K7,11-a 1.0 0.7 1.1 2.0
° a2 The 1Go values of the peptides were determined by the SRB method
(30).

' ' ' MEL-2, and NIH-3T3. The resultant growth inhibition dese
0 2 . 40 60_ 8 100 response curves for the peptides are shown in Figure 3. The
Peptide Concentration [uM] ICso values refer to the peptide concentration causing 50%
Ficure 2: Dose-response curves of the hemolytic activity of the cell-growth inhibition compared to the growth of untreated
Po?lﬁ))t\i/sss(too)wlglf& h(u(g;al?L\?\;ylfgrc;C)EtVe)skLPV?/ptLiggsaa{s) iQEi\?vated ascontrol cells (Table 3). For all mammalian cells lines, the
. ' i S . results showed that peptides other than KLW-L9%lBere
K1l-a, (W) KLW-19,13-3 and () KLW-K7,11-a highly cytotoxic (IGo, ~0.6—7.1 uM). In contrast, KLW-
containing peptides (KLW-L9,13-and KLW-K7,114a), Nala L9,13-a showed either no toxicity or less toxicity than was
replaced two Leu residues at positions 9 and 13 of the observed for the other peptides £ from ~31.9 to>100
hydrophobic face or two Lys residues at positions 7 and 11 uM).
of the hydrophilic face (Figure 1). These substitution sites CD SpectroscopyTo investigate the secondary structure
were also located near the central position of the overall of the peptides in lipid membranes, the CD spectrum of each
peptide sequence. This was based on previous model peptidpeptide was measured in various membrane-mimicking
studies, demonstrating that substitutions at these centralconditions (Figure 4). However, the CD spectra for all of
locations have the greatest effect on peptide secondarythe peptides in aqueous buffer displayed a negative band at
structure 89). approximately 200 nm, indicating that the structure is
Antimicrobial and Hemolytic Actities of the Peptides. = random. The CD spectrum for all of the peptides except for
The antimicrobial activities of the peptides against three KLW-L9,13-a exhibited double-negative bands at 208 and
Gram-negative and three Gram-positive species of bacteria222 nm in the presence of 50% TFE, 30 mM SDS, or 50
were determined by the broth microdilution method. The mM DPC, suggesting that the peptides adopt a well-defined
MIC values of the peptides are summarized in Table 2. a-helical structure in lipid membranes. Table 4 shows the
KLW-L9-a and KLW-L9,13a displayed a 24-fold higher CD spectral data for the peptides in the presence of 50%
antibacterial activity than KLW against all of the bacterial TFE, 30 mM SDS, or 50 mM DPC, as well as their
strains tested. In contrast, KLW-L14)-KLW-K11-a, and helicities calculated from €] at 222 nm. The single-
KLW-K7,11-a displayed similar 2-fold higher activities substituted peptides (KLW-L&; KLW-L10-a, and KLW-
compared to KLW. Figure 2 shows deseesponse curves Kl11-a) and one of the double-substituted peptides (KLW-
for the hemolytic activities of the peptides. Substitution of K7,11-a) displayed much loweikx helicities than KLW.
Nala for Lel in the hydrophobic helix face of KLW (KLW- Interestingly, the CD spectrum for KLW-L9,18exhibited
L9-a) results in much less hemolytic activity than whenys  a strong negative band near 200 nm, indicating a disordered
in the hydrophilic helix face or Léd in the hydrophobic/  structure.
hydrophilic interface is replaced. In addition, KLW-L9,13- Tryptophan Fluorescenc®ne of the major differences
a, which has two Nala residues in the hydrophobic helix face between bacterial plasma and erythrocyte membranes is that
of KLW, displayed a much lower hemolytic activity than the outer leaflets of erythrocyte membranes are almost
KLW-K7,11-a, which has two Nala residues in the hydro- exclusively composed of zwitterionic phospholipids, whereas
philic helix face. bacterial membranes contain abundant negatively charged
Peptide Cytotoxicity against Eukaryotic Cel¥e exam- phospholipids40, 41). To determine the local environments
ined the ability of the peptides to inhibit growth of eukaryotic of the peptides, we monitored the fluorescence emission of
cells derived from four tissue types: A-549, SK-OV-3, SK- each tryptophan residue of the peptide in Tris buffer or in
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Ficure 3: Growth inhibition doseresponse curves for the peptides when incubated with four distinct mammalian cell lines: A-549 (A),
SK-OV-3 (B), SK-MEL-2 (C), and NIH-3T3 (D). Cytotoxicity was assessed using the SRB assay. Peptides are indicated as ®)lows: (
KLW, (O) KLW-L9-4a, (v) KLW-L10-a, (V) KLW-K11-a, (@) KLW-L9,13-a, and ) KLW-K7,11-a.
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Ficure 4: CD spectra of the peptides in sodium phosphate buffer at pH 7.4 (A) and buffer with 50% TFE (B), 30 mM SDS (C), or 50 mM
DPC (D). Peptides are indicated as follow®) KLW, (O) KLW-L9-a, (v) KLW-L10-a, (V) KLW-K11-a, (W) KLW-L9,13-a, and ()
KLW-K7,11-a.

the presence of vesicles composed of either zwitterionic in all of the peptides inserts into the more hydrophobic
phospholipids (EYPC SUVs) or negatively charged phos- environment of the membrane interior. In the zwitterionic
pholipids [EYPE/EYPG (7:3, w/w) SUVs]. In negatively phospholipid vesicles, there were significant blue shifts in
charged vesicles, all peptides showed very similar large bluethe emission maxima for KLW, KLW-L1@ KLW-K11-a,

shifts in the emission maxima, suggesting that the Trp residueand KLW-K7,114a, whereas there was no blue shift in the
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Ficure 5: Stern-Volmer plots for the quenching of Trp fluorescence of the peptides by an aqueous quencher, acrylamide, in the presence
of EYPE/EYPG (7:3, w/w) SUVs (A) and EYPC SUVs (B). Peptides are indicated as follo@sK(W, (O) KLW-L9-a, (v) KLW-
L10-a, (V) KLW-K11-a, (W) KLW-L9,13-a, and @) KLW-K7,11-a.

Table 4: Mean Residual Ellipticity at 222 nnm9{}2,) and Percenti-Helical Contents of the Peptides in 10 mM Sodium Phosphate Buffer (pH
7.4) Including 50% TFE (v/v), 30 mM SDS Micelles, or 50 mM DPC Micelles

50% TFE (V/v) 30 mM SDS 50 mM DPC
peptide Pl222 o helix (%) [0]222 o helix (%) [0]222 o helix (%)
KLW —22960.4 69.9 —19772.8 59.2 —29305.1 91.0
KLW-L9-a —10793.0 29.3 —5931.3 13.1 —15841.6 46.1
KLW-L10-a —8865.8 22.9 —7418.0 18.1 —13533.7 38.4
KLW-K11-a —15144.8 43.8 —11081.1 30.3 —20737.2 62.5
KLW-L9,13-a —3664.6 5.5 —900.9 0 —5112.4 104
KLW-K7,11-a —11966.7 35.2 —9466.2 24.9 —15067.3 43.6
Table 5: Tryptophan Emission Maxima of the Peptides in Tris 100
Buffer (pH 7.4) or in the Presence of EYPE/EYPG (7:3, w/w) and
EYPC Vesicles o 80
Tris buffer EYPE/EYPG (7:3, wiw) EYPC (o2}
; ©
peptides (nm) (nm) (nm) a2
KLW 344 331 (13 333 (11} g
KLW-L9-a 350 334 (16) 349 (1) -—
KLW-L10-a 350 331 (19) 332 (18) () 40
KLW-K11-a 350 332 (18) 340 (10) 5"
KLW-L9,13-a 350 339 (11) 350 (0)
KLW-K7,11-a 351 336 (15) 345 (5) X
aBlue shift in emission maximum.
0
emission maximum for KLW-L% or KLW-L9,13-a (Table
5). Peptide [uM]
Tryptophan Fluorescence Quenching Studies deter-  ggyre 6: Percent leakage of calcein from negatively charged

mine the relative extent to which the Trp residues of the EYPE/EYPG (7:3, w/w) LUVs at pH 7.4, measured 2 min after
peptides were buried in the model membranes, we performedt}?f Vsdtzg;)nKtﬁ%hﬁgpepti(de)Skfs\?tiLdl%S are( if;dlLCLa\;\?dKfﬁ f0||<%:;ﬁi (
; ; ; , -L9-a, (Vv -L10-a, (Vv -K11-a,

ﬁfluorescence quenching expenlment using the Water'SOIUbleKLW-Lg,13-a, and () KLW-K7 11-a.

uorescence quencher, acrylamide. The St&falmer plots
for the quenching of tryptophan by acrylamide in the of these peptides is less anchored within the hydrophobic
presence of lipid vesicles are depicted in Figure 5. The core of the zwitterionic phospholipids compared to the other
tryptophan fluorescence for all peptides was decreased in apeptides.
concentration-dependent manner by the addition of acryla- Peptide-Induced Dye Leakage from Calcein-Loaded LUVS.
mide. The quenching of Trp fluorescence was less effective We next studied the ability of the peptides to cause
with EYPE/EYPG (7:3, w/w) SUVs than with EYPC SUVs, membrane leakage by testing their ability to evoke calcein
suggesting that the Trp residue of the peptides was buriedrelease from LUVs made from negatively charged phospho-
more extensively in negatively charged phospholipid vesicles lipids. The percentage calcein leakage at 2 min after exposure
than in zwitterionic phospholipid vesicles. In negatively to the peptide was used as a measure of membrane perme-
charged phospholipid vesicles, the peptides all showed ability. The dose-response curves of peptide-induced calcein
similar slopes. In contrast, in zwitterionic phospholipid release are shown in Figure 6. The order for the relative
vesicles, KLW-L9a and KLW-L9,13a exhibited a higher  extent of calcein leakage from negatively charged vesicles
slope than the other peptides, suggesting that the Trp residuesf the peptides was KLW-L1@-= KLW-K7,11-a = KLW
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Ficure 7: Percent flip-flop of the peptides in negatively charged EYPE/EYPG (7:3, w/w) LUVs. @)KLW, (O) KLW-L9-a, (¥)
KLW-L10-a, (V) KLW-K11-a, (W) KLW-L9,13-a, and (0) KLW-K7,11-a. (B) (®) Buforin II, (O) PR-39, &) magainin Il, and ¥) melittin.
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Ficure 8: Effect of the peptides (peptide concentration, M) on the membrane potential of intaBt aureusells (ODygo = 0.05). The
fluorescence of the membrane potential-sensitive dye E§fj@vas measured as described in the Materials and Methods.

> KLW-K11l-a > KLW-L9-a > KLW-L9,13-a. Interest- of the membrane potential, the dye dissociates into the buffer,
ingly, despite its potent antimicrobial activity, KLW-L9,- leading to an increase in fluorescence. As shown in Figure
13-a induced very little calcein release from negatively 8, the fluorescence intensity of DigG) was strongly
charged vesicles, even at a peptide concentration as high aguenched when this dye accumulated in the membrane
7 uM (Figure 5). interior of energized cells (first arrow). After a stable signal
Lipid Flip-Flop. Similar to the positive control peptides, was observed, the peptides were added (second arrow). The
melittin and magainin 11, all of the peptides except for KLW- membrane potential-dissipating activities of the peptides can
L9,13-ainduced a significant dose-dependent lipid flip-flop be determined in relation to the effect of gramicidin D (third
in EYPG/EYPE (7:3, w/w) LUVSs. In contrast, similar to the arrow), which fully collapses the membrane potential. The
negative control peptides buforin Il and PR-39, KLW-L9,- addition of 0.1uM of all of the peptides except for KLW-
13-a showed no or little measurable lipid flip-flop, even at L9,13-a caused a rapid increase in fluorescence because of
a peptide concentration as high ag/@ (Figure 7). a collapse of the ion gradients that generate the membrane
Membrane DepolarizatioriThe ability of the peptides to ~ potential. Dose response curves of the membrane potential-
permeabilize the membranes of int&t aureuscells was dissipating activities of the peptides are shown in Figure 9.
determined using the membrane potential-sensitive dye,Furthermore, like buforin Il and PR-39, which are known
DiSCs(5). This dye concentrates in the cytoplasmic mem- as intracellular-acting antimicrobial peptides, KLW-L9,43-
brane under the influence of the membrane potential, at the MIC (2uM) did not cause a measurable dissipation
resulting in a self-quenching of fluorescence. Upon disruption of the potential (Figure 10).



12102 Biochemistry, Vol. 44, No. 36, 2005 Song et al.

signed and synthesized a series of peptides in which one or
two Nala were placed at the hydrophobic face, hydrophobic/
hydrophilic interface, or hydrophilic face of KLW. To
determine whether the peptides were selective for prokaryotic
cells, we tested their hemolytic activity against highly
o susceptible human erythrocytes and their ability to inhibit
M peptide [uM] the growth of four mammalian cell lines derived from
different tissues (A-549, SK-OV-3, SK-MEL-2, and NIH-
3T3). KLW-L9-a and KLW-L9,134a, which have one and
20 two Nala at the hydrophobic face, respectively, showed much
higher bacterial cell selectivity than the peptides containing
W one or two Nala residues at the hydrophilic face or the
0 ) 2 : hydrophobic/hydrophilic interface (KLW-L18; KLW-K11-

. a, and KLW-K9,134). In particular, KLW-L9,13a showed
Peptlde [HM] the highest bacterial cell selectivity, with no hemolytic
Ficure 9: Dose-response curves of the membrane potential- activity against human erythrocytes even at 100 (217.9
((jiossipating gg;ivgi;p?tig;;hgrg?ﬁéiiigfe?\ggrfg ||i2\t,§:t)a&:_m$(e£)s ug/mL), and either no or less cytotoxicity than other peptides

600 ~7 259 ' in growth inhibitory assays using mammalian cells.
;Lawn;ng()]—)aks_vv)\,ﬁ';{vl'll'_f'a’ (V) KLW-K11-a, () KLW-L9.13- To understand the role of the lipid component and surface
charge of bacterial and mammalian membranes in the cell

Confocal Laser-Scanning Microscopyo determine the  Selectivity of the peptide, we performed tryptophan fluores-
site of action of the peptides, FITC-labeled peptides were c€nce experiments in the presence of negatively charged
incubated withE. coli and their localization was visualized EYPE/EYPG (7:3, w/w) vesicles or zwitterionic EYPC
by confocal laser-scanning microscopy. Figure 11 shows that,vesicles. It has been reported that noncell-selective anti-
as observed for FITC-labeled buforin I, which is a cell- microbial peptides bind both to negatively charged and
penetratingo-helical antimicrobial peptide, FITC-labeled ~ZWitterionic vesicles bu_t that cell-sglectlve antlmlcroblal
KLW-L9,13-a (20 ug/mL) penetrated the bacterial cell peptides bind preferentially to negatively charged vesicles
membrane and accumulated in the cytoplasm. This finding (43). We found that KLW-L9a and KLW-L9,13a perme-
indicates that the cytoplasm and not the membrane is the@bilized negatively charged EYPE/EYPG (7:3, w/w) vesicles
major site of action of KLW_Lg’la In Contrast’ under the more eﬁectively than ZWitteI’iOI’liC EYPC VeSiCIeS, Suggesting
same conditions, FITC-labeled KLW did not penetrate but that the greater selectivity of these peptides for bacterial cells
remained associated with the cell membrane. The behavioriS associated with their effective binding to negatively

of KLW was similar to that of magainin I, which is known ~ charged phospholipids.
as a nonce”-penetrating pept|de Slng|e-SUbStI'[u'[ed peptldeS (KLW'L@'KLW'LlO'a, and

DNA-Binding Actiity. We next examined the DNA- KLW-K11-a) showed typicatx—helical conformat?ons in the'
binding properties of the peptides to attempt to determine Preésence of 50% TFE, SDS micelles, or DPC micelles, which
their molecular mechanisms of action. The DNA-binding Mimic céll-membrane environments, but they had much
affinities of the peptides were examined by analyzing the 10Wer o helicity than KLW. The order of the percentage
electrophoretic mobility of DNA bands at various peptide/ ¢-Neélical contents of the peptides was KLW-Kal= KLW-
DNA weight ratios. Similar to buforin 1I, KLW-L9,13 L10-a > KLW-L9-a. The incorporation of one Nala residue
inhibited the migration of DNA at concentrations above 12.5 INto the hydrophobic face caused a more significant disrup-
«M. PR-39 suppressed the migration of DNA at concentra- t!on pf thea-helical strqcture of thg peptlde than incorpora-
tions above 2&M. In contrast, KLW and melittin inhibited tion into the hydrophobic/hydrophilic interface or hydrophilic

the migration of DNA at concentrations above &, and helix face._ These results indicqte the .impor.tanf:e_ of the
magainin |1 did not suppress the migration of DNA even at hydrophobicity of the hydrophobic face in maintaining the

a concentration of 102M (Figure 12). a-helical structure. - .
Interestingly, unlike other Nala-containing model peptides,

DISCUSSION KLW-L9,13-a, which contains two Nala residues in the
hydrophobic face, adopted a random structure in lipid-
Peptoid residues have higher hydrophilicity, a greater membrane-mimicking conditions, whereas KLW-K741-
likelihood of cis/trans isomerization, and morehelix which contains two Nala residues in the hydrophilic face,
breaking potential than the corresponding amino acids retained aru-helical structure. Furthermore, KLW-L9, 18-
because of the lack of the amide proton that forms hydrogen showed strong antibacterial activity but no hemolytic activity.
bonds with thex-helix backboneZ9, 42). Because of these  This result suggests that helicity of the peptide is not
specific properties of peptoid residues, the incorporation of required for antibacterial activity.

100 -

80

% Inhibition

60 -

40 -

% Inhibition

a peptoid residue into a linearhelical antimicrobial peptide Two general mechanisms have been proposed to describe
is expected to impact its structure, cell selectivity, and the process of phospholipid membrane permeation by the
interaction with lipid bilayers. membrane-actinge-helical antimicrobial peptides4). In

In the present study, we evaluated the structural and the first, the barrel-stave model, amphipattibelices insert
functional changes caused by the incorporation of Nala (Ala- into the hydrophobic core of the membrane and form
peptoid) into a noncell-selective, ideal amphipatiibelical transmembrane channels/pores. In the second, the carpet-
antimicrobial model peptide (KLW). Specifically, we de- like model, peptides that do not necessarily need to adopt
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Ficure 10: Effect of the peptides on the membrane potential of iffactureuscells (ODso0 = 0.05). The fluorescence of the membrane
potential-sensitive dye DiS(5) was measured as described in the Materials and Methods. Peptide concentrations were as foljovs: 0.1
melittin, 2 M magainin Il, 2uM buforin I, 2 uM PR-39, and 2«M KLW-L9,13-a.

200

100

an amphipathiax-helical structure are in contact with the dynamic, peptide-lipid supramolecular complex (toroidal
lipid headgroup during the whole process of membrane pore) that mediates not only ion transport but also rapid flip-
permeation and do not insert into the hydrophobic core of flop of the membrane lipids3@).

the membrane. The specific permeation/disruption mecha- In contrast to these membrane-acting peptides, other
nism can vary among different peptides and could be due toclasses of antimicrobial peptides have been suggested to
a detergent-like disintegration or formation of toroidal pores target bacterial components other than membranes. Buforin
or channel aggregates. For example, magainin Il, a peptidell, discovered in the stomach tissue of the Asian t&ado
isolated from the skin of the African clawed fro¢enopus bufo gargarizansis one example. Buforin Il is known to
laevis, forms a membrane-spanning pore composed of ainhibit the macromolecular synthesis by penetration into the
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5 um

5 um
I

Ficure 11: Confocal laser-scanning microscopy imageg.ofoli
treated with FITC-labeled peptides. The immobilized cell was then
reacted with 20ug/mL FITC-labeled KLW (A), FITC-labeled
KLW-L9,13-a (B), FITC-labeled buforin Il (C), and FITC-labeled
magainin Il (D).

Buforin 11 PR-39

12 3 4 56 7 8 9 1 2 3 45 67 8 9
Magainin 11 Melittin

12 3 4 5 6 7 89 12 3 45 6 7 89
KLW-L9, 11-a KLW

2 3 4567 829 2 3 4567829

FiGUrRe 12: Interaction of the peptides with plasmid DNA. Binding
was assayed by measuring the inhibition of migration by plasmid
DNA (100 ng; pBluescript Il SK). Lane 1, plasmid DNA alone;
lane 2, 0.7&M peptide; lane 3, 1.56M peptide; lane 4, 3.138M
peptide; lane 5, 6.2BM peptide; lane 6, 12.5M peptide; lane 7,
25uM peptide; lane 8, 5@M peptide; and lane 9, 1QdM peptide.
DNA and the peptides were co-incubatedr fob h at room
temperature before electrophoresis on a 1.0% agarose gel.

bacterial cytoplasm followed by DNA/RNA binding in the
absence of severe membrane permeabilization or lipid flip-
flop (38, 45, 46). Recently, buforin Il was reported to cross
the membrane via a mechanism similar to that of magainin

Song et al.

I (i.e., pore formation), and the extremely short lifetime of
the pore allows the peptide to translocate without membrane
permeabilization47).

To determine whether the bacterial membrane is the target
of the Nala-containing model peptides, we tested the ability
of the peptides to cause leakage of a fluorescent dye trapped
within LUVs composed of negatively charged phospholipids.
Despite effective binding and insertion into negatively
charged phospholipids, as demonstrated by tryptophan
fluorescence experiments, KLW-L9, E3induced little dye
leakage from negatively charged phospholipid vesicles even
at the highest concentration testedu(V).

The ability of the peptides to depolarize the cytoplasmic
membrane of the Gram-positive bacteriug,aureuswas
examined using the membrane potential-sensitive fluorescent
dye DISG(5). This dye inserts into the cytoplasmic mem-
brane under the influence of the membrane-potential gradient
and quenches its own fluorescence. If the peptide forms a
channel or otherwise disrupts the membrane, the membrane
potential will be dissipated and the dye will be released into
the medium, causing the fluorescence to increase. Similar
to buforin 1l and PR-39, KLW-L9,13 induced little or no
measurable dissipation of the membrane potential at the MIC
(3uM). In contrast, as observed for magainin Il and melittin,
the other KLW model peptides caused a significant mem-
brane depolarization even at concentrations as low as 0.1

uM. Furthermore, like magainin Il, all of the Nala-containing

model peptides except for KLW-L9,18induced significant

dose-dependent lipid flip-flop. However, like buforin I,
KLW-L9,13-a did not induce lipid flip-flop even at a
concentration of 3uM, suggesting that the antimicrobial
action of KLW-L9,13a s not due to the formation of pores
or disintegration of the cell membrane.

Furthermore, to determine whether KLW-L9,43pen-
etrates bacterial cell membranes and binds effectively to
DNA, we carried out confocal laser-scanning microscopy
using FITC-labeled peptides and DNA-binding assays.
Similar to FITC-labeled buforin I, FITC-labeled KLW-L9,-
13-a penetrated the cell membrane and accumulated in the
cytoplasm, whereas FITC-labeled KLW and FITC-labeled
magainin Il did not penetrate the cell membrane. Further-
more, in the gel-retardation experiment, we confirmed that,
like buforin Il, KLW-L9,13-a has a higher affinity for DNA
than magainin Il. These results suggest that KLW-L%13-
inhibits cellular functions by penetrating the bacterial cell
membranes and binding to DNA, resulting in cell death.

In conclusion, we found that incorporation of one or two
Nala residues into the hydrophobic face of a honcell-selective
amphipathica-helical model peptide, KLW, confers im-
proved bacterial cell selectivity. Among the Nala-containing
model peptides, KLW-L9,13showed the highest bacterial
cell selectivity. Similar to buforin Il, KLW-L9,13 trans-
located effectively across lipid bilayers without causing
membrane permeabilization or lipid flip-flop and bound
strongly to DNA. These results suggest that KLW-L9A 3-
probably exerts its antibacterial action by penetrating the
bacterial membrane and binding to cytoplasmic compounds
(e.g., DNA), resulting in cell death.

Collectively, our results demonstrate that novel peptides
with an intracellular mechanism of action and high selectivity
for bacterial cells can be generated by incorporation of two
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Nala residues into the central position of the hydrophobic
helix face of noncell-selectiva-helical cytolytic peptides.
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