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Abstract PMAP-23 is a member of the cathelicidin

family derived from pig myeloid cells and has potent

antimicrobial activity. Amidation of the carboxyl terminus

(C-terminus) of an antimicrobial peptide generally enhan-

ces its structural stability and antimicrobial activity or

decreases its cytotoxicity. The aim of the present study was

to investigate the effect of amidation on the mode of action

in PMAP-23. Irrespective of amidation, PMAP-23 adopts a

helix–hinge–helix structure in a membrane-mimetic envi-

ronment. The antibacterial activities of PMAP-23C, which

had a free C-terminus, and PMAP-23N, which had an

amidated C-terminus, were similar against Gram-negative

bacteria, reflecting a similar ability to neutralize lipopoly-

saccharide. However, PMAP-23N assumed a perpendicular

orientation across the outer to the inner leaflet of the bac-

terial inner membrane, while PMAP-23C was orientated

parallel to the lipid bilayer, as determined by following the

blue shift in tryptophan fluorescence, as well as calcein

release from liposomes and SYTOX Green uptake assays.

These results suggest that N-terminal amidation of PMAP-

23 provides structural stability and increases the peptide’s

cationic charge, facilitating translocation into the bacterial

inner membrane.
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Abbreviations

LPS Lipopolysaccharide

PE L-a-phosphatidylethanolamine

PG L-a-phosphatidyl-DL-glycerol

CL Cardiolipin

DiSC3-5 3,30-Diethylthio-dicarbocyanine iodide

CFU Colony-forming unit

AMP Antimicrobial peptide

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

diphenyltetrazolium bromide, a tetrazole

TFE Trifluoroethanol

DMSO Dimethyl sulfoxide

LB Luria–Bertani

Introduction

The emergence of microbial pathogens resistant to con-

ventional antibiotics has stimulated a search for new ther-

apeutic drugs (Lehrer and Ganz 1993; Ganz and Lehrer

1999). Antimicrobial peptides (AMPs) are of particular

interest because their proposed mode of action does not

appear to stimulate rapid development of microbial
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resistance (Ganz and Lehrer 1999) and, over the past two

decades, numerous AMPs have been identified in both

prokaryotes and eukaryotes (for review, see Jenssen et al.

2006; Wong et al. 2007; Bergsson et al. 2005; Park et al.

2008a). AMPs play key roles in the primary host defense

against infectious pathogens as a part of the innate immune

system widely distributed in nature (Bergsson et al. 2005

and Park et al. 2008a, b). The targets of AMPs are known

to be the cytoplasmic membrane and the processes of cell

division and macromolecule synthesis, but their precise

modes of action are not well understood (Brogden 2005;

Zasloff 2002 and Hale and Hancock 2007).

In mammals, neutrophils express, store in cytoplasmic

granules and secrete a number of host defense proteins

including cathelicidins, which are a family of effectors

of innate immunity characterized by a 12-100 residue

C-terminal antimicrobial domain linked to an evolutionally

conserved N-terminal cathelin-like domain (Zanetti et al.

1995; Shunyi et al. 2008; Borregaard et al. 2007; Lee et al.

2008). Cathelicidin-derived peptides have been further

divided into the a-helical [CRAMP (Gallo et al. 1997),

SMAP-29 (Bagella et al. 1995), PMAP-37 (Tossi et al.

1995), human CAP18 (Larrick et al. 1995)], Cys-rich

protegrins (Zhao et al. 1994), Pro/Arg-rich and Trp-rich

subfamilies [Bac5, Bac7 (Gennaro et al. 1989), PR-39

(Storici and Zanetti 1993) and indolicidin (Del Sal et al.

1992)]. All of these peptides show potent antimicrobial

activity against bacteria, fungi, parasites and tumor cells

and, in most cases, their mechanism of action is membrane

disruption (Ramanathan et al. 2002).

Porcine myeloid antibacterial peptide, composed of 23

residues (PMAP-23), was identified from cDNA encoding

a putative AMP precursor of porcine myeloid mRNA and

belongs to the amphipathic a-helical peptide subgroup of

the cathelicidin family (Zanetti et al. 1994). The structure

of PMAP-23 is a helix–hinge–helix in membrane-mimetic

environments and shows potent killing activity against

a broad spectrum of microbial organisms (Park et al. 2002).

Previous studies of amidated peptides have suggested

that the net charge, primary sequence and, probably, the

secondary structure adopted on contact with biological

membranes are important modulators of the peptide’s

biological activity (Sforça et al. 2004; Apponyi et al.

2004). However, their different modes of action in mem-

brane environments are unclear. C-terminal amidation is

one of the post-translational modifications used to enhance

the stability and antimicrobial activity of antimicrobial

peptides and to bioactivate certain neuropeptides; it is also

associated with peptide resistance to enzymatic degrada-

tion (Andreu and Rivas 1998; Nguyen et al. 2005).

In the present study, both C-terminal amidated PMAP-23

(PMAP-23N) and non-amidated PMAP-23 (PMAP-23C)

were synthesized to investigate the effect of C-terminal

amidation on the peptide’s mode of action and biological

activity against Gram-negative bacterial strains. In addi-

tion, we compared the behavior of the two peptides in

artificial liposomes and living cells using biological and

biophysical assays.

Materials and methods

Materials

LPS (from Escherichia coli 0111:B4) was purchased from

Sigma Chemical Co. (St. Louis, MO, USA). DiSC3-5 and

SYTOX Green were acquired from Molecular Probes

(Eugene, OR, USA). PE (L-a-phosphatidylethanolamine),

PG (L-a-phosphatidyl-DL-glycerol) and CL (cardiolipin,

from E. coli) were obtained from Avanti Polar Lipids

(Alabaster, AL, USA).

Peptide synthesis and purification

All peptides were synthesized using solid-phase methods

with Fmoc (N-(9-fluorenyl) methoxycarbonyl)-protected

amino acids on a Liberty Microwave Peptide Synthesizer

(CEM Co., Matthews, NC, USA). 4-Methyl benzhydryl-

amine resin and Rink Amide MBHA (Novabiochem)

(0.55 mmol/g) were employed to produce the amidated and

non-amidated PMAP-23 (RIIDLLWRVRRPQKPKFVTV

WVR), respectively. After synthesis of the peptides, the

crude peptide was purified on a Waters preparative HPLC

system on a Waters 15 lm Deltapak C18 column

(39 9 300 mm), using an appropriate 0–60% acetonitrile

gradient in water with 0.1% trifluoroacetic acid. The purity

of the isolated peptide was determined on a Shimadzu

analytical HPLC system equipped with a Vydac C18 col-

umn (4.6 9 250 mm, 300 Å, 5 lm). The molecular masses

of the peptides were confirmed using a matrix-assisted

laser desorption ionization mass spectrometer (MALDI II,

Kratos Analytical Ins.).

Antimicrobial assay

Escherichia coli (ATCC 25922) and Pseudomonas aeru-

ginosa (ATCC 15692) were obtained from American Type

Culture Collection. Salmonella typhimurium (KCTC 1926)

and Proteus vulgaris (KCTC 2433) were obtained from

Korean Collection for Type Cultures. Escherichia coli

(CCARM 1229 and CCARM 1238) and Salmonella

typhimurium (CCARM 8009 and CCARM 8013) were

obtained from Culture Collection of Antimicrobial Resis-

tance Microbes (Seoul Women’s University).

The antibacterial activity of the PMAP-23 peptides was

determined using microdilution assays. Briefly, bacteria
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were collected in mid-log phase and suspended in PBS

(1.5 mM KH2PO4, 2.7 mM KCl, 8.1 mM Na2HPO4,

135 mM NaCl, pH 7.2) supplemented with 10% appro-

priate culture media. The peptide with concentrations

ranging from 1 to 128 lM, achieved by twofold serial

dilution, was added to sterile 96-well plates, after which

aliquots of cell suspension (2 9 105 CFU/ml) were added

to each well. After incubation for 24 h, the turbidity of the

suspensions was measured at a wavelength of 600 nm

using a VERSAmax microplate reader (Molecular Devices

Co., Sunnyvale, CA, USA) to determine the minimal

inhibitory concentration (MIC). The lowest peptide con-

centration that completely inhibited growth was defined as

the MIC. MIC values were calculated as an average of

several independent experiments conducted in triplicate

(Kim et al. 2007).

Human red blood cell (hRBC) hemolysis

The hemolytic activities of peptides were assessed using

hRBCs collected on heparin from healthy donors. The fresh

hRBCs were rinsed three times in PBS, collected by cen-

trifugation for 10 min at 8009g and resuspended in PBS.

The twofold serial peptides diluted with PBS were added to

100 ll of hRBCs suspended in PBS (final RBC concen-

tration, 8% v/v), after which the samples were incubated

for 60 min at 37�C with mild agitation and then centrifuged

for 10 min at 8009g. The absorbance of the supernatants

was assessed at 414 nm; the controls for zero (blank) and

100% hemolysis were hRBCs suspended in PBS and 1%

Triton X-100, respectively. All measurements were made

in triplicate (Park et al. 2008b).

Cytotoxicity

The percentage of growth inhibition was evaluated using

MTT (Sigma) assays to measure the numbers of viable

HaCaT cells (a spontaneously immortalized human kerat-

inocyte line). A total of 2 9 104 cells/well were seeded

into the wells of a 96-well plate and incubated for 24 h.

After peptide was added to each well and incubated for

24 h at 37�C, 10 ll of 5 mg/ml MTT were added to the

wells and incubated for an additional 4 h. The supernatants

were then aspirated, and 50 ll of DMSO were added to

dissolve any remaining precipitate. Absorbance was then

measured at a wavelength of 570 nm (Park et al. 2008a).

LPS neutralization

Neutralization of the peptides was measured using a chro-

mogenic limulus amebocyte lysate assay (Ried et al. 1996).

A constant concentration of LPS (1 ng/ml) was incubated

with various concentrations of peptides (0–20 lM) at 37�C

in the wells of an apyrogenic sterile microtiter plate. A total

of 50 ll of this mixture was then added to equal volumes of

limulus amebocyte lysate reagent and this mixture was

incubated for 10 min at 37�C. A yellow color developed on

addition of 100 ll of chromogenic substrate solution. After

stopping that reaction by adding 25% acetic acid, the

absorbance was measured at 405 nm.

The effect of LPS on antibacterial activity

Serially diluted peptides (2–64 lM) were incubated with

32 lM LPS (peptide:LPS ratio = 2:1, 1:1 to 1:16) for 1 h

at 37�C. The mixtures were then incubated for 2 h under

the same conditions after adding suspensions of exponen-

tially growing E. coli. Aliquots were then dripped for

visualization of bacterial cells (Rosenfeld et al. 2006).

Circular dichroism (CD) analysis

CD spectra were recorded at 25�C on a Jasco 810 spectro-

polarimeter (Jasco, MD, USA) equipped with a temperature

control unit. Aliquots of 50 lM peptide solution were

scanned in a 0.1-cm path-length quartz cell. At least five

scans were averaged for each sample, and the averaged

blank spectra were subtracted. Each spectrum was obtained

by averaging five scans in the 250–190 nm wavelength

range. All CD spectra are reported in terms of mean residue

ellipticity, [h]MRW, in deg cm2 dmol-1 (Maeng et al. 2001).

Membrane depolarization in E. coli

Membrane depolarization was assessed using DisC3-5,

a lipophilic potentiometric indicator dye (Papo et al. 2002).

Intact E. coli cells

Escherichia coli were grown to mid-log phase at 37�C with

agitation, after which they were washed once in buffer A

(20 mM glucose, 5 mM HEPES, pH 7.3) and resuspended

to an OD600 of 0.05 in buffer A containing 0.1 M KCl. The

cells were then incubated with 1 lM DiSC3-5 until stable

baseline fluorescence was achieved. PMAP-23 peptides

were then added to 480 ll of bacterial suspension, after

which changes in fluorescence were continuously recorded

(excitation wavelength, 622 nm; emission wavelength,

670 nm) for 30 min.

Spheroplast of E. coli

Spheroplasts of E. coli ATCC 25922 bacteria were prepared

via an osmotic shock technique (Yanagida et al. 1986).

First, cells from cultures grown to an OD600 of 0.8

were harvested by centrifugation, washed twice in buffer C

C-terminal amidation of PMAP-23 185

123



(10 mM Tris/H2SO4, 25% sucrose, pH 7.5) and resuspended

in buffer C containing 1 mM EDTA. After incubation for

10 min at 20�C with rotary mixing, the cells were harvested

by centrifugation, immediately resuspended in ice-cold

water and incubated for 10 min at 4�C. The resultant

spheroplasts were harvested by centrifugation and resus-

pended to an OD600 of 0.05 in buffer D (20 mM glucose,

5 mM HEPES, 1 M KCl, pH 7.3). Further treatments were

conducted as described in the above intact cells except for

the concentration of peptide (1–10 lM).

Killing kinetics

Escherichia coli were grown overnight in LB broth and

diluted to an OD600 of 0.05. PMAP-23 peptides were then

added in concentrations corresponding to the membrane

depolarization experiment. Bacteria were sampled at

defined intervals of 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 30

or 40 min, after which 20-fold dilutions were plated on LB

agar. The plates were then incubated at 37�C, and the

colony-forming units (cfu) were counted after 24 h (Pag

et al. 2008; Marynka et al. 2007).

SYTOX Green uptake assay

Escherichia coli were grown in LB at 37�C, washed, sus-

pended (2 9 107 cells/ml) in PBS and incubated with 1 lM

SYTOX Green for 15 min with agitation in the dark

(Mangoni et al. 2004). After the addition of the PMAP-23

peptides, the increase in fluorescence, reflecting the binding

of the dye to intracellular DNA, was monitored (excitation

wavelength of 485 nm and emission wavelength of 520 nm).

Tryptophan fluorescence blue shift

The fluorescence emission spectrum of Trp residues in the

PMAP-23 peptides was monitored in aqueous PBS buffer

and in liposomes, composed of PE/PG (7:3, w/w) or PE/

PG/CL (7:1.5:1.5, w/w/w). The tryptophan fluorescence

measurements were made in a Perkin–Elmer LS55 fluo-

rometer. Each peptide was added to 3 ml of buffer con-

taining from 0 to 0.6 mM liposomes at a molar ratio of

1:300, 1:150, 1:75, 1:37.5 or 1:18.8, and the mixture was

allowed to interact for 10 min at 20�C. The fluorescence

was excited at 280 nm, and the emission was scanned from

300 to 400 nm. Blue shifts were calculated as the change in

the wavelength of the emission maximum in the spectra of

the lipid–peptide mixture (Bolen and Holloway 1990).

Quenching of Trp emission by acrylamide

For fluorescence quenching experiments, Trp was excited

at 295 nm instead of 280 nm to reduce absorbance by

acrylamide (De Kroon et al. 1990). Trp fluorescence was

quenched by titration with acrylamide from a 4 M stock

solution to a final concentration of 0.2 M in the presence of

liposome at a peptide:lipid molar ratio of 1:100 (the con-

centrations of peptides and phospholipid vesicles were

3 and 300 lM, respectively). Experimental data were

plotted according to the Stern–Volmer equation, F0/F =

1 ? KSV - [Q], where F0 was the fluorescence of the pep-

tide in the absence of acrylamide, F was the fluorescence of

the peptide in the presence of acrylamide, KSV was the Stern–

Volmer quenching constant, and [Q] was the concentration of

acrylamide. Measurements were repeated three times at a

given condition to ensure reproducibility.

Calcein release from liposomes

Permeabilization of liposomes by the PMAP-23 peptides

was assayed by measuring leakage of entrapped calcein.

Liposomes in which calcein was entrapped were prepared

for use in dye leakage experiments as follows. Briefly, the

dried lipid was pre-hydrated with dye buffer solution

(80 mM calcein, 10 mM HEPES, 30 mM NaCl, pH 7.4),

vortexed for 1 min and then allowed to stand for 30 min at

50�C. The suspension was then subjected to nine cycles of

freeze–thaw to produce large unilamellar vesicles (LUVs)

and then extruded 30 times through polycarbonate filters

(two stacked 0.2-lm pore-size filters) using an Avanti

Mini-Extruder (Avanti Polar Lipids inc., Alabaster, AL,

USA). Calcein-entrapped vesicles were separated from free

calcein by gel filtration chromatography on a Sephadex

G-50 column. Calcein-containing LUVs in suspensions

containing 60 lM lipids were incubated with various

concentrations of the peptide (1–12 lM), after which the

fluorescence of the released calcein was assessed at an

excitation wavelength of 480 nm and an emission wave-

length of 520 nm using a spectrofluorometer (Perkin–

Elmer LS55). Complete (100%) release was achieved by the

addition of Triton X-100 to a final concentration of 0.1%.

Spontaneous leakage was determined to be negligible at

this timescale. The experiments were conducted at 25�C.

The apparent percentage of calcein release was calculated

using the following equation (Ghosh et al. 1998):

Release (% ) ¼ 100� ðF � F0Þ=ðFt � F0Þ

Calcein release in the presence of LPS

PE/PG (7:3, w/w) and PE/PG/CL (7:1.5:1.5, w/w/w) LUVs

containing calcein (80 mM calcein, 10 mM HEPES,

30 mM NaCl, pH 7.4) were prepared using the method

described above. In some cases, peptides (0.1 lM) were

incubated with LPS (0.1 lM, ratio = 1:1) for 10 min

at 37�C prior to adding the mixture to the LUVs

(4 lM, peptide:lipid ratio = 1:40). The intensity of the
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fluorescence of the released calcein was monitored as

a function of time.

Results

Biological activities of PMAP-23 and PMAP-23C

The antibacterial activities of synthetic peptides against

susceptible (E. coli, S. typhimurium, P. aeruginasa and

P. vulgaris) and antibiotic-resistant Gram-negative bacteria

(E. coli CCARM 1229, E. coli CCARM 1238, S. typhimu-

rium CCARM 8009 and S. typhimurium CCARM 8013)

were characterized by determining the MICs. As shown in

Table 1, both PMAP-23N and PMAP-23C had similar

MICs, ranging from 2 to 16 lM and were 10–80 times

more potent than ampicillin, a conventional antibiotic,

against antibiotic-resistant strains. The peptides were also

tested for the extent of their hemolytic activity against

hRBCs and their cytotoxic activity against HaCaT cells (a

spontaneously immortalized human keratinocyte line). Both

PMAP-23N and -23C showed only low levels of hemolytic

and cytotoxic activity, even at 100 lM, and no significant

difference between the two peptides was detected.

LPS neutralization and the effect of LPS

on antibacterial activity

The efficiency of PMAP-23N and -23C in LPS neutral-

ization was assessed using LAL assays, which are

generally accepted as representing the ability of molecules

to neutralize LPS (Ried et al. 1996). Both PMAP-23N and

-23C were found to neutralize LPS in a dose-dependent

manner, and no significant difference was seen between

them (Fig. 1a). Moreover, their LPS neutralizing activity

was related to their antibacterial activity against Gram-

negative bacteria. To determine whether the peptides were

free or associated with LPS after neutralization, the activity

of the peptides against E. coli was tested following their

preincubation with selected concentrations of LPS. We

found that the two peptides exhibited similar antibacterial

activity in the presence and absence of LPS (Fig. 1b),

suggesting neither PMAP-23N nor -23C associates with

LPS, but instead were able to translocate to the inner

membrane of Gram-negative bacteria.

Secondary structure of the peptides in membrane

environment

Alteration of the secondary structures of PMAP-23N and

-23C in buffer (10 mM sodium phosphate, pH 7.2), LPS

Table 1 Biological activities of amidated or non-amidated PMAP-23

Strains MICs (lM)a Ampicillin

PMAP-

23Cb
PMAP-

23Nc

E. coli 4 4 86

S. typhimurium 2 2 22

P. aeruginosa 8 8 –

P. vulgaris 16 16 –

E. coli CCARM 1229 4 4 345

E. coli CCARM 1238 2 2 345

S. typhimurim CCARM 8009 4 4 [345

S. typhimurim CCARM 8013 4 4 [345

Hemolysis (%)d 15.4 4.8 –

Cell survival viability (%)e 71 75 –

a Minimum inhibitory concentration in phosphate buffered saline, pH

7.4
b C-terminal, no amidation
c C-terminal amidation
d Percentage of hemolysis at a concentration of 100 lM
e Percentage of HaCaT cell survival at a concentration of 100 lM

Fig. 1 Dose-dependent neutralization of LPS by PMAP-23N (open
squares) and PMAP-23C (filled squares) as determined by LAL

assays (a). Effect of LPS on the bactericidal activity of PMAP-23N

and PMAP-23C against E. coli (b) at peptide:LPS ratios from 2:1 to

1:16. Bacterial colony formation was assessed after pre-incubation of

LPS with peptides

C-terminal amidation of PMAP-23 187
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(outer membrane of Gram-negative bacteria) and 30% TFE

(hydrophobic or membrane-mimic environment) was ana-

lyzed by CD spectroscopy. As shown in Fig. 2, the two

peptides existed as random coils in sodium phosphate

buffer and although the helical content differed, they both

formed an a-helical structure in LPS and 30% TFE. PMAP-

23N had a more stable structure in membrane environ-

ments than PMAP-23C.

Depolarization of the bacterial membrane

Peptide-induced membrane permeability leading to dissi-

pation of the transmembrane potential was monitored by

measuring increases in fluorescence caused by release of

the membrane potential-sensitive fluorescent dye DiSC3-5.

In intact E. coli, PMAP-23N depolarized the membrane

more quickly and to a greater extent than PMAP-23C at the

same concentration (Fig. 3A a). In the presence of PMAP-

23C, further depolarization was noted on addition of triton

X-100 (0.1%), which completely disrupted the membrane,

but no further increase in fluorescence was observed on

addition of triton X-100 in the presence of PMAP-23N

(Fig. 3A b). Interestingly, PMAP-23N and -23C had more

dramatically different effects on spheroplast (inner mem-

brane): PMAP-23N induced depolarization of the trans-

membrane potential at 1 lM, which was a quarter of the

MIC, but PMAP-23C did not depolarize the transmem-

brane potential, even at 8 lM, which was twice the MIC

(Fig. 3B).

To investigate the relationship between membrane

depolarization and killing rate, we performed bacterial

killing assays under the same conditions using the same

cell numbers (OD600 0.05) and peptide concentration

(8 lM). We found that the kinetics of the bactericidal

activity of PMAP-23N was significantly faster than that of

PMAP-23C. In fact, at 8 lM concentration, the former

peptide led to a decrease of at least 5 log in the CFU after

20 min, while the latter after 40 min (Fig. 3C). We then

further analyzed the bactericidal activity based on the

interaction between nucleic acids and SYTOX Green,

which does not penetrate the inner membrane unless it is

disrupted or permeabilized (Roth et al. 1997). Cells treated

with 8 lM PMAP-23C did not take up SYTOX Green and

only showed a 10% increase in fluorescence at a PMAP-

23C concentration of 18 lM. In contrast, a comparable

fluorescence increase by PMAP-23N was already present at

1–2 lM peptide (Fig. 3D). These results indicate that

PMAP-23N more rapidly interacts with Gram-negative

bacteria than PMAP-23C and is more deeply inserted into

the inner membrane.

Binding to the membrane

PMAP-23N and PMAP-23C each contain two Trp residues,

which we used as intrinsic probes to study the peptide–

membrane interactions. In buffer, PMAP-23N and -23C

had a fluorescence emission maximum at 352 and

352.5 nm, respectively, which is typical in a polar envi-

ronment (Zhao and Kinnunen 2002). PE/PG (7:3, w/w) and

PE/PG/CL (7:1.5:1.5, w/w/w) (Epand et al. 2008) were

used to investigate binding specificity. On addition of PE/

PG (7:3, w/w) liposomes, the fluorescence maxima for the

two peptides were similarly shifted to shorter wavelengths.

In the presence of PE/PG/CL (7:1.5:1.5, w/w/w) liposomes,

however, this blue shift was greater for PMAP-23N

than for PMAP-23C (Fig. 4a, c). This difference could be

Fig. 2 CD spectra for PMAP-

23N (a) and PMAP-23C (b)

recorded in the presence of

10 mM sodium phosphate

buffer (open squares), 30 lM

purified LPS (filled circles), or

30% TFE (filled triangles)
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explained by the fact that the Trp residues of PMAP-23N

were located closer to the acyl chains and thus deeper in

the membrane.

Translocation into membrane

The observed changes in Trp emission that occurred when

the peptides bound to liposomes are indicative of their

insertion into the hydrophobic region of the bilayer. To

assess the accessibility of liposomes-bound PMAP-23N

and -23C, they were treated with acrylamide, a neutral

fluorescence quencher that does not interact with the neg-

atively charged head groups of the phospholipids (Epand

et al. 2008). Stern–Volmer plots characterizing the

quenching of Trp by acrylamide in PE/PG and PE/PG/CL

liposomes are depicted in Fig. 4b, d. Although the degree

of insertion of both peptides was smaller in PE/PG/CL than

in PE/PG, there was a significant gap between the slopes

observed with PMAP-23N and -23C.

Release of calcein entrapped within liposomes

The membrane-permeabilizing abilities of PMAP-23N and

-23C were investigated by measuring calcein release from

anionic PG, PE/PG and PE/PG/CL liposomes. Although

the percent leakage increased in a dose-dependent manner

after treatment with either PMAP-23N or -23C, the effi-

ciencies of the two peptides differed. PMAP-23N induced

greater leakage than PMAP-23C in all liposomes tested:

PG (79 vs. 59% leakage), PE/PG (45 vs. 20% leakage) and

PE/PG/CL (26 vs. 7.8% leakage) at 4 lM (Fig. 5).

Calcein release by peptides in presence of LPS

To separate the actions of PMAP-23N and -23C at the

outer and inner membranes, we tested their ability to

release calcien from PE/PG or PE/PG/CL liposomes

after pre-incubating the peptides with LPS (Fig. 6). We

found that PE/PG liposomes were more susceptible to

Fig. 3 Peptide-induced permeabilization and killing kinetics in

E. coli. Depolarization of whole cells in the presence of 8 lM

PMAP-23N or PMAP-23C was monitored for 1,800 s at room

temperature (a). Depolarization of E. coli spheroplasts pre-equilibrated

for 60 min (b). Recovery of diSC3-5 fluorescence was monitored for

120 min (at 5-min intervals) after the peptides were mixed with the

bacteria. Killing kinetics of the peptides against E. coli (c). Bacteria

treated with 8 lM PMAP-23N or PMAP-23C were diluted at the

indicated times and then plated on LB agar plates. Uptake of SYTOX

Green into E. coli in the presence of PMAP-23N or PMAP-23C (d). The

increase in fluorescence was monitored with excitation and emission set

at 485 and 520 nm, respectively. The fluorescence obtained in the

presence of Triton X-100 was used as 100% uptake. All readings were

normalized by subtracting background scattering and the basal

fluorescence of the dye. Open squares PMAP-23N, filled squares
PMAP-23C

C-terminal amidation of PMAP-23 189
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permeabilization than PE/PG/CL liposomes and that

PMAP-23N permeabilized both liposomes more efficiently

than PMAP-23C in the presence of LPS (Fig. 6). More-

over, calcein release from PE/PG/CL liposomes increased

exponentially with increasing PMAP-23N concentrations

up to a maximum, whereas a slow increase in release was

observed with PMAP-23C. This suggests that, in the

presence of LPS, PMAP-23N more rapidly interacts with

liposomes than PMAP-23C and inserts more deeply than

PMAP-23C into the inner membrane, which comprised CL,

an anionic phospholipid.

Discussion

AMPs generally have amphipathic and cationic features,

which are very important for their interaction with patho-

genic bacteria. The amphipathic structure of AMPs

Fig. 4 Wavelengths of

maximum PMAP-23N (open
squares) and PMAP-23C (filled
squares). Trp fluorescence in

the presence of PE/PG (7:3) (a)

and PE/PG/CL (7:1.5:1.5) (c).

Quenching of intrinsic PMAP-

23N (circles) and PMAP-23C

(squares) Trp fluorescence in

buffer and in the presence of

PE/PG (7:3) (b) and PE/PG/CL

(7:1.5:1.5) (d) liposomes. The

peptide and liposome

concentrations were 3 and

300 lM, respectively. Empty
and filled symbols indicate the

absence and presence of

liposomes, respectively. Each

data point is the mean of three

independent experiments

Fig. 5 Dose-dependent leakage

of calcein induced by PMAP-

23N (a) and PMAP-23C (b).

Calcein release from PG (open
circles), PE/PG (open squares)

and PE/PG/CL (open triangles)

liposomes was defined as the

percent release at a lipid

concentration of 60 lM.

Fluorescence was measured

*30 min after the addition of

PMAP-23N or PMAP-23C
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comprised hydrophilic and hydrophobic amino acids

enabling them to match the polar/non-polar interfacial

regions of the cell membrane. In addition, the peptide’s

cationicity promotes interactions with the anionic mem-

brane of bacterial cells. Despite the common features,

structures and hydrophobic/hydrophilic balance of AMPs,

the variation in their sequences makes it difficult to define

their mode of action in detail, i.e., the primary sequences of

AMPs contain multiple combinations of hydrophilic and

hydrophobic amino acids that have different affinities for

the lipid head groups during their initial binding to the

membrane and for the fatty acids on insertion/bending.

Consequently, a better understanding of the mechanism by

which these peptides interact with the membrane is nec-

essary before they can be modified for eventual use as

antibiotics.

Natural AMPs from different sources exhibit a variety of

posttranslational modifications, including glycosylation

(Mackintosh et al. 1998; Bulet et al. 1995; Cociancich et al.

1994), disulfide bonds (Mangoni et al. 1996; Morikawa

et al. 1992; Fujii et al. 1993), amidation (Andreu et al.

1983; Mor et al. 1991; Agerberth et al. 1991; Destoumieux

et al. 1997), halogenations (Park et al. 1997), addition

of D-amino acids (Mignona et al. 1993), methylation

(Kokryakov et al. 1993) and phosphorylation (Driscoll

et al. 1995; Goumon et al. 1996). Among these, amidation

is the most common. Several studies have shown that the

activity of AMPs increases following amidation or con-

versely, decreases following amide removal (Sandvik and

Dockray 1999; Katayama et al. 2002; Ali et al. 2001). It

has been proposed that the enhanced antibacterial activity

exhibited by the amidated forms is associated with a more

rigid and extended a-helical structure, as suggested by CD

spectra, nuclear magnetic resonance (NMR) spectroscopy

and molecular dynamics (MD) simulation (Sforça et al.

2004; Shalev et al. 2002; Dos Santos Cabrera et al. 2008a).

Still, the link between amidation and the biological func-

tion of AMPs has not been completely defined.

We therefore examined how C-terminal amidation of

PMAP-23, which is an amphipathic a-helical peptide in the

cathelicidin family, affects its mechanism of action. An

earlier report proposed that the N-terminal helix of PMAP-

23, which has a helix–hinge–helix structure, first attaches

to the hydrophilic head groups of the membrane

phospholipid and then the C-terminal helix inserts into

hydrophobic region of the membrane (Yang et al. 2006).

Moreover, Orioni et al. (2009) recently used a combination

of fluorescence spectroscopy and molecular dynamics

simulations to determine that PMAP-23C locates below the

polar head groups in the membrane and is orientated par-

allel to the plan of the bilayer. Their findings support the

‘‘carpet’’ model, and they proposed that the mechanism of

bilayer destabilization involves the unusual insertion of

charged side chains into the hydrophobic core of the

membrane. However, because of the composition of the

artificial liposomes used by those investigators, their con-

clusions are only applicable to the inner membrane. Under

physiological conditions, AMPs must act on live cells,

which have a cell wall, membranes, membrane proteins,

cytoplasmic material, etc. Moreover, results from specific

bacterial species may not be applicable to all bacteria, as

there is considerable variation in the lipid compositions of

their membranes, and Gram-negative bacteria are com-

posed of an outer (LPS) and inner (PE/PG or PE/PG/CL)

membrane, which have different lipid compositions. In the

present study, we investigated the mechanisms of two

peptides in living E. coli and in artificial liposomes com-

prising LPS or PE/PG (or PE/PG/CL), the major compo-

nents of the outer and inner membrane, respectively.

In earlier studies, amidation of dermaseptin S3 was

shown to enhance its antimicrobial potency (2- to 10- fold)

over a broad array of pathogenic microorganisms and to

reduce its hemolytic activity (Mor et al. 1994). In contrast,

carboxylation of Eumenitin (Konno et al. 2006) and syn-

thetic EMP-AF1 (Konno et al. 2000) at the C-terminus

resulted in a significant reduction in both hemolytic and

biological activity. Therefore, we first tested whether

C-terminal amidation would influence the lytic activity of

synthetic amidated PMAP-23 (PMAP-23N) and non-ami-

dated PMAP-23 (PMAP-23C) against Gram-negative

strains. We found no significant difference in their lytic

activities, although the activity of PMAP-23N was slightly

increased against some bacterial strains, with less hemo-

lytic and cytotoxic activity (Table 1).

We next studied the mechanism of action of PMAP-23

peptides in more detail using E. coli to determine the effect

of amidation. The mechanism by which AMPs kill or

inhibit E. coli is known to be initiated by contact with the

cell wall or outer membrane. A major component of the

outer membrane in Gram-negative bacteria is lipopoly-

saccharide (LPS), also referred to as endotoxin. LPS is

Fig. 6 Time-dependent calcein leakage from 4 lM PE/PG and PE/

PG/CL liposomes, induced by 0.1 lM PMAP-23N or -23C pretreated

with 0.1 lM LPS. The arrow indicates the addition of the peptide-

LPS mixture
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released from the bacteria during cell division, on cell

death and, in particular, when treated with an antibiotic

(Hancock and Scott 2000). Macrophages recognize LPS

through a LPS-binding protein and then release cytokines

into the blood, resulting in septic shock. Notably, several

AMPs prevent LPS-induced cytokine induction in macro-

phages, thereby interrupting the development of septic

shock in animal models (Larrick et al. 1995; Gough et al.

1996; Scott et al. 1999; Giacometti et al. 2002). The

diphosphoryl head groups of LPS possess a net anionic

charge and its acyl chains are hydrophobic. Antimicrobial

peptides generally bind to LPS through electrostatic inter-

actions between the cationic amino acids of the peptide and

head groups of LPS, which results in the formation of a

stable complex through hydrophobic interactions between

the hydrophobic amino acids of the peptide and fatty acyl

chains of LPS (Li et al. 2004). This interaction ultimately

results in the disruption of the LPS layer. In the present

study, we found that PMAP-23N and -23C have the same

antibacterial activity and similarly neutralized LPS, which

indicates that there is a direct correlation between their

ability to neutralize LPS and antibacterial activity.

An earlier study suggested that two peptides with the

same amino acid composition, but with different structures

and hydrophobicities, would exhibit different actions

against LPS (Papo and Shai 2005). If the peptides formed

oligomers after binding to LPS, they may be unable to

insert into the inner membrane. In contrast, preventing the

formation of oligomers would allow the peptides to tra-

verse to the inner membrane via the lipid core of LPS

(Papo and Shai 2005). To investigate which of these sce-

narios applies to PMAP-23, we compared the antibacterial

potency of PMAP-23N and -23C against E. coli after pre-

incubation with LPS. Both peptides displayed similar

antibacterial activity in the absence and presence of LPS

(Fig. 1b), which suggests that they were able to reach the

inner membrane via the LPS lipid core. Thus, LPS appar-

ently does not promote the formation of an oligomeric

state. Particularly important is that LPS induces a change in

the structure of the peptides from a disordered linear form

to an ordered helical form. The helical structure is known

to stabilize amphipathic organization, which is critical for

the activity of many AMPs (Tossi et al. 2000).

To investigate how PMAP-23N and -23C kill bacteria,

we assessed depolarization of the transmembrane potential

in intact cells and spheroplasts, the killing kinetics and

SYTOX Green uptake by E. coli. Although the peptide’s

antibacterial activities were similar, PMAP-23N displayed

more rapid bactericidal kinetics than PMAP-23C, which

was consistent with the faster depolarization of intact cells

by PMAP-23N. In addition, PMAP-23N induced larger

depolarizations than the same concentration of PMAP-23C.

These results may have occurred because the increased

cationic charge due to amidation increased the attraction of

PMAP-23N to the negatively charged cell wall. Interest-

ingly, a difference between the two peptides was observed

in the inner membrane of Gram-negative bacteria, as

PMAP-23N depolarized the spheroplasts and PMAP-23C

did not. As shown in Fig. 3a, b, PMAP-23C perturbed and

depolarized the outer membrane, but did not depolarize the

inner membrane at the same concentration (8 lM). To

confirm this result, bacterial membrane permeabilization in

the presence of the peptides was assayed using SYTOX

Green, a membrane-impermeant dye that enters bacterial

cells and binds to nucleic acids only when both the outer

and inner membrane are disrupted or damaged (Mangoni

et al. 2004). Although dye uptake after treatment with

PMAP-23C increased slightly at four times the MIC, it did

not permeabilize the membrane at two times the MIC. By

contrast, treatment with PMAP-23N resulted in a dose-

dependent increase in dye uptake, which suggests that

PMAP-23N can be translocated to the inner membrane of

Gram-negative bacteria, but PMAP-23C cannot.

To clearly understand the mechanism of PMAP-23N

and -23C, several experiments were performed with arti-

ficial liposomes. PE is the major zwitterionic lipid, and CL

and PG are major anionic lipids in most bacteria (Epand

et al. 2008), although their relative amounts are variable.

Generally, vesicle systems composed of PC/PG or PE/PG

have been used to mimic the environment of the inner

membrane. However, some researchers reported that AMPs

display different affinities and modes of action in the two

membrane systems (Yang et al. 2008; Som and Tew 2006;

Epand et al. 2006). Furthermore, a difference in AMP

effects on vesicles was seen in the presence and absence of

CL (Epand et al. 2008; Xiong et al. 2005; Epand et al.

2002; Dos Santos Cabrera et al. 2008b). We therefore

performed our study using PE, PG and/or CL membrane

systems, which were similar in composition to the inner

membrane of E. coli. Although both peptides showed a

similar Trp-blue shift in PE/PG vesicles, PMAP-23N was

shifted farther into PE/PG/CL vesicles. In addition, acryl-

amide quenched PMAP-23N more efficiently than PMAP-

23C in both vesicles, indicating that the Trp residues in

PMAP-23N inserted more deeply into the hydrophobic

region of the inner membrane than did those of PMAP-

23C. These differences might be due to the increase of the

positive charge by the amidated C-terminus in PMAP-23N

(Figs. 3, 4). In addition, our calcein leakage experiment

and the observed CD spectra demonstrated that the two

peptides acted differently in the inner membrane. If both

peptides had a similar affinity and partitioning ability on/in

PE/PG/CL liposomes, then the induced calcein leakage

should have been similar. However, we observed signifi-

cantly greater dequenching of calcein fluorescence

in the presence of PMAP-23N than in the presence of
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PMAP-23C. Moreover, CD spectrometry indicated that

although the a-helical structures of PMAP-23N and -23C

were similar in the presence of LPS (as mention above),

PMAP-23C formed a looser a-helix than PMAP-23N,

which adopted a tight a-helical structure in PE/PG/CL

liposomes (data not shown). Finally, time-dependent

leakage of calcein was measured following pre-incubation

of the peptides with LPS to separate the action of the

peptide at the outer and inner membranes. Interestingly,

addition of PMAP-23C to LPS did not increase the release

of entrapped calcein from PE/PG/CL liposomes beyond the

basal leak. This could mean that PMAP-23C remained in

complex with LPS, or that partitioning activity was not as

good as that of PMAP-23N.

The results summarized above may be explained by the

difference in the properties of PE and CL. The organization

of lipids into a bilayer membrane is controlled by their

amphipathic character and intrinsic curvature, and the size

ratio of the hydrophilic head groups to hydrophobic acyl

tails of the lipids affects membrane curvature (Som and

Tew 2006). Lipid composition and lipid ordering are rec-

ognized as being highly important to the mechanism of

action of AMPs. Although a previous report showed that

PMAP-23C-induced calcein release from PC/PG liposomes

was dose dependent (Orioni et al. 2009), comparatively

less dye was released from the PE/PG liposomes used in

our study. This may reflect the fact that PE has a smaller

head group than PC and is thus packed more tightly in the

membrane bilayer, though both lipids are zwiterionic

(Mcintosh 1980). In addition, for some experiments, we

added CL to the PE/PG liposomes because CL is the actual

lipid composition of the inner membrane of E. coli and is

the most important factor for distinguishing the amidated

from the non-amidated PMAP-23. CL has a stronger

anionic charge and forms relatively dense configuration

within the liposome organization, while PG is less densely

organized (Lewis and McElhaney 2009). Consequently,

when the C-terminus of PMAP-23N inserts into the bilayer

core, the greater cationic charge due to the presence of CL

in the inner leaflet increases the electrostatic attraction of

PMAP-23N. As a result, PMAP-23N is oriented anti-par-

allel to the bilayer plane, while PMAP-23C remains par-

allel to the bilayer plane.

In summary, Fig. 7 describes the sequential actions of

PMAP-23N and -23C from the outer to the inner mem-

brane. During the initial binding to LPS, the peptides

neutralized LPS and were altered into a helical structure by

interaction with the diphosphoryl head groups (negative

charge) and fatty acyl chains (hydrophobic region) of LPS.

These helical peptides can transverse the outer leaflet of the

outer membrane (LPS), form pore and then move into the

periplasm, because they are not aggregated in aqueous

solution. Specifically, both peptides displayed different

action in the inner membrane. PMAP-23N was organized

in a perpendicular orientation across the outer to the inner

leaflet of the bacterial inner membrane when the C-termi-

nus was inserted into the hydrophobic core of the bilayer.

In contrast, PMAP-23C was orientated parallel to the lipid

bilayer. The increase of positive charge leads to more

helical structure of PMAP-23N in the membrane environ-

ment, and it can transverse through the bilayer of the inner

membrane because it is composed of a high content of CL.

This hypothesis could provide a better understanding of the

effects of C-terminal amidation of AMPs on their mecha-

nism of action.
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